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Abstract: Hepatitis delta virus (HDV) is a defective virus that requires the supply of hepatitis B virus surface antigen 

(HBsAg) for replication and transmission. We have previously demonstrated that co-transduction of BHK cells with Bac-

GD, a recombinant baculovirus expressing large hepatitis delta antigen (L-HDAg), and Bac-GS2, another recombinant 

baculovirus expressing HBsAg, gives rise to the assembly and secretion of 22 nm HBsAg subviral particles and 35-37 nm 

HDV-like particles (HDV VLP). In this study we uncovered oversize particles (>50 nm in diameter) comprised of HBsAg 

and L-HDAg and the particle properties varied with the relative dosages of Bac-GD and Bac-GS2, as demonstrated by 

Western blot, transmission electron microscopy and immunogold labeling. At a given Bac-GS2 dosage, decreasing the 

Bac-GD dosage resulted in the expression of more HBsAg, elevated secretion of HBsAg subviral particles, incorporation 

of more HBsAg into the HDV VLP, narrower particle size distribution and lower particle density. These data collectively 

demonstrated that the composition, and hence the properties, of HDV VLPs could be manipulated by altering the relative 

expression levels of structure proteins. 
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INTRODUCTION 

 Hepatitis delta virus (HDV) is a satellite virus of hepatitis 
B virus (HBV) and requires the supply of HBV surface anti-
gen (HBsAg) for replication and transmission [1]. The HDV 
virion includes an outer envelope comprising lipids and 
HBsAg [2] and an inner ribonucleoprotein complex com-
posed of a circular RNA genome as well as large and small 
forms of hepatitis delta antigens (L-HDAg and S-HDAg). 
HBsAg exists as large- (L), middle- (M) and small (S) forms 
in the HDV virion. These 3 isoforms are encoded in a single 
open reading frame and translated from different in-frame 
initiation codons, thus sharing a common C-terminal do-
main. M-HBsAg carries a preS2 domain at the N terminus of 
S-HBsAg, while L-HBsAg carries a preS1 domain at the N 
terminus of M-HBsAg. Each of the three HBsAg exists in 
two forms with different degrees of glycosylation. The S-
HDAg and L-HDAg are identical in sequence except that L-
HDAg contains a C-terminal extension that allows for the 
isoprenylation of L-HDAg, which is crucial for HDV assem-
bly and inhibition of HDV replication [3, 4]. 

 VLPs (virus-like particles) are empty virus particles con-
sisting of viral structural proteins and have captured growing 
interests as potential vaccine candidates [5, 6] because they 
can generally induce broad and strong immune responses 
[7]. It has been shown that co-expression of L-HDAg and S-
HBsAg leads to the assembly and secretion of 35-37 nm 
HDV-like particles (HDV VLP) [8, 9]. In addition to the  
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HDV VLP, 22 nm HBsAg subviral particles also arise from 
the over-expressed HBsAg [10]. 

 Baculovirus (Autographa californica multiple nucleo-
polyhedrovirus, AcMNPV) has been widely employed for 
recombinant protein production in insect cells [11]. Since the 
finding that baculovirus is capable of transducing liver cells 
in 1995, the list of permissive cells, including primary and 
nondividing cells, has been steadily expanding (for review, 
see [11-13]). Thanks to the high transduction efficiency, 
non-replication nature, low cytotoxicity, large cloning capac-
ity and ease of virus manipulation and production, baculovi-
rus-mediated gene delivery has been exploited for in vivo 
gene therapy, viral vector production, study of gene func-
tions (for review, see [11-13]), development of cell-based 
assays [14], surface display of eucaryotic proteins [15], can-
cer therapy [16], delivery of vaccine immunogens [17], 
modulation of chondrocyte differentiation [18], genetic 
modification of mesenchymal [19] and embryonic [20] stem 
cells, and bone tissue engineering [21]. 

 Aside from these applications, we have previously con-
structed two recombinant baculoviruses: Bac-GD expressing 
L-HDAg (27 kD) under the control of cytomegalovirus im-
mediate-early (CMV-IE) promoter, and Bac-GS2 (previously 
designated Bac-GB) encoding the HBV PreS2/S/enhncer 
domains expressing HBsAg [22]. Transduction of mammal-
ian cells with Bac-GS2 led to the expression of high levels of 
glycosylated (27 kD) and unglycosylated (24 kD) S-HBsAg 
and relatively lower levels of M-HBsAg (33 kD). Co-
transduction of mammalian cells (e.g. BHK and Huh-7) with 
Bac-GD and Bac-GS2 resulted in co-expression and efficient 
self-assembly and secretion of HDV VLP from the cells 
[22]. The production process was further transferred to a 
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novel oscillating packed bed bioreactor, BelloCell, to mass 
produce the HDV VLPs [23]. 

 Upon the optimization of HDV VLP production, intrigu-
ingly, we uncovered a heterogeneous particle size distribu-
tion with a minor fraction of particles as large as 70 nm 
(data now shown). Since HDV VLP was produced via the 
co-transduction with two baculoviruses, and the relative dos-
age of two recombinant baculoviruses affects the relative 
expression levels of structural proteins [23, 24], we sus-
pected that the dosage of Bac-GD and Bac-GS2 influenced 
the VLP assembly, secretion and subsequent particle proper-
ties. To investigate this hypothesis, in this study we co-
transduced the BHK cells with Bac-GD and Bac-GS2 using 
different dosages. The particles were collected from the me-
dium, purified by CsCl gradient ultracentrifugation, and ana-
lyzed by Western blot/scanning densitometry, transmission 
electron microscopy (TEM) and immunogold labeling, so as 
to determine the protein secretion, particle density, size dis-
tribution and composition. 

MATERIALS AND METHODOLOGY 

Cells and Medium 

 Baby hamster kidney (BHK) cells were cultured in Dul-
becco’s minimal essential medium (DMEM, Sigma) sup-
plemented with 10% heat inactivated fetal bovine serum 
(FBS; Gibco), 2 mM L-glutamine (Gibco) and non-essential 
amino acids (Gibco). The cells were maintained at 37°C in a 
humidified incubator at 5% CO2. Insect cell Sf-9 was main-
tained in TNM-FH medium (Sigma) supplemented with 10% 
FBS at 27°C for baculovirus generation and amplification 
according to standard protocols [25]. The viruses were not 
concentrated by ultracentrifugation. 

Recombinant Baculoviruses 

 The recombinant baculoviruses Bac-GD and Bac-GS2 
(previously designated as Bac-GB) were constructed earlier 
[22]. Bac-GD harbored the cDNA encoding L-HDAg under 
the control of CMV-IE promoter. Bac-GS2 carried the gene 
sequences encoding the HBV PreS2/S and enhancer regions 
whereby the PreS2 region contained the endogenous pro-
moter to drive the transcription of M and S forms of HBsAg. 
Both viruses also carried the egfp (enhanced green fluores-
cent protein) gene under the control of CMV-IE promoter as 
the reporter [22]. Because both Bac-GD and Bac-GS2 ex-
pressed EGFP in mammalian cells, which allowed for simple 
determination of transducing titers based on baculovirus’ 
ability to transduce mammalian cells, herein the baculovirus 
transducing titers were measured according to a recently 
developed titration protocol [26] and are expressed as trans-
ducing units (TU)/ml. Correspondingly, the virus dosages 
per cell (TU/cell) are expressed as multiplicity of transduc-
tion (MOT) as described [27], rather than the common mul-
tiplicity of infection (MOI). 

Baculovirus Transduction 

 A simple process eliminating the need for virus ultracen-
trifugation [22] was adopted for transduction. Briefly, the 
Bac-GD and Bac-GS2 virus solutions were mixed together 
based on the necessary virus dosage (MOT) intended to use. 
The volume of the transduction solution was adjusted with 

phosphate-buffered saline (PBS) to 8 ml for each 15-cm 
dish. Meanwhile, BHK cells were incubated in 15-cm dishes 
(2 10

7
 cells per dish) overnight and washed with PBS prior 

to transduction. Transduction was initiated by adding the 
transduction solution and continued by shaking the dishes on 
a rocking platform for 6 h at 25 °C. After the virus incuba-
tion period, the virus solution was aspirated and the cells 
were washed with PBS again. The wells were replenished 
with 20 ml complete medium containing 2 mM sodium bu-
tyrate and incubated at 37 °C. The medium exchange was 
performed at 2 days post-transduction (dpt) and the culture 
was harvested at 4 dpt. 

Purification of VLPs by Ultracentrifugation 

 The culture medium collected at 2 and 4 dpt was centri-
fuged at 12,000 rpm for 30 min to remove cellular debris. 
The medium was then concentrated by Stirred Cell  (Milli-
pore) using a 300 kD ultrafiltration disc. The VLPs in the 
retenate were pelleted by ultracentrifugation (P40ST rotor, 
Hitachi) through 20% sucrose in TE buffer (10 mM Tris, 1 
mM EDTA, pH 8) at 38,000 rpm for 5 h, and subsequently 
purified by 10-40% CsCl gradient ultracentrifugation 
(38,000 rpm, 24 h). The aliquots (700 μl) of CsCl gradient 
were fractionated from bottom to top and analyzed by West-
ern blot (see below) for the detection of HBsAg and L-
HDAg. The density of each fraction was determined by a 
refractometer. The HDV VLP-positive fractions containing 
both HBsAg and L-HDAg were pooled and ultracentrifuged 
(38,000 rpm, 5 h) again. The pellets were resuspended in 50 
μl deionized water for Western blot, transmission electron 
microscopy (TEM) and immunogold labeling. 

Western Blot 

 To detect intracellular HBsAg and L-HDAg, the cells 
were harvested at 4 dpt and lysed in lysis buffer (1% NP-40, 
1% TritonX-100, 0.5% sodium deoxycholate, 1 μg/ml 
aprotinin, 1 mM phenylmethylsulfonylfluoride, 10 mM Tris, 
1 mM EDTA, pH 7.4) on ice for 30 min. To detect the se-
creted HBsAg and L-HDAg, the particles were purified as 
above. The intracellular or purified samples were resolved on 
12% gels and transferred onto nitrocellulose membranes as 
described previously [22]. The L-HDAg was probed by hu-
man anti-HDV sera [28] while HBsAg was probed by 
A10F1 MAb [29]. The secondary antibodies were either goat 
AP- (anti-human) or HRP-conjugated (anti-mouse) IgG 
(Kirkegaard and Perry Laboratories). The membranes were 
developed with either BCIP/NBT color developing reagent 
(Sigma) or chemiluminescence reagent (Pierce). 

 For quantitative analysis of the VLP composition, known 
amounts of purified S-HDAg (kindly provided by Prof. Pei-
Jer Chen) and HBsAg were serially diluted and included in 
the Western blot analysis. The membranes were scanned and 
analyzed by Scion Image (Scion Corporation). 

TEM and Immunogold Labeling 

 The diameter and morphology of the purified particles 
were examined by TEM (Hitachi, H7500) as described pre-
viously [23]. Histograms were generated by analyzing at 
least 5 representative micrographs with an imaging software 
(Optimas, Optimas Corporation) to measure the particle 
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number with a certain diameter. Each data represents the 
measurement of at least 300 particles. 

 For immunogold labeling, the purified particles were 
dripped onto copper grids and probed by mouse anti-HBsAg 
MAb (A10F1). The secondary antibody was goat anti-mouse 
IgG conjugated with 5 nm gold particles (Sigma). After 
washing of the unbound gold particles, the grids were stained 
by 2% phosphotungstic acid and observed by TEM. 

RESULTS 

Effects of Baculovirus Dosage on VLP Density 

 To explore whether the relative virus dosage of Bac-GD 
and Bac-GS2 affected the particle properties, we co-
transduced the BHK cells with Bac-GD and Bac-GS2 at dif-
ferent multiplicities of transduction (MOT). The experimen-
tal design was simplified by fixing the Bac-GS2 MOT at 10 
while varying the Bac-GD MOT to 20, 5 or 2. These virus 
dosages were sufficient to yield transduction efficiencies 
greater than 90%. For simplicity, the Bac-GD MOT is de-
noted as MOT throughout the text. 

 To examine whether all the HDV VLPs assembled inside 
the cells were effectively secreted, the co-transduced cell 
lysates were subject to Western blot using anti-HBsAg and 
anti-HDAg antibodies. Fig. (1a) reveals an increasing 
amount of intracellular 27 kD L-HDAg (which is nucleus-
bound in nature) with ascending Bac-GD MOT, suggesting 
an increasing degree of L-HDAg overexpression. In contrast, 
no HBsAg accumulated within the cells regardless of the 
MOT. Since HBsAg is incorporated into HBsAg subviral 
particles or HDV VLP [22], the data indicated that the ma-
jority, if not all, of the expressed HBsAg and hence all HDV 
VLPs, secreted out of the cells. 

 The particles secreted into the medium were harvested, 
concentrated by ultrafiltration and purified by CsCl gradient 
ultracentrifugation. The fractions after CsCl gradient ultra-
centrifugation were collected and analyzed by Western blot. 
Fig. (1b) depicts that for all three MOT the HDV VLPs 
comprised of HBsAg and L-HDAg secreted into the me-
dium, but the major fractions characterized by the predomi-
nant co-existence of L-HDAg and two forms of HBsAg (M-
HBsAg and S-HBsAg) shifted from fraction 7 (for MOT 20) 
to fractions 8 (for MOT 5) and 9 (for MOT 2), respectively. 
The shift corresponded to changes in the density distribution 
from 1.24-1.29 g/cm

3
 (fractions 6-8) for MOT 20 to 1.22-

1.27 g/cm
3
 (fractions 7-9) for MOT 5, and to 1.20-1.25 

g/cm
3
 (fractions 8-10) for MOT 2. Specifically, the major 

bands containing the most abundant HBsAg and L-HDAg 
sedimented at 1.27 g/cm

3
 (MOT 20), 1.25 g/cm

3
 (MOT 5) 

and 1.24 g/cm
3
 (MOT 2), respectively. The particle densities 

were somewhat larger than that of the HDV VLP ( 1.20 
g/cm

3
) produced in yeasts [10]. These data collectively de-

lineated a direct correlation between the particle density and 
the Bac-GD MOT. 

Effects of Baculovirus Dosage on VLP Size Distribution 

 To explore how Bac-GD MOT affected the VLP size 
distribution, the HDV VLPs-positive fractions were pooled, 
pelleted by ultracentrifugation again and examined by TEM. 
For all three MOT (Fig. 2a,c), 22 nm particles resembling  
 

 

Fig. (1). Effects of Bac-GD MOT on the VLP density. (a) Analysis 

of cell lysates. (b) Analysis of purified particles. BHK cells (2 10
7 

cells) were cultured in 15-cm dishes and co-transduced with Bac-

GD at varying MOT (20, 5 or 2) and Bac-GS2 at a fixed MOT 10. 

BHK cells are highly susceptible to baculovirus transduction [22] 

and the transduction efficiencies exceeded 90% at MOT 2 (data not 

shown). The medium and the cells were harvested at 4 days post-

transduction (dpt). The medium was ultrafiltrated by Stirred Cell
®

, 

and subjected to sucrose and CsCl ultracentrifiguation. The frac-

tions were collected from bottom to top (700 μl/fraction) and ana-

lyzed by Western blot using anti-HBsAg and anti-HDAg Ab. The 

data are representative of 4 independent experiments. Mock repre-

sents mock transduction. M, marker. 

the HBsAg subviral particles, 37 nm particles resembling 
the authentic HDV virions and other particles with heteroge-
neous size distributions were observed. Notably, MOT 20 
resulted in a wider size distribution ( 22-90 nm, Fig. 2a) 
with a considerable fraction of oversize particles while MOT 
5 led to a narrower size distribution with only a minor frac-
tion of oversize particles (up to 60 nm, Fig. 2b). Compara-
tively, MOT 2 yielded a more homogeneous size distribution 
whereby most of the particles had diameters of 22-37 nm 
(Fig. 2c) despite the presence of some oversize particles (up 
to 50 nm, not shown). It should be noted that although some 
intracellular organelles are similar to these particles in size 
(e.g. endoplasmic reticulum 40-70 nm, ribosomes 20 nm), 
the VLPs were collected from the extracellular medium con-
taining scarce cellular components (because baculovirus 
does not cause cell death and lysis) and the cell debris was 
removed prior to VLP purification, it was fairly unlikely that 
these oversize particles originated from cellular organelles. 
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 The purified particles were characterized by immunogold 
labeling to further confirm the identity (Fig. 3a,c). As ex-
pected, the oversize particles (e.g. the 90 nm particles in Fig. 
(3a), the 70 nm particle in Fig. 3b and the 50 nm particle in 
Fig. (3c)) also reacted with the anti-HBsAg antibody, indi-
cating that they also consisted of HBsAg. 

 To correlate the MOT and particle size distribution, the 
electron micrographs were processed using an image proc-
essing software to count the number of particles with a cer-
tain size. The histogram (Fig. 4a) depicts that at MOT 20 the 
>40 nm particles were predominant ( 42.8%) in the particle 
population whereas the particles whose sizes matched those 
of the authentic HDV ( 35-40 nm) and HBsAg subviral par-
ticles ( 20-25 nm) accounted for 20.9% and 5.8%, respec-
tively. MOT 5 (Fig. 4b) yielded a relatively uniform distri-
bution of particles with various diameter ranges, except that 
the 20-25 nm subviral particles accounted for 10.1%. Con-
versely, at MOT 2 the >40 nm particles accounted for only 

8.4%, while the 35-40 nm and 20-25 nm particles ac-
counted for 20.6% and 21.2%, respectively. 

Effects of Baculovirus Dosage on VLP Composition 

 To elucidate the dependency of particle composition on 
Bac-GD MOT, we quantified the amounts of HBsAg and L-
HDAg secreted to the medium by Western blot, in which 
known amounts of purified S-HDAg and HBsAg were seri-
ally diluted and used as the standards. The bands in the 
Western blots were scanned and the intensities quantified 

using Scion Image. As delineated in Table 1, the decrease in 
Bac-GD MOT from 20 to 2 resulted in an increase in HBsAg 
secretion from 31.3 ng to 83.1 ng per 10

7
 cells. Intrigu-

ingly, decreasing the MOT from 20 to 2 also elevated the L-
HDAg yields in the secreted particles from 39.4 ng to 59.9 
ng per 10

7
 cells. 

 It is established that HBsAg overexpression leads to the 
self-assembly of subviral particles exclusively from the ex-
cess HBsAg. To quantify the composition of HDV VLPs 
derived from the interactions of L-HDAg and HBsAg while 
excluding the contributions from the HBsAg subviral parti-
cles, the 20-25 nm particles were defined as the HBsAg par-
ticles, while other particles with diameters exceeding 25 nm 
were defined as the HDV VLP. Therefore, the HBsAg subvi-
ral particles accounted for 5.8%, 10.1% and 21.2% of total 
particles at MOT 20, 5 and 2, respectively (Fig. 4a,c and 
Table 1). Accordingly, the HDV VLP accounted for 94.2%, 

89.9% and 78.8% of total particles at MOT 20, 5 and 2, 
respectively (Table 1). The amounts of HBsAg associated 
with the HDV VLP were calculated by subtracting the 
amounts of HBsAg in the subviral particles from the total 
amounts of secreted HBsAg. Hence the weight ratios of L-
HDAg/HBsAg (D/B ratio) were calculated to be 1.26 at 
MOT 20, 0.86 at MOT 5 and 0.72 at MOT 2 (Table 1). The 
declining D/B ratio attested that the amounts of L-HDAg 
incorporated into the HDV VLP decreased with descending 
Bac-GD MOT. 

 
 

 

Fig. (2). Effects of MOT on VLP size distribution. The BHK cells were co-transduced with Bac-GS2 (MOT 10) and Bac-GD (MOT 20, 5 or 

2) as described in Fig. (1). The medium harvested at 4 dpt was ultrafiltrated by Stirred Cell
®

, subjected to sucrose and CsCl ultracentrifigua-

tion, and the fractions containing VLPs were pelleted again. The pellets were resuspended in H2O and then examined by TEM. The data are 

representative of 4 independent experiments. Bar, 100 nm. 

 

Fig. (3). Characterization of particles by immunogold labeling. The particles were produced using different Bac-GD MOT (20, 5 or 2) and 

purified as in Fig. (2). The particles were subjected to immunogold labeling using anti-HBsAg Ab as the primary antibody and gold-

conjugated anti-mouse Ab as the secondary Ab. The data are representative of 4 independent experiments. Bar, 100 nm. 
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Fig. (4). Variation of VLP size distribution on Bac-GD MOT. (a) 

MOT 20; (b) MOT 5; (c) MOT 2. The TEM micrographs represen-

tative of 4 independent experiments were processed with an image 

processing software and the number of particles of certain sizes 

were counted. For each MOT, at least 300 particles were counted. 

DISCUSSION 

 Herein we demonstrated that co-transduction of BHK 
cells with Bac-GD and Bac-GS2 led to co-expression of L-

HDAg and HBsAg, and ensuing secretion of HBsAg subvi-
ral particles and HDV VLPs. Interestingly, for a given Bac-
GS2 dosage (MOT 10), decreasing the Bac-GD MOT from 
20 to 2 considerably elevated the secretion levels of not only 
HBsAg but also L-HDAg (Table 1). The elevated secretion 
level at MOT 2 could be ascribed to the reduced L-HDAg 
expression level, which not only competed with HBsAg for 
cellular resources for expression but also suppressed the 
HBsAg expression [29]. L-HDAg is a nuclear protein that 
interacts with HBsAg for HDV VLP assembly and secretion, 
thus its excessive expression relative to HBsAg resulted in 
the accumulation of intracellular proteins (as evidenced by 
Fig. (1a)), but was adverse to particle secretion. Conversely, 
the expressed HBsAg could be efficiently secreted, either in 
the form of 22 nm subviral particles or HDV VLPs. The en-
hanced HBsAg expression at lower Bac-GD dosage (e.g. 
MOT 2) consequently elevated the overall HBsAg and L-
HDAg secretion. 

 Although uniform VLP size distribution is reported for 
many viruses [30, 31], some exceptions exist. For instance, 
co-expression of multiple infectious bursal disease virus 
(IBDV) structural proteins in insect cells gives rise to the 
emergence of 60 nm IBDV-like VLP and 20 nm subviral 
particles [32]. The infection of HBV, a virus closely perti-
nent to HDV, produces the complete Dane particles ( 42 nm, 
buoyant density 1.22 g/cm

3
) and two distinct forms of sub-

viral particles consisting of HBsAg: pleomorphic, spherical 
subviral particles that measure 22 nm in diameter (buoyant 
density 1.18 g/cm

3
) and tubular particles of various length 

(diameter 20 nm). Since the secretion of HDV VLP re-
quires the interactions between L-HDAg and HBsAg, bud-
ding through Golgi complex and acquiring of viral envelopes 
[33], the relative concentrations of L-HDAg and HBsAg 
localized in the Golgi complex must play a pivotal role in the 
particle formation and secretion. Decreasing the L-HDAg 
dosage from MOT 20 to 2 was expected to increase the local 
concentration of HBsAg, thus leading to the secretion of 
more 22 nm HBsAg particles (as judged by the increased 
percentage of HBsAg particles from 5.8% to 21.2%, Table 1) 
and the incorporation of more HBsAg into the HDV VLP (as 
evidenced by the decreased D/B ratio in the HDV VLP from 
1.26 to 0.72). The enhanced packaging of HBsAg into the 
HDV VLP, and the increased association with lipids, led to a 
decrease in the particle density distribution, as well as the 
reduction in the average particle size and the diminishing of 
>40 nm HDV VLP. 

 Although HDV VLPs have been produced using recom-
binant yeasts [10], mammalian cells co-transfected with 
plasmids [29], or mammalian cells co-transduced with bacu-

Table 1. Summary of the VLP Properties at Different MOT 

 

Bac-GD MOT HBsAg
1
 (ng) L-HDAg

2
 (ng) HBsAg Particle

3
 (%) HDV VLP

4
 (%) D/B Ratio

5
 

20 31.3 39.4 5.8 94.2 1.26 

5 62.5 53.9 10.1 89.9 0.86 

2 83.1 59.9 21.2 78.8 0.72 

1HBsAg represents the total HBsAg secreted to the extracellular medium from 107 cells for the synthesis of HBsAg particles (22 nm) and HDV VLP. 
2L-HDAg represents the total L-HDAg secreted to the extracellular medium from 107 cells for the synthesis of HDV VLP. 
3HBsAg particles represents the subviral particles self-assembled from HBsAg alone, with a diameter range of 20-25 nm. 
4HDV VLP represents the empty particles consisting of HBsAg and L-HDAg with a diameter greater than 25 nm. 
5D/B ratio represents the weight ratio of L-HDAg/HBsAg in the HDV VLP. 
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loviruses [22, 23], the diameters of the resultant particles 
generally fall in the range between 22 nm (HBsAg subviral 
particles) and 37 nm (HDV VLP). To our best knowledge, 
this is the first study reporting the production of particles 
greater than 50 nm in diameter by the co-expression of 
HBsAg and L-HDAg. The discrepancy between our discov-
ery and previous findings probably arose from the exceed-
ingly high level expression of L-HDAg in this study, particu-
larly at Bac-GD MOT 20. It was reported that the ratio of L-
HDAg to HBsAg in purified HDV VLPs is approximately 
0.12 (from yeast) or 0.1 (from transfected Huh-7 cells) [10] 
and the 20-25 nm HBsAg particles accounted for >40% of 
total particle populations [10], suggesting that HBsAg ex-
pression was in excess. Similarly, we previously co-
transduced the cells with Bac-GS2 and Bac-GD at a volu-
metric ratio of 4 (no MOT was determined in that study), 
which resulted in the production of particles predominantly 
resembling the 37 nm HDV virion. These data concurred 
with our data obtained at MOT 2. In this study, adjusting the 
Bac-GD MOT at 20 while fixing the Bac-GS2 MOT at 10 
resulted in significantly high L-HDAg expression level that 
was unparalleled, thus enabling the discovery of the distinct 
particles. 

CONCLUSIONS 

 In summary, this study demonstrated that manipulating 
the relative expression of HBsAg and L-HDAg profoundly 
influenced the protein secretion, particle density, size distri-
bution, and VLP composition. Strikingly, high level expres-
sion of L-HDAg relative to HBsAg (e.g. in event of MOT 
20) led to the emergence of unusual oversize particles. Albeit 
the obscure biological roles of these oversize particles, this 
study highlights the significance in manipulating the recom-
binant baculovirus dosage to control the VLP composition. 
Understanding the dependence of VLP properties on the ba-
culovirus dosage is critical for future VLP production and 
purification, especially when the VLP is intended to be used 
for immunological study or vaccination. 
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