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Abstract

While virus-like particles (VLPs) containing subgenomic replicons, which can transduce replicons into
target cells efficiently for studying viral replication and vectors of gene therapy and vaccine, have been
established for several flaviviruses, none has been reported for the four serotypes of dengue virus, the causal
agent of the most important arboviral diseases in this century. In this study, we successfully established a
cell line stably expressing the precursor membrane/envelope (PrM/E) proteins of dengue virus type 2
(DENV2), which can package a DENV2 replicon with deletion of PrM/E genes and produce single-round
infectious VLPs. Moreover, it can package a similar replicon of different serotype, dengue virus type 4, and
produce infectious chimeric VLPs. To our knowledge, this study reports for the first time replicon-con-
taining VLPs of dengue virus. Moreover, this convenient system has potential as a valuable tool to study
encapsidation of dengue virus and to develop novel chimeric VLPs containing dengue virus replicon as
vaccine in the future.

Introduction

Dengue viruses belong to the genus Flavivirus in
the family Flaviviridae. Among the 70 or so
arthropod-borne flaviviruses, the four serotypes
of dengue viruses (DENV1, DENV2, DENV3,
and DENV4) cause the most important arboviral
disease in the tropical and subtropical areas [1, 2].
It has been estimated that more than 2.5 billion
people in over 100 countries are at risk of
infection, and approximately 100 million dengue
infections occur annually throughout the world
[1–3]. After dengue virus infection, an individual
may be asymptomatic, present a relatively mild
disease, dengue fever, or develop severe and
potentially life-threatening diseases, dengue

hemorrhagic fever/dengue shock syndrome. With-
out early diagnosis and appropriate treatment, the
mortality of DHF/DSS could be as high as
10–15% [1–3].

Dengue virus contains a positive-sense, single-
stranded RNA genome of approximately
10,600 bases in length. Flanked by the 5¢ and 3¢
untranslated regions (UTR), the single open read-
ing frame of the genome encodes a polyprotein
precursor, which is subsequently cleaved by cellular
and viral protease into three structural proteins, the
capsid (C), precursor membrane (PrM), and enve-
lope (E), as well as seven non-structural (NS)
proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B
andNS5 [4]. A common feature in the replication of
flaviviruses is the assembly of structural proteins,
PrM and E, into subviral particles [4]. Co-expres-
sion of PrM and E proteins in the absence of C
protein can generate recombinant subviral particles
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(RSPs), which have been shown to be similar to the
infectious virions in the structural and functional
organization [5–7].

Subgenomic replicons of positive-stranded
RNA viruses, which contain all the non-structural
proteins required for amplifying themselves but
lack some or all of the structural proteins, have
been shown to be useful tools to study viral
replication in the absence of virion assembly and
maturation [8–11]. Because of the unique features
including high level of expression, no DNA
intermediate, exclusively cytoplasmic replication,
and relative ease of construction, subgenomic
replicons offered great potential as vectors for
gene expression and vaccine development [9, 12,
13]. Subgenomic replicons of several members of
flaviviruses including Kunjin virus, West Nile
virus, tick-borne encephalitis virus, yellow fever
virus and dengue virus were established [14–20].
Most of these subgenomic replicons have been
recently reported to incorporate into virus-like
particles (VLPs) as a means of efficient transduc-
tion into target cells with the exception of dengue
virus [14, 17, 21–27]. In this study, we established a
cell line stably expressing the PrM/E proteins of
DENV2, which can successfully encapsidate the
DENV2 replicon and produce single-round infec-
tious VLPs. Moreover, this cell line can also
encapsidate the DENV4 replicon and produce
infectious chimeric VLPs, which contain the C
protein and replicon RNA of DENV4 and the
PrM/E proteins of DENV2.

Materials and methods

Generation of replicon constructs

To construct the DENV2 replicon p2C102, a PCR
fragment was amplified by using plasmid p2, a full-
length cDNA clone of DENV2 (Tonga/74 strain)
(kindly provided by Dr. S. S. Whitehead), as
template and the primer pairs, p2AscIASP6
(5¢-TTTCCGGGCGCGCCGATTTAGG-3¢) and
p2C102BSpeI (5¢-CTAGACTAGTGCTACGTGA
TACAGTTCTACGTCTCCTGTTTAAG-3¢), cut
with AscI and SpeI, and cloned into respective sites
of p2 [28].

To construct the DENV4 replicon p4C102, a
PCR fragment was amplified by using p2AXhoI, a
full-length cDNA clone of DENV4 (814,669

strain) (kindly provided by Dr. C. J. Lai), as
template and the primer pairs, d4C1ABglII
(5¢-GAGCAGATCTCTGGAAAAATG-3¢) and
d4C102BXhoI (5¢-CAGGGAGCT CAACGTTGA
CCTTTTTCTCC-3¢), cut with BglII and XhoI,
and cloned into T7p¢5-2, which was modified from
p¢5-2 (5¢ cDNA clone of p2AXhoI , also provided
by Dr. C. J. Lai) by replacing the SP6 promoter
with T7 promoter [29, 30]. The resulting plasmid
T7C102p¢5-2 was cut with BamHI and XhoI and
cloned into pFastBac1 vector (Invitrogen, Carls-
bad, CA) to generate T7C102pFast. The 3¢ cDNA
clone of p2AXhoI was cut out with XhoI and
KpnI, and cloned into the respective sites of
T7C102pFast to obtain p4C102. To construct the
DENV4 replicon p4C30, a PCR fragment was
amplified by using p2AXhoI as template and the
primer pairs, d4C1ABglII and d4C30BXhoI (5¢-
AAACCTCGAGTTTGTGGAT CTCTTCCGCC
CCCCTTGAGGGGTTGA-3¢), cut with BglII
and XhoI, and cloned into T7p¢5-2 by replacing
the SP6 promoter with T7 promoter [29, 30]. The
resulting plasmid T7C30p¢5-2 was cut with BamHI
and XhoI and cloned into pFastBac1 vector
(Invitrogen, Carlsbad, CA) to generate
T7C30pFast. The 3¢ cDNA clone of p2AXhoI
was cut out with XhoI and KpnI, and cloned into
the respective sites of T7C30pFast to obtain
p4C30. All the constructs have been confirmed
by sequencing at the junctions with the BigDye
terminator cycle sequencing kit and the ABI 3730
automated sequencer (Applied Biosystems, Foster
City, CA).

In vitro transcription and RNA transfection

Replicon plasmid was linealized with KpnI, etha-
nol precipitated, and in vitro transcribed by using
the Epicentre AmpliCap T7 and SP6 high yield
message marker kits (Epicentre Biotechnologies,
Madison, WI). RNA was further purified using the
Qiagen RNeasy mini kit (Qiagen, Valencia, CA),
followed by quantification with a spectrophotom-
eter, and then introduced into cells by electropo-
ration. Approximately 3.2� 106 cells in 800 ll
serum free DMEM medium was electroporated
with 30–50 lg of in vitro transcribed RNA in
4 mm cuvettes using the BTX electro cell manip-
ulatorTM (BTX, Holliston, MA) with one pulse at
the setting of 270 V, 800 lF, and 75 X. After being
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chilled on ice for 10 min, the cells were transferred
to 10 cm culture dishes.

Detection of negative sense dengue viral RNA

Total RNA from transfected cells was extracted
with the Qiagen RNeasy mini kit (Qiagen, Valen-
cia, CA) and an aliquot of RNA was subjected to
no RT or RT by using SuperScript II reverse
transcriptase (Invitrogen, Carlsbad, CA) and sense
primers specific to the 3¢UTR region of DENV2
(5¢-CTGTAGTCTCACTGGAAGGAC-3¢) (gen-
ome positions 10553–10573, Tonga/74 strain) [28]
or of DENV4 (5¢-CTGTACGCGTGGCATATT
GGAC-3¢) (genome positions 10398–10419,
814669 strain) [29]. PCR was then performed with
primer pairs covering the regions in 3¢UTR to
generate a 110-bp product (for DENV2) or a 200-
bp product (for DENV4). The sequences of the
primer pairs were: 5¢-TTAGAGGAGACCCCCC
C-3¢ (positions 10580–10596) and 5¢-CATTCCAT
TTTCTGGCGTCCT-3¢ (positions 10690–10670)
for DENV2; 5¢-TTAGAGGAGACCCCTCCC-3¢
(positions 10426–10443) and 5¢-CAATCCATCTT
GCGGCGCTCT-3¢ (positions 10626–10606) for
DENV4. Besides, an aliquot of extracted total
RNA was subjected to the Superscript II one-step
RT-PCR system (Invitrogen, San Diego, CA) by
using the primers, 5¢-GTGATGGTGGGCATGG
GTCA-3¢ and 5¢-ACGTACATG GCTGGGGTG
TT-3¢, to generate a 275-bp product of b-actin as
internal control.

Western blot analysis

After transfection of the replicon RNA, cells were
harvested, washed twice with 1� phosphate-buf-
fered saline (PBS), and lysed with 200 ll freshly
prepared lysis buffer (1% NP-40, 50 mM Tris pH
8.0, 150 mM NaCl, 2 mM EDTA, and 1 mM
Na3VO4). Samples were mixed with equal volumes
of loading buffer (2% SDS, 0.5 M Tris pH 6.8,
20% glycerol, 0.001% bromophenol blue), boiled
at 95 �C for 2 min, and subjected to 12% SDS-
polyacryamide gel electrophoresis. After transfer
and blocking, the nitrocellulose membrane (Hy-
bond-c super, Amersham Biosciences, UK) was
incubated with primary antibody including mouse
monoclonal antibody (MAb) against NS1 protein
(DB29-1, kindly provided by Dr. H. C. Wu),
serum from dengue patients or rabbit polyclonal

serum against C protein, followed by relevant
horseradish peroxidase-conjugated secondary anti-
bodies (Pierce, Rockford, IL). The signals were
detected by enhanced chemiluminescence reagents
(PerkinElmer life sciences, Boston, MA) [31].

Indirect immunofluorescence assay (IFA)

After DNA or RNA transfection or infection with
VLPs, cells were spotted onto 10-well Teflon-
coated slides, air dried, and fixed with cold acetone
at )20 �C for 20 min. The slides were incubated at
37 �C for 1 h with the first antibody (DB29-1 or
4G2) (American Type Culture Collection, Rock-
ville, MD) [32], washed with 1� PBS three times,
followed by incubation with the secondary anti-
body, fluorescein isothiocyanate (FITC)-conju-
gated goat anti-mouse IgG (Kirkegaard & Perry
Laboratories, Gaithersburg, MD). Following final
washing, drying, and mounting, the slides were
observed under a fluorescence microscope.

Establishment of a stable clone expressing PrM/E
proteins of DENV2

Plasmid pCDJssD2J396 was modified from plas-
mid pCB8D2-2J-2-9-1 (kindly provided by Dr. G.
J. J. Chang) [33], which expressed the signal
peptide of Japanese encephalitis virus (JEV),
PrM protein of DENV2, and chimeric E protein
containing the N-terminal 395 residues of DENV2
and C-terminal 100 residues of JEV (the stem-
anchor region of the E protein), by cloning the
KpnI–NotI fragment into the respective sites of a
JEV PrM/E expression plasmid with neomycin
phosphotransferase gene, pCDJE2-7 (also pro-
vided by Dr. G. J. J. Chang) [34]. Plasmid
pCB8D2-2J-2-9-1 was reported to produce RSPs
efficiently [33]. 293 cells were grown in Dulbecco�s
modified eagle�s medium (DMEM) supplemented
with 10% fetal calf serum, 1% HEPES, 1%
penicillin/streptomycin and 1% L-glutamine, and
transfected with 2 lg of PrM/E expression plasmid
of DENV2 that contained the neomycin phospho-
transferase gene, pCDJssD2J396, by calcium phos-
phate method [35]. One day later, the cells were
subjected to G418 selection (800 lg/ll) in DMEM
with the medium and G418 replaced every 3–
4 days. After 2–3 weeks, cells grown from foci
were transferred to a T-25 flask and subsequently
to a T-75 flask. Cells were passaged under G418
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selection for one more week and then stored in
liquid nitrogen until use.

Infectivity and characterization of VLPs

At approximately day 10 post-transfection of
replicon RNA to stable clones, culture superna-
tants containing VLPs collected from two 10 cm
dishes were clarified by centrifugation at
2,500 rpm and 4 �C for 20 min and subjected to
20% sucrose cushion ultracentrifugation at
19,000 rpm (SW28 rotor, Beckman, Fullerton,
CA) at 4 �C for 5 h. The pellets containing VLPs
were resuspended in 1 ml RPMI medium and
filtered through a 0.22-lm pore-sized membrane,
and an aliquot (800 ll) were inoculated to BHK-
21 cells in 24-well plates. BHK-21 cells were grown
in RPMI medium supplemented with 5% fetal calf
serum, 1% penicillin/streptomycin and 1% L-
glutamine. After 48 h, expression of NS1 protein
in BHK-21 cells was examined by IFA (see above).
The remaining 200 ll was further subjected to
centrifugation at 14,000 rpm (851 rotor, Thermo
electron corporation, Walthom, MA) at 4 �C for
1 h to obtain the pellet, which was resuspended in
20 ll TNE buffer (50 mM Tris–HCl, 1 M NaCl,
10 mM EDTA) and subjected to Western blot
analysis and RNA extraction with Qiagen viral
RNA kit (Qiagen, Valencia, CA). RT and PCR
were preformed targeting two regions, the 3¢UTR
by using an antisense primer specific to 3¢UTR
of DENV4, 5¢-CCTACCGGTACCAGAACC-3¢
(genome positions 10661–10644) [29] and PCR
primers for DENV4 described above, and the C
gene by using a DENV4-specific antisense primer,
T7C102BXhoI, and PCR primers described previ-
ously [36]. An aliquot of the pellets was added to a
300 mesh formvar/carbon film, stained with satu-
rated uranyl acetate (Electron Microscopy Sci-
ences, Washington, PA), and examined by electron
microscope.

MTT cytotoxicity assay

About 6.25� 104 of 293 cells and cells from the
established D2-PrM/E clone were prepared in 96-
well plates and assessed in triplicates by an MTT
assay at various time after thawing (R&D
systems, Minneapolis, MN). Briefly, cells in each
well were incubated with 10 ll of MTT reagent

[3¢(4,5-dimethylthiazol-yl)-2, 5¢-diphenyl tetrazo-
lium bromide] at 37 �C for 2.5 h until purple
precipitate was clearly visible by light micros-
copy. After adding detergent, cells were further
incubated at room temperature in the dark to
ensure dissolution of all formazan crystals. Cell
viability was the percentage of the absorbance at
570 nm of D2-PrM/E clone relative to that of
the parental 293 cells.

Results

Our strategy of generating dengue VLPs capable
of encapsidating homologous and heterologous
replicons included three steps. First, establishment
of a stable cell line producing RSPs of DENV2.
Second, construction of DENV2 subgenomic rep-
licon and transfection into the stable cell line to
generate DENV2 VLPs containing DENV2 repli-
con. Third, construction of DENV4 subgenomic
replicon and transfection into the stable cell line to
generate DENV2 VLPs containing DENV4 repli-
con.

Establishment of a cell line constitutively producing
RSPs of DENV2

To generate a cell line stably expressing PrM/E
proteins and producing RSPs of DENV2, we
constructed pCDJssD2J396, which contained the
neomycin phosphotransferase gene and a chimeric
PrM/E gene encoding the signal sequence of JEV,
PrM protein and N-terminal 395 residues of E
protein of DENV2 and C-terminal 100 residues of
E protein of JEV (Figure 1A). This construct was
modified from pCB8D2-2J-2-9-1, which was pre-
viously reported to produce RSPs of DENV2
efficiently [33]. After 2–3 weeks selection with
G418, the pCDJssD2J396(DNA)-transfected 293
cells, now designated as D2-PrM/E clone, were
subjected to IFA by using anti-dengue E MAb. As
shown in Figure 1B, more than 90% positive cells
were found in the D2-PrM/E clone but not in the
mock-transfected cells. Western blot analysis of
cell lysates derived from D2-PrM/E clone revealed
readily detectable PrM and E proteins, indicating
that expression of PrM/E proteins was intact
(Figure 1C, left). To examine the production of
RSPs, culture supernatants derived from D2-PrM/
E clone was subjected to 20% sucrose cushion
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ultracentrifugation and the pellets to Western blot
analysis. As shown in Figure 1C, large mounts of
PrM and E proteins were detected, suggesting
efficient production of RSPs by the D2-PrM/E
clone. After 15 passages of this clone, there was

neither decrease in the percentage and intensity of
positive cells detected by IFA nor decrease in the
amounts of E protein in pellet lysates detected by
Western blot analysis, suggesting that stable pro-
duction of RSPs was successfully established in the
D2-PrM/E clone. In agreement with a previous
report of stable clones continuously secreting
dengue RSPs, the D2-PrM/E clone had the cell
morphology and growth rate (100% confluence
2 days after passage at a ratio of 1:6) similar to
those of untransfected 293 cells, suggesting no
obvious cytopathicity [37]. This was further sup-
ported by the observation of no decrease in cell
viability of the established D2-PrM/E clone
assessed by an MTT cytotoxicity assay
(Figure 1D).

Construction of DENV2 subgenomic replicons
and generation of infectious VLPs

We next constructed a DENV2 subgenomic rep-
licon by deleting the entire PrM and E gene from a
previously reported DENV2 (Tonga/74 strain)
infectious cNDA clone, p2 [28]. The resulting
replicon, p2C102, contained genes encoding the N-
terminal 102 residues of C protein (with the
authentic cleavage site recognized by viral prote-
ase), the C-terminal 26 residues of E protein
(encoding the signal sequence of NS1), and all the
non-structural proteins (Figure 2). To examine
whether p2C102 RNA can replicate in the
D2-PrM/E clone, p2C102 RNA was electroporat-
ed to the D2-PrM/E clone, and RNA synthesis

Figure 1. Establishment of a cell line stably expressing PrM/E
proteins of DENV2. (A) Schematic diagram of the construct,
pCDJssD2J396, which encodes the PrM/E proteins of DENV2
with the signal sequence (ss) and C-terminal 100 residues (resi-
dues 396–495) of E protein replaced by JEV. (B) Expression of
E protein by the DENV2 PrM/E stable clone. After 2–3 weeks
of selection with G418, the pCDJssD2J396(DNA)-transfected
293 cells, designated as D2-PrM/E clone, were subjected to IFA
using anti-E MAb, 4G2 [31]. (C) Expression of PrM/E proteins
and production of RSPs by the D2-PrM/E stable clone. Cell
lysates (left) and pellets lysates (right) derived from culture su-
pernatants of the D2-PrM/E clone were subjected to Western
blot analysis by using serum from dengue patient [30]. Arrow
heads indicate PrM and E proteins. The size of molecular
weight marker is shown in kDa. (D) Cell viability of the estab-
lished D2-PrM/E clone was assessed in triplicates by an MTT
assay at various time after thawing of the D2-PrM/E clone.
Cell viability was shown as the percentage of the absorbance at
570 nm of D2-PrM/E clone relative to that of the parental 293
cells.

b
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and protein expression were analyzed. As shown in
Figure 3A, a band with the predicted size of 110-
bp was seen in the p2C102 RNA-transfected but
not in the mock-transfected cells or in the no RT
control experiment, indicating that negative-sense
RNA was synthesized by p2C102. To examine the
protein expression, cell lysates derived from
p2C102 RNA-transfected cells were subjected to
Western blot analysis using a anti-NS1 MAb,
DB29-1. As shown in Figure 3B, a band of
38 KDa, the predicted size of NS1, was detected
in the p2C102 RNA-transfected but not in the
mock-transfected cells, indicating that NS1 was
expressed by p2C102. This was further supported
by IFA using DB29-1 (Figure 3C). Taken to-
gether, these findings demonstrated that p2C102
can replicate in the target cells.

To investigate whether p2C102 RNA can be
packaged into infectious VLPs, pellets derived
from culture supernatants of p2C102 RNA-trans-
fected D2-PrM/E clone, which presumably con-
tained VLPs, were inoculated to BHK-21 cells.
After 2 days, positive cells were detected by IFA,
indicating that infectious VLPs were generated by
this packaging cell line, D2-PrM/E clone (Fig-
ure 3D). Inoculation of culture supernatants
derived from the VLPs-infected BHK-21 cells to
fresh BHK-21 cells did not result in any positive
cell, consistent with the characteristics of one-
round replication of VLPs (data not shown).

Construction of DENV4 subgenomic replicons
and generation of chimeric infectious VLPs

Using a similar strategy, we generated a DENV4
subgenomic replicon, p4C102, from a previously
described DENV4 (814,669 strain) infectious clone,
p2AXho (Figure 2) [30]. To examine whether
p4C102 RNA can replicate in the D2-PrM/E clone,
p4C102 RNA was electroporated to the D2-PrM/E
clone, and RNA synthesis and protein expression
were analyzed. As shown in Figure 4A, a band with
the predicted size of 200-bp was seen in the p4C102
RNA-transfected as well as in the full-length infec-
tious clone p4 RNA-transfected cells [29, 38], but
not in the mock-transfected cells or in the no RT
control experiment, indicating that negative-sense
RNAwas synthesized by p4C102 RNA-transfected
cells. Western blot analysis revealed readily detect-
able NS1 band in the p4C102 RNA-transfected
cells, though not as strong as the p4 RNA-trans-
fected cells in this experiment, indicating that NS1
was expressed (Figure 4B). This was further sup-
ported by IFA (Figure 4C). Together, these findings
demonstrated that p4C102RNAcan replicate in the
target cells. To investigate whether p4C102 RNA
can also be packaged by the D2-PrM/E clone and
produce chimeric infectious VLPs, pellets derived
from the culture supernatants were inoculated to
BHK-21 cells. After 2 days, positive cells were
revealed by IFA using anti-NS1 Mab, indicating

Figure 2. Schematic diagram of the dengue virus genome and subgenomic replicon constructs p2C102 and p4C102. Above each
construct, the restriction enzyme sites used in the construction are shown. Below each construct, the sequences and numbers of
both nucleotide and amino acid at the junction between C and E genes are shown [28, 29], with the restriction enzymes underlined
and viral protease cleavage site of C protein indicated by arrow.
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that infectious chimeric VLPs were generated by
D2-PrM/E clone (Figure 4D).

To demonstrate that the DENV4 replicon was
indeed incorporated into the VLPs, pellets derived
from culture supernatants of p4C102 RNA-trans-
fected D2-PrM/E were subjected to RNA extrac-
tion, RT and PCR detecting viral genomic RNA in
two regions, the 3¢UTR and C gene. As shown in
Figure 5A, a band with the predicted size of 200-bp
in the 3¢UTR and a band with the predicted size of
170-bp in C gene were seen in the pellets derived
from the p4C102 RNA-transfected and p4 RNA-
transfected cells, but not in those from mock-
transfected cells, indicating that theVLPs contained
p4C102 replicon RNA. Moreover, Western blot
analysis of pellet lysates using sera from a dengue
patient [30] and from a rabbit immunized against
DENV4 C protein revealed readily detectable PrM,
E andC proteins in the pellets of p4C102RNA- and
p4 RNA-transfected cells, indicating that DENV4
C protein was incorporated into the VLPs (Fig-
ure 5B). Electron microscopic examination of pel-
lets derived from p4C102 RNA-transfected cells
revealed particles with a diameter of 40–50 nm,
which was within the range of a flaviviral particle
(40–60 nm) (Figure 5C) [4]. Taken together, these
findings indicate successful incorporation of
DENV4 replicon into the chimeric VLPs.

Discussion

With the application of recombinant DNA tech-
nology and reverse genetics, VLPs of several

Figure 3. Replication of the DENV2 replicon p2C102 and
generation of infectious VLPs. (A) RNA synthesis of p2C102.
Total RNA derived from mock or p2C102 RNA-transfected
D2-PrM/E clone was subjected to RT using sense primer spe-
cific to 3¢UTR or no RT, followed by PCR and agarose gel
electrophoresis. RT-PCR using b-actin specific primers served
as control. Arrow head indicates the size of predicted prod-
uct, and M molecular size marker. (B) Protein expression of
p2C102. Cell lysates derived from mock or p2C102 RNA-
transfected D2-PrM/E clone were subjected to Western blot
analysis by using anti-NS1 MAb, DB29-1. Arrow head indi-
cates the NS1 protein. The size of molecular weight marker is
shown in kDa. (C) Protein expression in mock or p2C102
RNA-transfected D2-PrM/E clone was examined by IFA
using DB29-1. (D) Generation of infectious VLPs. Pellets de-
rived from culture supernatants of mock or p2C102 RNA-
transfected D2-PrM/E clone were inoculated into BHK-21
cells, which were examined 48 h later by IFA using DB29-1.
One representative experiment of three is shown.

b
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Figure 4. Replication of the DENV4 replicon p4C102 and generation of infectious VLPs. (A) RNA synthesis of p4C102. (B) Pro-
tein expression of p4C102. (C) Protein expression examined by IFA. (D) Generation of infectious VLPs. Total RNA, cell lysates,
cells and pellets derived from mock, p4C102 RNA, or p4 RNA-transfected D2-PrM/E clone were subjected to analysis as de-
scribed for Fig. 3. One representative experiment of three is shown.
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flaviviruses thus established have been shown to be
valuable for studying viral replication and inhib-
itors and promising for developing vectors of gene
therapy and vaccines [14, 17, 21–27, 39–42]. In this
study, we have established a cell line stably
producing RSPs of DENV2, which can success-
fully incorporate DENV2 replicon and produce
single-round infectious VLPs. In addition to
homologous incorporation, this cell line can also
incorporate heterologous DENV4 replicon and
produce infectious chimeric VLPs. To our knowledge,

this study reported for the first time VLPs con-
taining replicons of dengue virus, which causes the
most important and prevalent arboviral diseases
worldwide.

Although chimeric dengue viruses have been
generated from transfection of chimeric infectious
cDNA clones, which contained C/PrM/E or PrM/
E genes of one serotype and non-structural genes
of another serotype in cis [30, 43–45], the produc-
tion and analysis of particles requires multiple
rounds of successful amplification in the host cells,
including RNA replication, encapsidation, assem-
bly and release. Any defect in encapsidation that
also inhibits particle formation and release would
make the analysis of particles impossible. In
contrast, our dengue PrM/E expressing cell line,
which produces particles continuously and pack-
ages replicon in trans, is particularly useful for
studying the elements required for encapsidation.
To demonstrate the potential application of this
system to study encapsidation of DENV, we have
generated another DENV4 replicon, p4C30 (Fig-
ure 6A), which contained only the N-terminal 30
amino acid residues of C protein corresponding to
the cyclization sequences required for flavivirus
replication, and examined its capability of gener-
ating infectious VLPs. After electroporation of
p4C30 RNA into the D2-PrM/E clone, a band
with the predicted size of 200-bp by RT-PCR and
a band corresponding to NS1 by Western blot
analysis were detected in the p4C30 RNA-trans-
fected cells, indicating that p4C30 RNA can
replicate in the D2-PrM/E clone (Figure 6B and
data not shown). Inoculation of pellets derived
from the p4C102 RNA-transfected cells and those
from the p4C30 RNA-transfected cells into BHK-
21 cells revealed positive cells in the former but
none in the latter, suggesting that amino acid
residues from 31 to 101 of C protein were required
for generation of infectious VLPs (Figure 6C).
Further experiments are needed to delineate the
minimal domain of C protein required for encaps-
idation.

Compared with the methods commonly used to
generate VLPs, which involved two rounds of
RNA transfection, namely, the first one introduc-
ing replicon RNA into cells transiently or in a
stable clone and the second one introducing
alphavirus replicon RNA to provide structural
proteins [9, 17, 22, 24, 25], our strategy of
transfecting replicon to a packaging cell line

Figure 5. Incorporation of DENV4 replicon into the chimeric
VLPs. (A) Detection of DENV4 RNA in VLPs. RNA was
extracted from pellets derived from mock, p4C102 RNA, or
p4 RNA-transfected D2-PrM/E clone and subjected to RT
using antisense primer specific to 3¢UTR and C gene, fol-
lowed by PCR and agarose gel electrophoresis. Arrow head
indicates the size of predicted product, and M molecular size
marker. (B) Proteins in the chimeric VLPs. Pellets derived
from culture supernatants of mock, p4C102 RNA, or p4
RNA-transfected D2-PrM/E clone were subjected to Western
blot analysis by using sera from a dengue patient (anti-DV)
[30] and from a rabbit immunized against DENV4 C protein
(anti-C). (C) Electron micrographs of the chimeric VLPs. An
aliquot of pelleted particles were stained by uranyl acetate
and examined under electron microscope. 100,000-fold magni-
fication. Bar indicates 100 nm.
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expressing structural proteins avoids the problem
of cytopathicity associated with some alphavirus
replicons [14, 21]. The lack of cytopathicity in our
system was supported by the observations of no
obvious change in cell morphology and growth
rate. Moreover, an MTT cytotoxicity assay
revealed no decrease in cell viability of the D2-
PrM/E clone, when compared with parental 293
cells which was not transfected with
pCDJssD2J396 (Figure 1D). A closer examination
of the expression of replicon and the infectivity of
VLPs containing replicon revealed that the infec-
tivity of VLPs correlated with the expression of the
replicon, which was most likely related to the
efficiency of RNA transfection (Figures 3, 4).
Since the transfection efficiency of p2C102 RNA

was lower than that of p4C102 RNA, the infec-
tivity of VLPs derived from p2C102 was lower
than that derived from p4C102. The highest titer
of dengue VLPs derived from p4C102 in this
study, estimated by a previously described formula
[17, 27], was 1.5� 105 IU/ml, which was lower
than those reported for other flaviviruses [14, 17,
21, 22, 24–26]. Further improvement in the effi-
ciency of RNA transfection is needed to increase
the titers of our VLPs.

During the past 25 years, there is a global
resurgence of epidemic dengue with an increase in
the frequency and number of cases with severe
disease [1, 2]. Without effective control measures
for mosquitoes and available antiviral drugs,
vaccination offers the best opportunity to lower

Figure 6. Incapable of generating infectious VLPs by DENV4 replicon p4C30. (A) Schematic diagram of the DENV4 replicon con-
struct p4C30. The designation of the construct was as described in Fig. 2. (B) RNA synthesis of p4C30. (C) Infectivity of VLPs.
Total RNA and pellets derived from mock, p4C30 RNA, or p4C102 RNA-transfected D2-PrM/E clone were subjected to analysis
as described for Fig. 3. One representative experiment of three is shown.
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the disease burden of dengue [46–48]. Currently,
several tetravalent live attenuated dengue vac-
cines are being developed with the goal of
attaining a balanced immunity to all four dengue
serotypes [46–48]. Although improved immuno-
genicity and protective immunity in non-human
primates have been recently reported for empir-
ically and genetically engineered live attenuated
tetravalent vaccines, respectively, reactogenicity
such as fever or rash in more than 75% of
recipients suggested that further attenuation is
needed [48–51]. In this regard, VLPs of dengue
virus containing replicon, which can complete
single round of replication without obvious cyto-
pathicity, in the tetravalent format could be an
attractive alternative. Moreover, it has been
shown that immunization with NS1 protein and
passive transfer of anti-NS1 antibody can protect
animals against flavivirus infection [52, 53]. Our
success in generating chimeric VLPs, which con-
tain PrM and E proteins of one serotype and
non-structural proteins of another serotype, sug-
gesting the feasibility of adding the desired non-
structural proteins in the construction of VLPs.
The capability of generating different chimeric
dengue VLPs in the tetravalent format would
further the potential of developing VLPs as
dengue vaccine in the future.
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