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New or improved vaccines against dengue virus types 1 to 4 (DENV1 to DENV4) and Japanese
encephalitis virus (JEV), the causative agents of dengue fever and Japanese encephalitis (JE), respec-
tively, are urgently required. The use of noninfectious subviral extracellular particles (EPs) is an inex-
pensive and safe strategy for the production of protein-based flavivirus vaccines. Although coexpression
of premembrane (prM) and envelope (E) proteins has been demonstrated to produce EPs in mammalian
cells, low yields have hindered their commercial application. Therefore, we used an insect cell expression
system with Spodoptera frugiperda-derived Sf9 cells to investigate high-level production of DENV2 and JEV
EPs. Sf9 cells transfected with the prM and E genes of DENV2 or JEV secreted corresponding viral
antigens in a particulate form that were biochemically and biophysically equivalent to the authentic
antigens obtained from infected C6/36 mosquito cells. Additionally, equivalent neutralizing antibody titers
were induced in mice immunized either with EPs produced by transfected Sf9 cells or with EPs produced
by transfected mammalian cells, in the context of coimmunization with a DNA vaccine that expresses EPs.
Furthermore, the results of an enzyme-linked immunosorbent assay (ELISA) using an EP antigen derived
from Sf9 cells correlated significantly with the results obtained by a neutralization test and an ELISA
using an EP antigen derived from mammalian cells. Finally, Sf9 cells could produce 10- to 100-fold larger
amounts of E antigen than mammalian cells. These results indicate the potential of Sf9 cells for high-level
production of flavivirus protein vaccines and diagnostic antigens.

Dengue virus types 1 to 4 (DENV1-4) and Japanese enceph-
alitis virus (JEV), the causative agents of dengue fever and
Japanese encephalitis (JE), respectively, are globally important
human pathogens (10) for which new or improved vaccines are
urgently required. DENV1-4 cause dengue fever and dengue
hemorrhagic fever in tropical areas and many subtropical ar-
eas. An estimated 50 million to 100 million dengue cases occur
annually, with 2.5 billion people at risk of infection (11). How-
ever, there is no approved vaccine for dengue diseases, and the
development of such a vaccine is urgently needed (12). JEV is
the single largest cause of childhood viral encephalitis in the
world, with an estimated 50,000 cases annually. Mortality rates
can reach 30% among confirmed cases, and as many as one-
third of survivors suffer from permanent and severe psycho-
neurological sequelae (13, 39). Although inactivated vaccines
are used internationally for JE, they are too expensive for
widespread use in most developing countries (3), and there-
fore, more cost-effective alternatives are needed.

Neutralizing antibodies are important in host protection
against dengue diseases and JE (10, 34). For JE, previously
used mouse brain-derived (16, 44) and more recently used
Vero cell-derived (20, 25, 35) inactivated vaccines can effi-
ciently induce neutralizing antibody responses. However, these

protein-based vaccines are produced from infectious agents,
and their production therefore requires biosafety level 2 or 3
containment facilities and complex purification protocols, thus
increasing the cost of the vaccine. Vaccine production without
infective procedures can be achieved using genetic engineering
techniques (29, 55).

DENV1-4 and JEV are members of the genus Flavivirus in
the family Flaviviridae (37). The envelope (E) protein is the
major component of the envelopes of flavivirus virion particles
and possesses most of the neutralizing epitopes (46). The other
protein on the envelopes of mature virions is the membrane
(M) protein, which is synthesized as the precursor membrane
(prM) protein in infected cells. Cells expressing flavivirus prM
and E proteins are known to secrete nucleocapsid-free subviral
extracellular particles (EPs), which are similar to slowly sedi-
menting hemagglutinin (SHA) particles secreted from flavivi-
rus-infected cells (47). EPs of JEV synthesized in mammalian
expression systems have been evaluated for their immuno-
genicity and/or protective efficacy in mice (15, 24, 43). Two of
these studies (24, 43) demonstrated that the EPs induced neu-
tralizing antibodies at levels comparable to those induced by an
inactivated JE vaccine. In our laboratory, mammalian cell lines
continuously expressing EPs of dengue type 2 virus (DENV2)
(26) or JEV (27) have been generated and designated D cells
and F cells, respectively. The EPs contained an E protein that
was antigenically and biochemically equivalent to the authentic
E protein, and the EPs were immunogenic and protective in
mice. However, the yields of viral antigens produced from D
and F cells were low and would not meet the requirements for
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commercial vaccine production. Increasing the levels of viral
antigen production from transfected cells would reduce the
cost of vaccine preparation.

Recently, insect cell expression systems have been increas-
ingly used in various fields of medical sciences (1, 6, 17, 53). In
general, insect cells are easier to cultivate than mammalian
cells, because they often do not require serum supplementa-
tion in the culture medium or incubation under CO2. In addi-
tion, insect cells can be adapted to suspension culture, allowing
cultures to be simply scaled up. Furthermore, various tech-
niques have been developed for high-density culture of insect
cells; for example, in one study, the immobilization of insect
cells within biomass support particles achieved a density of
approximately 3 � 107 cells/cm3 (50). Thus, the insect cell
expression system can be a simple and inexpensive strategy for
vaccine antigen production.

In addition to their use as vaccine antigens, EPs derived
from mammalian cells could be used as serodiagnostic antigens
(27, 32). The production of serodiagnostic antigens may also
encounter problems when the antigens are sourced directly
from infectious agents. Currently, numerous commercial as-
says utilizing several different formats, such as the immuno-
chromatography test and the IgM capture enzyme-linked im-
munosorbent assay (ELISA), are available for the diagnosis of
DENV and JEV infections (4, 49). These commercial tests use
viral antigens derived from transfected or infected cultured
cells. Thus, the application of insect cell-derived EPs as diag-
nostic antigens would be an attractive alternative.

In this study, we produced EPs of DENV2 and JEV in a
transient expression system using the Sf9 cell line, which was
derived from the pupal ovarian tissue of the fall armyworm,
Spodoptera frugiperda. These proteins were evaluated for vac-
cine and diagnostic antigens, mainly by direct comparison with
mammalian-cell-derived EPs. The EPs produced from Sf9 cells
were immunogenic in mice and useful as antigens for ELISA.
In addition, Sf9 cells produced larger amounts of antigen than
CHO cells, suggesting the potential applicability of insect cells
for the production of DENV2 and JEV antigens for vaccines
and serodiagnostic tests.

MATERIALS AND METHODS

Cells. Sf9 cells were purchased from Novagen (Darmstadt, Germany) and
cultivated in BacVector-insect cell medium (Novagen). A mosquito cell line,
C6/36, and mammalian cell lines, Vero and CHO-K1, have been described
previously (27). Briefly, the growth medium was Eagle’s minimal essential me-
dium (MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
and kanamycin (60 �g/ml); for C6/36 and CHO-K1 cells, nonessential amino
acids were also added. D and F cells, which are CHO-K1 cells genetically
modified to continuously express EPs of DENV2 or JEV, respectively (26, 27),
were grown in the same medium as CHO-K1 cells. Cells were cultivated at 28°C
for insect cells or at 37°C for mammalian cells under a humidified atmosphere of
5% CO2. The maintenance medium used for mammalian and C6/36 cells fol-
lowing transfection or infection was the growth medium containing 0.1% bovine
serum albumin (BSA) in place of 10% FBS.

Viruses. The New Guinea C (NGC) strain of DENV2 (26) and the Nakayama
strain of JEV (41) were used. Culture fluids harvested from C6/36 cells infected
with each of these viruses were used for biochemical characterizations and
neutralization tests. The virulent Beijing P3 strain of JEV, in the form of a 10%
suckling mouse brain homogenate, was used for mouse challenge experiments
(41).

Plasmids. The pcDNA3-based plasmids encoding the prM and E proteins of
DEN2V strain NGC (designated pcD2ME [26]) or JEV strain Nakayama (des-
ignated pcJEME [27]) have been described previously. To construct appropriate

expression plasmids for the insect cells, the prM and E genes were excised from
the pcD2ME plasmid and were inserted into the pIB/V5His vector (Invitrogen,
San Diego, CA) using the EcoRV and XhoI sites; this construct was designated
pIBD2ME. Similarly, the prM and E genes were excised from the pcJEME
plasmid and were inserted into the pIB/V5His vector using the EcoRI and XhoI
sites; this construct was designated pIBJEME. Plasmid inserts were confirmed by
sequencing. All plasmid DNAs (pcDNA3, pcD2ME, pcJEME, pIBD2ME, and
pIBJEME) were purified using a Qiagen plasmid kit (Qiagen, Hilden, Germany).

Antibodies. Rabbit polyclonal antibodies to DENV2 (26) or JEV (21) have
been described previously. Briefly, these were obtained by repeated immuniza-
tion of a rabbit with a virion fraction that was dissociated with 0.05% Triton
X-100. Mouse monoclonal antibodies reactive with JEV antigens were JE-10B4
(specific for JEV E) (30) and J2-2F1 (specific for JEV prM/M) (40) (provided by
Mary K. Gentry of the Walter Reed Army Institute of Research, Washington,
DC), while those reactive with dengue virus antigens were D3-2H2 (specific for
prM) (14), D2-3H5 (specific for E) (9), and D1-4G2 (specific for E) (14) (ob-
tained from hybridomas purchased from the American Type Culture Collection,
Manassas, VA).

Sera. The serum samples used for evaluating EPs as ELISA antigens were
those previously obtained from mice immunized with pcD2ME or pcJEME (28).

Transfection. Sf9 cells were transfected with 1 to 4 �g of pIBD2ME or
pIBJEME by using the FuGENE HD transfection reagent (Roche, Mannheim,
Germany), according to the manufacturer’s instructions. Similarly, CHO-K1 cells
were transfected with 1 to 4 �g of pcD2ME or pcJEME using the same trans-
fection reagent. For investigation of the yield, these cells were then incubated in
growth medium. For the preparation of immunogens, transfected cells were
incubated in the maintenance medium.

Immunochemical staining. Immunochemical staining was performed essen-
tially as described previously (27). Briefly, cells were fixed with a mixture of cold
methanol and acetone (1:1) and were then dried. These cells were then incubated
serially with monoclonal antibodies to JEV or DENV2, biotinylated anti-mouse
IgG, ABC (avidin-biotinylated peroxidase complex) reagents, and the VIP sub-
strate (Vector Laboratories, Inc., Burlingame, CA).

Sedimentation analysis. Samples were applied to a 10 to 40% (wt/wt) or a 10
to 50% continuous sucrose density gradient prepared in TN buffer (10 mM
Tris-HCl [pH 7.5], 100 mM NaCl). Following centrifugation at 55,000 rpm for 90
min at 4°C in the S55S rotor of a Himac CS100GX micro-ultracentrifuge (Hi-
tachi Koki, Ibaraki, Japan), fractions were collected from the bottom of the tube.
Each fraction was tested for the level of E antigen by ELISA (see below) and for
infectivity by using a plaque assay on Vero cell monolayers.

Purification of extracellular particles. EPs were purified based on a method
described previously (27). Briefly, culture supernatants harvested from trans-
fected cells were clarified and precipitated with 10% polyethylene glycol (PEG;
molecular mass, approximately 6,000 Da). Following centrifugation, the pellets
were suspended in TN buffer and were applied to a sucrose density gradient (see
above). The collected fractions were examined for E antigen levels by ELISA
(see below). The fractions containing the highest and the second highest levels of
E antigen were used as purified EPs. EPs obtained from Sf9 cells transfected with
pIBD2ME or pIBJEME were designated D2EP-Sf9 or JEEP-Sf9, respectively.
Similarly, those obtained from CHO-K1 cells transfected with pcD2ME or
pcJEME were designated D2EP-CHO or JEEP-CHO, respectively. Those ob-
tained with D cells and F cells were designated D2EP-D and JEEP-F, respec-
tively.

ELISA for quantification of E antigen. The DENV2 and JEV E antigens were
quantified by a sandwich ELISA as previously described (27). Briefly, 96-well
microplates sensitized with a rabbit polyclonal antibody were serially incubated
with samples at a dilution of 1:10 (for sucrose gradient fractions) or at serial
2-fold dilutions (for culture fluid samples), a monoclonal anti-E antibody (D2-
3H5 or JE-10B4), alkaline phosphatase-conjugated anti-mouse IgG, and p-nitro-
phenyl phosphate. Antigen levels were calculated from the absorbance values
obtained with the sample and a reference standard. The reference standard was
prepared with D2EP-D or JEEP-F fractions, and the amount of E protein
contained in the reference standard was estimated by comparison of an E
preparation concentrated from the reference standard with the BSA samples on
silver-stained gels.

Endoglycosidase treatment. N-Glycosidase F (PNGase F; Roche Diagnostics,
Basel, Switzerland) was used according to the manufacturer’s instructions, with
some modifications. Purified EPs were boiled for 5 min with sodium dodecyl
sulfate (SDS) at a final concentration of 1%. After cooling, the sample was
divided into two equal aliquots and was mixed with the “reaction” buffer to make
final concentrations of 64 mM phosphate buffer (pH 6.4), 50 mM EDTA, and 1%
Triton X-100. One unit of PNGase F was then added to one of the two aliquots.
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Both were incubated at 37°C for 24 h. For inactivation of PNGase F, the samples
were incubated at 65°C for 20 min.

Immunoprecipitation. The dengue viral antigens were immunoprecipitated
with antibody D1-4G2 by using protein A-agarose (Life Technologies, Gaithers-
burg, MD) according to the manufacturer’s instructions. The precipitated pro-
teins were eluted in electrophoresis buffer, separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), and detected by Western blotting (see below).

Western blotting. Western blotting was performed essentially as described
previously (33). Briefly, samples were run on standard Laemmli gels under
nonreducing conditions, transferred to polyvinylidene difluoride membranes
(Millipore Corporation, Bedford, MA), and then detected by monoclonal anti-
bodies to the E or prM protein of DENV2 or JEV.

Mouse experiment. Groups of five or six 4-week-old male ICR mice (CLEA
Japan, Tokyo, Japan) were inoculated twice or three times with purified EPs or
with EPs mixed with DNA plasmids by using a spring-powered needle-free jet
injector (ShimaJET; Shimadzu Corp., Kyoto, Japan). The DNA plasmids used
were pcDNA3, pcD2ME, and pcJEME. Mice were bled retro-orbitally, and
individual sera were examined for neutralizing antibodies, unless otherwise spec-
ified. For protection experiments, immunized mice were challenged intraperito-
neally with 100 50% lethal doses (LD50) of the Beijing P3 strain of JEV 10 weeks
after the first immunization. The challenged mice were observed for survival
daily for 3 weeks. All of the animal experiments were conducted according to the
Guidelines for Animal Experimentation at the Kobe University Graduate School
of Medicine.

Neutralization test. Neutralizing antibody titers were determined essentially as
described previously, by using plaque reduction assays performed with DENV2
strain NGC or JEV strain Nakayama in the presence of rabbit complement (19).
The plaques were visualized by immunochemical staining (see above). The neu-
tralizing antibody titers were expressed as the maximum serum dilution yielding
a 70% reduction in plaque numbers.

ELISA for quantification of antibodies to DENV2 or JEV. An ELISA to
quantify IgG antibodies to DENV2 or JEV was performed as described previ-
ously (31). Briefly, microplates were sensitized by incubation first with rabbit
hyperimmune sera against either DENV2 or JEV and then with a DENV2 or
JEV antigen. Subsequently, the microplates were incubated serially with test sera
(dilution, 1:100), alkaline phosphatase-conjugated anti-mouse IgG, and p-nitro-
phenyl phosphate. The antigens—D2EP-Sf9, D2EP-D, JEEP-Sf9, and JEEP-F—
were used at 5 ng/well. To eliminate nonspecific reactions, the absorbances
obtained with nonsensitized wells were subtracted from those obtained with
antigen-sensitized wells. The cutoff value, differentiating positive from negative
sera, was determined by the mean plus 3 standard deviations (SDs) obtained with
14 naïve mouse sera.

Statistical analysis. Statistical analysis was performed using Student’s t test,
Fisher’s exact test, or Pearson’s correlation coefficient test. Probability levels (P)
of �0.05 were considered significant.

RESULTS

In vitro expression of pIBD2ME and pIBJEME in Sf9 cells.
Following transfection with pIBD2ME or pIBJEME, 10 to
30% of cells were stained with the monoclonal antibodies spe-
cific for E or prM proteins (data not shown). This result indi-
cated that pIBD2ME and pIBJEME are able to express E and
prM proteins in Sf9 cells.

Biophysical/biochemical characterization of E antigens pro-
duced by Sf9 cells. Sedimentation analyses of the antigens
released from pIBD2ME- or pIBJEME-transfected Sf9 cells
were performed. Although these data are not shown, these
analyses identified a peak corresponding to the E antigen in
the Sf9 samples which coincided with that detected in
pcD2ME- or pcJEME-transfected CHO cells and with the
SHA particles obtained from DENV2- or JEV-infected C6/36
cells. Western blot analyses of the extracellular antigens indi-
cated that for both DENV2 and JEV, the E protein contained
in the Sf9 samples comigrated in SDS gels with the same
component found in the transfected CHO or infected C6/36
samples, when these E protein samples were treated with
PNGase F (data not shown). These results indicated that

DENV2 and JEV antigens produced by Sf9 cells were pro-
duced in a particulate form and were equivalent to those pro-
duced by mammalian cells (CHO) and the cells of another
insect (C6/36).

Immunogenicity of EPs produced by Sf9 cells. To evaluate
the potential of insect cell-derived EPs to be used as vaccine
antigens, these EPs were examined for their ability to induce
neutralizing antibodies in mice. Two groups of six mice were
immunized twice, with an interval of 6 weeks between immu-
nizations, with 1 �g of JEEP-Sf9 either alone or mixed with 7.3
�g of pcDNA3, used as a CpG adjuvant. Three weeks after the
second immunization, mice developed neutralizing antibody
titers of 1:80 (without adjuvant) and 1:320 (with adjuvant), as
determined from pooled sera (data not shown). Another ex-
periment was performed with a group of six mice immunized
three times at intervals of 2 weeks with a mixture of 100 ng of
D2EP-Sf9 and 36.5 �g of pcDNA3. One week after the third
immunization, sera pooled from these mice showed a neutral-
izing antibody titer of 1:20 (data not shown). Despite the lim-
ited number of animals used in these experiments, these results
indicated the ability of EPs derived from insect cells to elicit
neutralizing antibodies in mice.

To further evaluate the vaccine potential of insect cell-de-
rived EPs, their ability to induce neutralizing antibodies was
compared with that of mammalian-cell-derived EPs. For this
evaluation, EPs were coinoculated with DNA vaccines: either
pcD2ME or pcJEME. Specifically, groups of five mice were
immunized twice, with a 6-week interval between immuniza-
tions, with either 100 ng of D2EP-Sf9 mixed with 50 �g of
pcD2ME or 1 �g of JEEP-Sf9 mixed with 10 �g of pcJEME. In
addition, the same amounts of EPs derived from CHO cells
transiently or continuously expressing EPs (D2EP-CHO,
D2EP-D, JEEP-CHO, JEEP-F) were used in place of insect
cell-derived EPs. For reference, groups of five mice were im-
munized with pcD2ME or pcJEME alone. Furthermore, six
mice were inoculated with phosphate-buffered saline (PBS) as
a control and were used in the subsequent challenge experi-
ment.

The time course of the mean antibody titers obtained by
coimmunization of pcD2ME with D2EP-Sf9 was comparable
to those obtained with D2EP-D and D2EP-CHO (Table 1).
The titers at weeks 7 and 9 were approximately 8- to 16-fold
higher than those obtained by immunization with pcD2ME
alone, and the differences were significant (P, �0.001). Simi-
larly, neutralizing antibody titers induced by coimmunization
with pcJEME and JEEP-Sf9 were equivalent to those induced
by coimmunization with pcJEME and either JEEP-F or JEEP-
CHO. The mean antibody titers at week 9 were approximately
8-fold higher than that obtained by immunization with
pcJEME alone. Significant differences in titers between mice
immunized with DNA alone and those coimmunized with any
EP preparation, except for mice coimmunized with pcJEME
and JEEP-CHO, were detected at weeks 7 and 9. These results
indicated that EPs produced by Sf9 cells can induce neutraliz-
ing antibodies in mice at levels similar to those induced by EPs
produced by mammalian cells, when assessed in the context of
coimmunization with DNA vaccines.

The protective capacity of induced neutralizing antibodies
was investigated by a challenge experiment (Table 1). For this
experiment, mice immunized with a mixture of JEV-EPs and
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pcJEME were used 10 weeks after the first immunization. All
of the immunized mice were fully protected from lethal JEV
challenge. Although this challenge dose resulted in one survi-
vor in the PBS-inoculated group, the survival rates were sig-
nificantly different between any vaccinated group (100%) and
the PBS-inoculated group (16.7%: P, �0.05 by Fisher’s exact
test). These results indicated that neutralizing antibodies in-
duced in mice by Sf9-derived EPs showed a level of protection
equal to that of EPs produced by mammalian cells under our
experimental conditions.

Applicability of Sf9 cell-derived EP antigens to ELISA. To
evaluate the applicability of EPs produced by insect cells as
antigens in immunodiagnostic tests, Sf9 cell-derived EP anti-
gens were tested in a conventional ELISA and compared with
EP antigens derived from mammalian cells (Fig. 1). For each
of the antigens, D2EP-Sf9 or JEEP-Sf9, 50 mouse sera with
known neutralizing antibody titers were used. Comparison of
the ELISA reactivities against D2EP-Sf9 and D2EP-D pro-
vided a high correlation coefficient of 0.979 (P, �0.001). Also,
a high correlation coefficient of 0.984 (P, �0.001) was obtained
between ELISA values against the JEEP-Sf9 and JEEP-F an-
tigens. These results indicated that EPs derived from Sf9 cells
were antigenically equivalent to those derived from mamma-
lian cells. Furthermore, ELISA values obtained with D2EP-Sf9
or JEEP-Sf9 antigens were significantly correlated with the
titers of neutralizing antibodies against DENV2 and JEV, with
correlation coefficients of 0.914 (P, �0.001) and 0.846 (P,
�0.001), respectively. The consistency of the results obtained
by ELISA using D2EP-Sf9 with those obtained by the neutral-
ization test was 92.2%, with the ELISA showing 94.9% sensi-
tivity and 88.0% specificity by comparison with the neutraliza-
tion test. A similar analysis using JEEP-Sf9 antigens showed
92.2% consistency, with 93.3% sensitivity and 89.5% specific-
ity. Although our ELISA was slightly less sensitive than the
neutralization test under the present assay conditions, the sig-
nificantly high correlation and consistency with this represen-

tative serodiagnostic method indicated the potential applica-
bility of the Sf9-cell-derived EPs in immunodiagnostic tests.

Yield of EPs from transiently transfected Sf9 cells. Since
one of the advantages of using insect cells is that they are able
to produce recombinant proteins in larger amounts than mam-
malian cells, the yields of E antigen from Sf9 cells were com-
pared with those obtained from CHO cells in a transient ex-
pression system. Following transfection with varying amounts
(1 to 4 �g) of plasmids, culture supernatant samples were
collected at 24, 48, and 72 h, and the amount of E antigen in
the culture fluids was determined by ELISA. As shown in Fig.
2, Sf9 cells produced roughly 10-fold-higher levels of DENV2

FIG. 1. Evaluation of EPs derived from Sf9 cells for use as ELISA
antigens. The ELISA using Sf9 cell-derived EP antigens was compared
with the ELISA using CHO cell-derived EP antigens (A and C) and
with the neutralization test (B and D), using 50 mouse sera. The dotted
lines indicate the cutoff levels in the ELISA to differentiate positive
from negative samples: 0.008 for DENV2 and 0.014 for JEV. This
cutoff level was calculated from ELISA absorbance values obtained
using 14 naïve mouse sera (mean plus 3 SDs).

TABLE 1. Evaluation of Sf9 cell-derived EPs for immunogenicity and protective capacity in micea

Expt no.
Immunogenb

No. of
mice

Neutralizing antibody titerc at: % Survivale (no.
alive/total no.)EPs DNA Wk 3d Wk 5 Wk 7 Wk 9

1 D2EP-Sf9 pcD2ME 5 �1:10 �1:10 1:226*** 1:160*** —
D2EP-CHO pcD2ME 5 �1:10 �1:10 1:453*** 1:320*** —
D2EP-D pcD2ME 5 �1:10 �1:10 1:320*** 1:453*** —

pcD2ME 5 �1:10 �1:10 1:20 1:20 —

2 JEEP-Sf9 pcJEME 5 1:10 1:10 1:844*** 1:844* 100 (5/5)*
JEEP-CHO pcJEME 5 �1:10 1:11 1:184 1:735 100 (5/5)*
JEEP-F pcJEME 5 �1:10 1:20 1:557** 1:1,110* 100 (5/5)*

pcJEME 5 1:15 �1:10 1:106 1:121 —
PBS 6 �1:10 �1:10 �1:10 �1:10 16.7 (1/6)

a Groups of 4-week-old male ICR mice were immunized twice, with an interval of 6 weeks between immunizations, with the indicated immunogens. As a control for
the challenge experiment, mice were inoculated with PBS (Expt 2).

b The doses of EPs (E amounts) were 100 ng for D2EPs and 1 �g for JEEPs. The doses of DNA vaccines were 50 �g for pcD2ME and 10 �g for pcJEME.
c Represented as the maximum serum dilution yielding a 70% reduction in plaque number. Neutralizing antibody titers against DENV2 were obtained with pooled

sera and are represented as the geometric mean titer (GMT) obtained from two separate assays (Expt 1). Neutralizing antibody titers against JEV were obtained with
individual sera and are represented as the GMT (Expt 2). When GMTs were calculated, titers below the detection limit (�1:10) were assigned the value of 1:5. Asterisks
indicate significant differences from antibody levels induced by DNA alone (*, P � 0.05; **, P � 0.01; ***, P � 0.001).

d wk, weeks after the first immunization.
e Survival 3 weeks after challenge with 100 LD50 of the Beijing P3 strain of JEV. —, not done. Asterisks indicate significant differences from the survival rate of the

PBS-inoculated group (P � 0.05).
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EPs than CHO cells at 72 h posttransfection. For JEV EPs, the
levels of production of EPs by Sf9 cells were markedly higher
than those by CHO cells. At 72 h posttransfection, the highest
yield obtained from Sf9 cells (transfected with 2 �g of
pIBJEME) was approximately 100-fold higher than that from
CHO cells (transfected with 1 �g of pcJEME). The expression
level of intracellular E protein was approximately 25-fold
higher than that of extracellular E protein in pIBD2ME-trans-
fected Sf9 cells, whereas it was only 2-fold higher in pcD2ME-
transfected CHO cells under the same conditions, at 24 h
posttransfection (data not shown).

DISCUSSION

Insect cell expression systems have been well characterized
for the production of recombinant proteins and have been
successfully applied in life science research and the production
of pharmaceutical agents (1, 6, 17, 53). The cultivation of insect
cells does not require fetal bovine serum or other components
of animal origin, reducing the risk of possible contamination of
the vaccine product with animal pathogens, such as transmis-
sible spongiform encephalopathy prions. Additionally, since
insects are phylogenetically very distant from humans, insect-
derived cells are generally considered to be less likely to be
susceptible to human-pathogenic viruses than mammalian
cells. Furthermore, various posttranslational modifications,
such as glycosylation, can be achieved during the biosynthesis
of recombinant proteins in insect cells, since the secretion
pathway in insect cells resembles that of mammalian cells.
Finally, it is speculated that the cytotoxicity of viral proteins

against insect cells may be lower than that against mammalian
cells, since DENV2 and JEV are insect-borne viruses. Thus,
insect cells are considered more favorably than mammalian
cells in terms of safety and high expression efficiency for the
large-scale production of flavivirus vaccines and diagnostic an-
tigens. In this study, we used Sf9 cells to evaluate the suitability
of insect cells for the production of viral antigens. Since an Sf9
cell-derived human papillomavirus vaccine has already been
licensed in many countries (45), Sf9 cells are a promising
candidate for vaccine production.

Various subunit vaccines to prevent flavivirus diseases have
been developed using several strategies. Our previous studies
have demonstrated that the prM and E proteins expressed in
mammalian cells using a recombinant vaccinia virus expression
system (32, 33) or a continuous expression system (26, 27) were
able to form EPs, which were useful both in vaccination and in
serological diagnosis. Other laboratories have established
high-yield expression systems for EPs of JEV or West Nile
virus using the mammalian cell lines COS-1 (5, 15), RK-13 (24,
43), and CHO-K1 (52). In addition to mammalian cells, bac-
terial (2, 42, 54, 57), yeast (7, 8, 38), and insect (23, 36, 48, 51,
56) cells have been used to produce flavivirus vaccine candi-
dates; most of these studies have focused on a truncated E
protein or domain III of the E protein. These vaccine candi-
dates were able to induce neutralizing antibodies and/or pro-
tection in animals. However, the E antigen produced in these
expression systems appeared to be poorly immunogenic, since
relatively large doses (20 to 100 �g) of the purified antigens
were generally needed to induce neutralizing antibodies in
mice (2, 7, 36, 38, 42, 48, 54, 57).

The baculovirus expression system is the most frequently
used system for producing vaccine candidates from insect cells,
including those against flaviviruses (23, 48, 51, 56). Two studies
that used the baculovirus expression system to investigate EP
vaccines have been reported (48, 56). Although this virus-
based system achieved high-level expression and the correct
formation of flavivirus E proteins, the disadvantage is that it is
difficult to produce and purify antigens on a large scale, be-
cause proteases contained in the cell lysates can cause the
degradation of the viral proteins of interest. In addition, con-
tamination by a large amount of unneeded antigens and/or
infectious particles derived from the vector virus is an unavoid-
able problem in this system targeting intracellular antigens. On
the other hand, the plasmid-based EP expression system does
not use infectious virus and does not lyse cells.

In this study, the immunogenicity of insect cell-derived EPs
was evaluated mainly by using mice in the context of coimmu-
nization with DNA vaccines. Coimmunization with protein
(EPs) and gene (DNA) vaccines is an effective strategy for
enhancing their immunogenicity. It has been demonstrated
that the ability of one type of vaccine to induce neutralizing
antibodies was synergistically increased by simultaneous immu-
nization with another type of vaccine, allowing reductions in
the doses of both vaccines and consequently reducing the cost
(18, 19, 22). In this study, mice immunized twice with EPs
obtained from transfected Sf9 cells in combination with DNA
vaccines produced neutralizing antibodies, and the antibody
titers were comparable to those elicited by EPs derived from
mammalian cells, indicating that the immunogenicities of EPs
derived from insect and mammalian cells are equivalent.

FIG. 2. Yields of E antigens from transiently transfected Sf9 and
CHO cells. Sf9 cells (top) were transfected with pIBD2ME (left) or
pIBJEME (right), while CHO cells (bottom) were transfected with
pcD2ME (left) or pcJEME (right). Cells grown in 35-mm-diameter
dishes were transfected with 1 (open circles), 2 (filled circles), or 4
(open squares) �g of each plasmid and were maintained in 2 ml of
BacVector (Sf9 cells) or MEM containing 10% FBS (CHO cells).
Three dishes were used for each experimental condition. At daily
intervals, up to 3 days after transfection, 250-�l portions of culture
fluids were sampled from two of the three dishes and were examined
for E antigen levels by ELISA. The amounts of E antigen obtained
from the two dishes were averaged. Cells in the other dishes were fixed
and stained with antibody D1-4G2 or JE-10B4 at 24 h posttransfection
in order to count the number of E-expressing cells. The ordinate
indicates the amount of E antigen adjusted to that released from 106

E-expressing cells. The experiments were repeated twice. Each plot
shows means and SDs (indicated by error bars) obtained from the two
experiments.
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Sf9 cells produced up to 100-fold-larger amounts of JEV
EPs than CHO cells under transient-expression conditions.
The highest yield of JEV E antigen, approximately 60 �g, was
obtained from 106 Sf9 cells at 72 h posttransfection. Assuming
that high-density culture techniques, such as biomass support
particles that allow 3 � 107 cells/cm3, are used, 72-h cultivation
using 1 liter of biomass support particles should yield 180 mg
of JEV E antigen. Although we obtained only 10-fold higher
levels of DENV2 E antigen in Sf9 cells than in CHO cells,
high-level intracellular E antigen expression was observed.
This result confirmed the ability of Sf9 cells to produce E
antigen at a high level, even for DENV2, and indicated the
potential for a further increase in the yield of extracellular E
antigen.

In conclusion, Sf9 cells produced EPs of DENV2 and JEV
that contained E antigens biochemically and antigenically
equivalent to those expressed in mammalian cells. Addition-
ally, EPs derived from Sf9 cells displayed immunogenicity and
antigenicity equivalent to those of EPs derived from mamma-
lian cells. Thus, the Sf9 cell expression system using a plasmid
vector may be useful for the production of E antigens. DENV2
and JEV EPs obtained from this system are potentially safe,
effective, low-cost candidates for the next generation of
DNEV2 or JEV subunit vaccines.
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