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Abstract The envelope glycoprotein (E) of flavivirus is
the major structural protein on the surface of the mature
virions. The complexes of premembrane (prM) and E play
important roles in virus assembly and fusion modulation
and in potential immunity-inducing vaccines. In the present
study, the cDNA encoding prM and E proteins of dengue
virus type 2 (DENV-2) was subcloned into the pGAPZoA
vector and further integrated into the genome of Pichia
pastoris under the control of the glyceraldehyde-3-phos-
phate dehydrogenase (GAP) constitutive promoter. The
high-level constitutive expression of recombinant E anti-
gen was achieved in P. pastoris. Both the cell lysate and
the culture supernatant, examined by electron microscopy,
were found to contain DENV-2 virus-like particles (VLPs)
with diameters of about 30 nm. After immunization of
BALB/c mice, the VLPs exhibited similar efficacies as
inactivated virus in terms of antibody induction and neu-
tralization titer. These results suggest that recombinant
DENV VLPs can be efficiently produced in the GAP pro-
moter-based P. pastoris expression system. This system
may be useful for the development of effective and eco-
nomic dengue subunit vaccine.
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Introduction

Dengue viruses (DENVs) belong to the Flavivirus genus of
the Flaviviridae family and include four serotypes (DENV-1,
-2, -3, and -4) [1]. The viruses are transmitted to humans
through the bite of an infected Aedes mosquito [2]. DENV
causes a full spectrum of clinical manifestations, including
dengue fever (DF), dengue hemorrhagic fever (DHF), and
dengue shock syndrome (DSS) [2]. Annually there are an
estimated 50-100 million cases of DF, and 250,000 to
500,000 cases of DHF/DSS in the world [2, 3]. However,
there is still no effective commercial DENV vaccine
available in spite of considerable efforts to develop live
attenuated virus vaccines, inactivated whole virus vaccines
and DNA vaccines [3].

The flavivirus genome consists of ~ 11 kb single-stran-
ded, positive-sense RNA which encodes three structural
proteins (capsid, premembrane/membrane (prM/M), and
envelope (E) protein), and seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [4].
Among the structural proteins, E protein is the major struc-
tural protein on the surface of the mature virions [1], and
responsible for mediating viral entry functions and inducing
a protective immune response [5—7]. E protein forms olig-
omers with prM/M protein and constitutes most of the
accessible virions surface [1]. Co-expression of prM and E
proteins can generate recombinant virus-like particles
(VLPs) [8, 9]. Flavivirus VLPs have been shown to be similar
to the infectious virions in the structural and functional
features [9-11]. The processes required for VLPs production
in prM/E-expressing cells, including protein synthesis, tar-
geting the proteins to subcellular organelles, and particle
release, are similar to the maturation events of authentic
viruses occurring in infected cells [10, 11]. The VLPs from
Tick-borne encephalitis virus (TBEV) represent an excellent

@ Springer



54

Virus Genes (2010) 40:53-59

model system for investigating the structural basis of viral
envelope glycoprotein functions [12]. Furthermore, prior
inoculation of mice with VLPs derived from flavivirus has
been found to protect mice from challenge with virulent
wild-type virus [9, 13]. Thus, flavivirus VLPs show con-
siderable promise as a candidate vaccine for the prevention
of flavivirus-induced diseases [13].

Several expression systems, including recombinant
vaccinia viruses and mammalian cells, have been used to
produce DENV VLPs as vaccine antigen [14-16]. How-
ever, because mammalian cells are susceptive to the tox-
icity of viral products, cell fusion and apoptosis caused by
dengue virus are significant obstacles to generation of cell
lines stable producing DENV VLPs [16]. Based on the
previous studies of HBsAg produced in Pichia pastoris
yeast [17, 18], it is feasible to overcome specific restric-
tions in the expression of DENV VLPs by choosing
P. pastoris expression system. Sugrue et al. [19] have tried to
express DENV-1 VLPs in P. pastoris by using methanol-
inducible alcohol oxidase I (AOX I) promoter. However,
probably because of the defect of the AOX I promoter-
based system, no sequential work has been reported.
Recently, a new kind of P. pastoris expression vector based
on a constitutively active promoter of glyceraldehyde-3-
phosphate dehydrogenase (GAP) has been used to simul-
taneously produce antigen [17, 18]. The GAP promoter-
based expression system can enhance the yield of antigen
compared to the AOX I promoter-based system, and
obviate the need to use methanol during fermentation [18].

Our aim was to explore the possibility of using the GAP
promoter-based P. pastoris expression system to efficiently
produce DENV-2 VLPs for the development of effective
and economic DENV subunit vaccine.

Materials and methods
Cells and viruses

Aedes albopictus-derived C6/36 cells were cultured at
28°C in MEM (Gibco) supplemented with 0.11% of
sodium bicarbonate and 10% of fetal bovine serum (FBS)
(Gibco). DENV-2 ZS 01/01strain (GeneBank accession no.
EF051521) was propagated in C6/36 mosquito cell culture
and used for RNA extraction, immune-electron microscopy
(immune-EM), and neutralization analysis. For use in the
immune-EM analysis, virus was purified by sucrose density
gradient centrifugation as described previously [16].

Yeast strains, vectors, and culture media

The P. pastoris host strain was X33 (wild-type strain from
Invitrogen, San Diego, CA). The expression vector
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pGAPZoA (Invitrogen) contains the selectable marker
Zeocin, which is biofunctional in P. pastoris and Esche-
richia coli, the 5" GAP promoter and the 3’ AOXTT tran-
scription termination sequences. Pichia pastoris liquid cell
cultures were grown in buffered YPD medium (1% yeast
extract, 2% peptone, 2% dextrose). The YEPDS medium
was YPD medium to which 18.2 g sorbitol per liter was
added. To prepare plates for solid cell cultures, 2% agar
(w/v) was added to the YPD medium.

Cloning of DENV-2 prM/E genes into yeast vectors

The cDNA coding the signal peptide of prM, prM, and E
proteins was amplified from DENV-2 ZS 01/01 strain viral
RNA by RT-PCR using the primers DY1 5-GACTTCG
AAAATGAACATCTTGAACAGGAG-3' (Bsp1191 site is
underlined) and DY2 5'-GAATCTAGATCAGGCCTGCA
CCATGACTC-3' (Xbal site is underlined). Synthesis of
cDNA (SprM/E) by RT-PCR was carried out using Prime
Script Reverse Transcriptase (TakaRa, Japan) and LATaq
DNA polymerase (TakaRa, Japan) under optimized reaction
conditions. The yeast vector pGAPZoA were digested with
Bsp119I and Xbal. The full-length of SprM/E was cloned
into the downstream of GAP promoter to generate the
recombinant plasmid of pGAPZA-SprM/E. The plasmid
PGAPZA-SprM/E was linearized with restriction endonu-
clease Bgl II and used for electroporation into P. pastoris
X33. Pichia pastoris transformants were selected on YPDS
medium, containing antibiotic Zeocin as described previ-
ously [20].

Expression and purification of DENV-2 virus-like
particles from yeast

Positive transformants were inoculated into 10 ml of
YEPD medium with Zeocin in a 250 ml flask with shaking
(250 rpm) at 30°C for 24 h. These cultures were further
used to inoculate 200 ml of YEPD medium in a 1000 ml
flask with shaking (250 rpm) at 30°C for 120 h. The cul-
ture supernatant and cell pellet were respectively collected
by centrifugation (10,000x g, 10 min, 4°C).

Cells disruption was performed using glass beads in
lysis buffer (50 mM sodium phosphate, pH 7.4, 1 mM
EDTA, 1 mM PMSF, and 5% glycerol). The lysate was
analyzed using a 5-50% (w/v) sucrose density gradients
centrifugation at 153,000xg for 6 h, at 4°C (HATICHI,
P8OAT rotor). The sucrose gradient was fractionated and
the individual fractions were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blot. Purification of DENV-2 VLPs from the
culture supernatant were precipitated by using Amicon
Ultra-15 Centrifugal Filter Units with 100 kDa membrane
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(Millipore Corp., Billerica, MA) according to manufacturer’s
instructions.

SDS-PAGE and Western blot analysis

The protein samples were separated in a 12% SDS-PAGE.
For Western blot, the samples were applied to a 0.45 um
nitrocellulose membrane (Millipore Corp., Billerica, MA).
The membrane was then blocked for 2 h at room temper-
ature with phosphate-buffered saline solution (PBS) (0.1 M
NaCl, 2 mM KCl, 10 mM Na,HPO,, 1 mM KH,PO, pH
7.4) containing 5% skimmed milk, then incubated with
monoclonal anti-DENV-2 E antibody (3H5 mAb, Ameri-
can Type Culture Collection, USA) for 1 h at 37°C. After
washing, the membrane was reacted with 1:1000 dilution
of horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (Santa Cruz, CA) for 1 h at 37°C. The bands
were visualized using the 3,3’ diaminobenzidine (DAB)
reagent (Boster, Wuhan, China).

Determination of expression level of E antigen

A simple sandwich ELISA was developed for measuring
the E antigen levels present in culture supernatant and
cell lysate as described before [16]. Briefly, the 96-well
microtiter plates were directly coated with samples at
different time intervals (from 0 to 120 h, 50 pl/well).
Purified recombinant DENV-2 E protein previously pro-
duced in P. pastoris was used as a standard [20]. The
3H5 mAb, the HRP-labeled goat anti-mouse IgG anti-
body (Santa Cruz, CA) and TMB substrate (Boster,
Wuhan, China) were sequentially added to each well, and
the optical densities (OD) were measured at 450 nm. The
concentration of E antigen was calculated from absor-
bance values obtained with the samples and standard and
was present as E antigen amount in milligram per liter
(mg/).

Immune-electron microscope analysis

DENV-2 VLPs were visualized by immune-EM analysis.
The purified DENV-2 VLPs were incubated with poly-
clonal mouse anti-DENV-2 antibody (developed in-house)
at 1:100 dilutions in PBS (pH 7.4) for 1 h at 37°C, and then
incubated overnight at 4°C. After centrifugation at
23,000x g for 1 h, at 4°C, the pellets were resuspended in
PBS (pH 7.4), and placed on 400-mesh carbon-coated
palladium grids, then stained with 2% saturated uranyl
acetate. For comparison, the purified DENV-2 virions were
also visualized by immune-EM analysis. All micrographs
were recorded by the Philips CM10 electron microscope
operating at 40 kV.

Mice experiments

Female BALB/c mice aged 4 weeks were used in the
immunization experiments. A group of 5 mice were
immunized intraperitoneally (i.p.) with purified VLPs
(100 ug E/mouse) with complete Freund’s adju-
vant(Sigma)at a volumetric ratio of 1:1. For comparison,
another group of 5 mice were immunized with the heat-
inactivated DENV-2 (ZS01/01 strain) at the same dose in a
similar fashion. All mice were then boosted twice in
incomplete Freund’s adjuvant with the same dose at an
interval of 2 weeks. The PBS immunization group was
taken as the negative control. Two weeks after the last
boost, serum sample were prepared and stored frozen until
use.

The total anti-DENV-2 VLPs IgG in the serum samples
were titrated by ELISA as described previously [21].
In brief, the purified VLPs were used as coating antigen.
The plate was blocked by the blocking buffer (5% bovine
serum albumin in PBS) and then washed by the wash
buffer (0.05% Tween 20 in PBS). After wash, the twofold
serially diluted serum samples (1/20-1/20480 dilution with
the blocking buffer) were added. After 1 h incubation and
another wash, the HRP-labeled goat anti-mouse IgG anti-
body (1:4000) was added. The titers were defined as the
reciprocal of the positive highest serum dilution.

Neutralization assays

The neutralization titers were determined based on a
TCIDsq reduction assay in C6/36 cells [22]. In brief, the
C6/36 cells were seeded to and cultured in the 96-well
plates overnight until 80% confluent. Serum samples were
twofold serially diluted with DMEM containing 2% FBS
and mixed with equal volume of DENV-2 ZS01/01 strain
(100 TCIDsq) at 37°C for 1 h to neutralize the infectious
virus particles. The mixtures were added to the C6/36 cell
culture for infection. After 7-day culture, the neutralization
titers were read as the highest dilutions that could result in
a 50% reduction in the cytopathic effect (CPE).

Results

Generation of recombinant Pichia clones expressing
DENV-2 VLPs

GAP promoter-driven constitutive expression of DENV-2
prM/E was achieved by integrating a linearized pGAPZA-
SprM/E plasmid into the X33 wild-type P. pastoris genome
at the GAP locus (Fig. 1). Pichia pastoris X33 transfor-
mants generated from electroporation experiments with

@ Springer



56

Virus Genes (2010) 40:53-59

Bspl119 | Xba |

Fig. 1 Construction of recombinant plasmid pGAPZA-SprM/E. The
cDNA coding the signal sequence of prM sequences (corresponding
to amino acid residues 90-110 in the 3’ region of C), prM and E genes
was amplified from DENV-2 ZS 01/01 strain viral RNA by RT-PCR
using the primers DY1 and DY2. the SprM/E gene was then inserted,
in the sense orientation, into the unique Bsp119I and Xbal sites of
pGAPZa A plasmid to create the recombinant pGAPZA-SprM/E
expression vector. S the signal peptide of prM, prM premembrane
protein, E envelope protein

PGAPZA-SprM/E were selected on YPDS plates contain-
ing Zeocin incubated at 30°C for 3 days. The presence of
SprM/E insert in these Zeo-resistant transformants was
checked by PCR.

Analysis of continuously production of DENV-2 E
antigen in P. pastoris

PCR-positive Pichia clones were grown separately in YPD
medium with Zeocin for 120 h. To characterize the con-
tinuous expression of VLPs in this constitutive expression
system, E antigen at different time intervals were assayed
by quantitative ELISA and Western blot using 3HS mAb
(Fig. 2). Figure 2a shows E antigen production and cell
growth data of the constitutive clone (pGAPZA-SprM/E-
X33) in a continuous mode. The cell density increased
rapidly, and reached steady state on day 2 of continuous
mode. Similarly, the concentration of the extracellular E
antigen also increased rapidly, reached about 100 mg/l
within 48 h. Compared with the rapid enhancement of E
antigen in the culture supernatant, the expression level of
the intracellular E antigen was maintained relatively stable
from 12 to 120 h, at an average amount of about 400 mg/I.
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Fig. 2 Assay of the continuous expression of DENV-2 E antigen.
a At various times after the cell growth was initiated, samples from
the culture supernatant and the cell lysate were tested to determine the
expression levels of E by performing ELISA, as well as to monitor
the cell growth densities. b Samples from the culture supernatant and
the cell lysate were applied for Western blot analysis. The primary
antibodies for ELISA and Western blot are the 3H5 mAb. The size of
molecular weight marker is shown in kDa

The results of immunoblot indicated that a single E antigen
band with a molecular weight of about 52 kDa was
observed both in the culture supernatant and the cell lysate
(Fig. 2b).

Purification of yeast-derived DENV-2 VLPs
and immune-EM analysis

The lysate of yeast cell expressing DENV-2 VLPs were
analyzed using a 5-50% sucrose density gradient centri-
fugation. After centrifugation, each sucrose fraction was
collected and assayed for the presence of DENV-2 VLPs
by Western blot using 3H5 mAb. The immunoblot evi-
denced that E antigen was present in the fractions 7 to 10,
which correspond to a buoyant density of about 1.14 g/cm?
(Fig. 3).

The purified samples were analyzed by immune-EM to
characterize DENV-2 VLPs. The purified samples were
incubated with polyclonal mouse anti-DENV-2 antibody
for 1 h at 37°C, and then incubated overnight at 4°C. After
centrifugation, the pellets were resuspended and examined
by EM. The spherical particles with diameters of about
30 nm were detected by immune-EM (Fig. 4a, b). In
addition, several larger particles with diameters of about
55 nm were also observed (Fig. 4e), but the proportion of
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Fig. 3 Sucrose gradient sedimentation analysis. The sucrose frac-
tions were collected by upward displacement and analyzed for the
presence of E protein by SDS-PAGE and Western blot using the 3H5

the 30 nm particles was much greater than the 55 nm
particles. The similar situation was also observed in the
purified DENV-2 virions (Fig. 4c, d). The small particles
were consistent with the size of the flavivirus subviral
particles [10, 12], and the large particles had approximately
the same size as the flavivirus mature virions [1, 23, 24].
These results demonstrated that the recombinant DENV-2
VLPs expressed by P. pastoris can be identified by anti-
DENV-2 sera, and the recombinant VLPs exhibited
the similar structural and physicochemical features to the
virions produced in the infected cells. It suggests that the
P. pastoris expression system can provide proper pro-
cessing environments for dengue viral proteins and the
assembly of VLPs.

Immunogenicity of DENV-2 VLPs

The purified DENV-2 VLPs were evaluated for their ability
to elicit the specific antibodies response in mice. Female

Fig. 4 Electron microscopy
graphs of DENV-2 VLPs and
virions. a DENV-2 VLPs
purified from cell lysate;

b DENV-2 VLPs purified from
culture supernatant; ¢, d DENV-
2 virions; e The 30 and 55 nm
DENV-2 VLPs indicated by the
arrow heads. Scale bar 100 nm

mAb. Twelve of the 20 collected fractions are shown; E protein was
not detected in the other eight fractions. Arrow heads indicate E
antigen. The size of molecular weight marker is shown in kDa

BALB/c mice were immunized i.p. with purified VLPs
(100 pg E/mouse) and received booster injections. For
comparison, the mice were immunized with heat-inacti-
vated DENV-2 virus at the same dose in a similar fashion.
The anti-DENV-2 VLPs antibody titration showed that
immunization with VLPs elicited the specific antibody
responses in BABL/c mice. The antibody titers reached
above 1:10,000 after the booster immunization (Fig. 5).
The similar antibody titer was also detected in the mice
immunized with heat-inactivated DENV-2. In contrast,
PBS group were all negative. Meanwhile, the ability of
antibodies to neutralize the live DENV-2 virus was
examined by neutralization assays. The serum samples
were twofold serially diluted and mixed with infectious
DENV-2 virus ZS01/01strain (100TCIDs), and the titers
were read as the highest dilution that resulted in a 50%
reduction in CPE. The results indicated that the neutral-
ization titers induced by the PBS were barely detectable
(<1:10). The VLPs resulted in a neutralization titer similar
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Fig. 5 ELISA detection of DENV-2 VLPs specific IgG antibody
responses. The data are, respectively, presented as absorbance at OD
450 nm of five mice per group

Table 1 Neutralizing antibody induced in mice immunized with
DENV-2 VLPs

Immunogens Dose Neutralizing
antibody titer

VLPs 100 pg of E 1:45

Inactived DENV-2 100 pg of E 1:45

PBS <1:10

to that of the heat-inactivated DENV-2 whole virus, with a
neutralization titer of 1:45 after the booster immunization
(Table 1).

Discussion

In the present article, we demonstrated that the expression
of DENV-2 prM and E proteins by using GAP promoter in
P. pastoris resulted in the efficient production of VLPs.
Meanwhile, the recombinant VLPs were excellent immu-
nogens, and exhibited similar efficacies as inactivated
whole virus in eliciting neutralizing antibodies. To develop
noninfectious DENV VLPs as the potential source of a
biosynthetic subunit vaccine, it is necessary to establish a
safe and stably expression system for continuously pro-
ducing DENV VLPs [16]. However, previous efforts on the
exploration of establishing mammalian cell lines for
DENYV VLPs have been impaired by multiple blocks to the
VLPs production [16]. To overcome specific restrictions to
the expression of DENV VLPs, we adopted a well-toler-
ated P. pastoris yeast cells to produce DENV-2 VLPs.
Meanwhile, P. pastoris is one of the most economic and
convenient expression systems to produce large amount of
antigens for vaccine development [25, 26]. It has no
pathogenic relationship with man, is free of endotoxin and
has been used in industrial fermentations for centuries [20,
21]. The GAP promoter has been successfully applied for
high-level production of HBsAg in yeast expression system
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[17, 18]. In addition, the signal peptides of prM were also
introduced to the downstream of GAP promoter to improve
the secretion of DENV VLPs. Our results indicated that
DENV-2 VLPs were high level and continuously produced
in this constitutive expression system. Moreover, the VLPs
were efficiently secreted into the culture supernatant. It
indicated that the GAP promoter-based P. pastoris
expression system are suitable for the large amount of
DENYV VLPs production, and the signal peptide of prM can
be recognized by the yeast secretory apparatus and lead the
secretion of DENV-2 VLPs.

So far, the recombinant E proteins produced in several
expression systems have been developed as subunit vaccine
candidates for dengue [26-29]. Nevertheless, several lines
of evidence indicate that a recombinant plasmid with
expressing flavivirus prM and E was more immunogenic in
mice than that expressing E alone [13, 30]. Furthermore,
comparative studies of the soluble form and the particulate
form of E from TBEV have demonstrated that only VLPs
induces the high titers of neutralizing antibody and pro-
tection in mice [13]. In the present study, we found that
DENV-2 VLPs could induce strong antibody responses in
immunized mice. Meanwhile, the antibodies induced by
VLPs were able to neutralize the live DENV-2 virus at a
neutralizing titer of 1:45. DENV-2 VLPs exhibit similar
efficacies as inactivated whole virus in terms of antibody
induction and neutralizing titer.

In conclusion, the generation of DENV-2 VLPs from the
GAP promoter-based P. pastoris expression system sug-
gests the feasibility of establishing efficiently and consti-
tutively producing DENV VLPs. The present study
provides a suitable method for developing subunit dengue
vaccine for the prevention of dengue virus infection.
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