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Aim: To compare the specific immune responses elicited by different baculovirus vectors in immunized mice.
Methods: We constructed and characterized two recombinant baculoviruses carrying the expression cassette for the H5N1 influenza 
virus hemagglutinin (HA) gene driven by either an insect cell promoter (vAc-HA) or a dual-promoter active both in insect and mammalian 
cells (vAc-HA-DUAL).  Virus without the HA gene (vAc-EGFP) was used as a control.  These viruses were used to immunize mice 
subcutaneously and intraperitoneally.  The production of total and specific antibodies was determined by ELISA and competitive ELISA.  
Cytokine production by the spleen cells of immunized mice was studied using the ELISPOT assay.
Results: Both the vAc-HA and vAc-HA-DUAL vectors expressed HA proteins in insect Sf9 cells, and HA antigen was present in progeny 
virions.  The vAc-HA-DUAL vector also mediated HA expression in virus-transduced mammalian cell lines (BHK and A547).  Both vAc-
HA and vAc-HA-DUAL exhibited higher transduction efficiencies than vAc-EGFP in mammalian cells, as shown by the expression of the 
reporter gene egfp.  Additionally, both vAc-HA and vAc-HA-DUAL induced high levels of HA-specific antibody production in immunized 
mice; vAc-HA-DUAL was more efficient in inducing IFN-γ and IL-2 upon stimulation with specific antigen, whereas vAc-HA was more 
efficient in inducing IL-4 and IL-6.
Conclusion: Baculovirus vectors elicited efficient, specific immune responses in immunized mice.  The vector displaying the HA antigen 
on the virion surface (vAc-HA) elicited a Th2-biased immune response, whereas the vector displaying HA and mediating HA expression 
in the cell (vAc-HA-DUAL) elicited a Th1-biased immune response.
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Introduction
The H5N1 avian influenza virus is a highly contagious virus 
that causes significant morbidity and mortality worldwide.  
It infects not only avian species but also humans.  Over 565 
human cases have been reported, of which 331 cases were 
fatal[1].  New prophylactic and therapeutic strategies are essen-
tial for pandemic influenza preparedness[2].

The baculovirus Autographa californica multiple nucleopoly-
hedrovirus (AcMNPV) has been widely used to overexpress 
recombinant proteins in insect cells.  Recently, it has also been 
found to enter mammalian cells efficiently and without viral 
replication.  Modified AcMNPV can express exogenous genes 
in mammalian cells when controlled by promoters active in 
mammalian cells.  The list of mammalian cells permissive to 
baculovirus transduction has expanded rapidly[3].  Because 
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of its excellent biosafety and high efficiency in gene delivery, 
baculovirus is believed to have great potential as a novel vec-
tor for gene therapy and vaccine development[3, 4].  

Two basic approaches have been explored to develop bacu-
lovirus as a vaccine vector.  One approach is to insert the 
expression cassette of the target antigen into the viral genome 
so that the recombinant virus can produce the antigen inside 
the host cells.  The second approach is to display the antigen 
on the virion surface.  Both approaches have been shown to 
elicit efficient immune responses against target antigens in 
vivo[5–8].  

In the current study, two recombinant baculoviruses were 
constructed, one displaying the influenza virus HA protein 
only on the virion surface, and the other both displaying HA 
and mediating HA expression in mammalian cells.  Although 
both viruses elicited efficient responses in immunized mice, 
they showed different biases with regard to Th1 and Th2 
balance.  Our results provide new insight into the immune 
responses elicited by baculovirus vectors and indicate that 
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baculoviruses can be used as efficient vectors for vaccine 
development[9, 10].  

Materials and methods
Construction of recombinant baculovirus vectors
The pFB-EGFP plasmid was constructed as follows.  The 
enhanced green fluorescence protein gene (egfp), driven by the 
tandemly arranged promoters of baculovirus p10 and CMV 
IE1, was digested from pFB-GR using Xba I and inserted into 
the Xba I site of pFastBac1 (Invitrogen, Carlsbad, CA, USA).  
The full-length HA gene from the H5N1 highly pathogenic 
avian influenza virus was constructed from the HA gene 
sequence of A/Vietnam/1203/2004 (GenBank accession No 
AY818135) by annealing synthetic oligonucleotides and ampli-
fying with PCR.  The full-length gene was verified by DNA 
sequencing; it was then inserted into pFB-EGFP between the 
BamH I and Sal I sites downstream of the baculovirus polyhe-
drin promoter to generate the plasmid pFB-HA.  

The pFB-HA-DUAL plasmid was constructed by insert-
ing the CMV IE1 promoter into the BamH I site between the 
polyhedrin promoter and the HA coding sequence in pFB-
HA.  The CMV IE1 promoter was generated by PCR using 
pFB-EGFP as the template and the primers 5’-GGCGGATC-
CCGTTACATAACTTACGGTAAATGGCCCGCCTGGC-3’ 
and 5’-GCCGGATCCCGGTGTCTTCTATGGAGGTCAAAA-
CAGCGTGG-3’.

Virus and cells
The recombinant baculoviruses, vAc-EGFP, vAc-HA, and 
vAc-HA-DUAL, were generated from the plasmids, pFB-
EGFP, pFB-HA, and pFB-HA-DUAL, respectively, using the 
Bac-to-Bac system (Invitrogen) according to the manufacturer’s 
instructions.  Viruses were grown in Spodoptera frugiperda (Sf9) 
cells at a Multiplicity of Infection (MOI) of 0.1 (plaque form-
ing units/cell) and harvested 4 d post-infection.  Virus titers 
were determined by end-point dilution assay in Sf9 cells[11].  
Viruses in the supernatant were concentrated by centrifuga-
tion at 40 000×g for 1 h; pellets were suspended in PBS and 
further purified by 25%–60% sucrose gradient ultracentrifuga-
tion at 100 000×g for 1 h.  To determine the distribution of HA 
proteins, purified virions were treated with an equal volume 
of 1% Triton X-100 for 15 min to disrupt the viral envelope, 
and the viral nucleocapsids were collected by centrifugation at 
50 000×g for 1 h.  

Sf9 cells were cultured at 27 °C in TNM-FH medium (Sigma-
Aldrich, St Louis, MO, USA) supplemented with 10% fetal 
bovine serum (FBS), 100 µg/mL streptomycin and 100 U/mL 
penicillin. Baby hamster kidney (BHK) and human lung 
(A549) cell lines were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Invitrogen) supplemented with 10% FBS, 
100 µg/mL streptomycin, and 100 U/mL penicillin at 37 °C 
and 5% CO2.  

Baculovirus transduction of mammalian cells
BHK or A549 cells were seeded in 24-well plates and cultured 
until the cells reached approximately 70%–80% confluence.  

Then, the culture medium was removed, and the cells were 
washed three times with PBS (pH 7.4).  The baculovirus inocu-
lum was added to the cells to an MOI of 200, and the cells 
were incubated for 2 h at 37 °C.  Virus was removed, fresh 
medium was added, and the cells were incubated at 37 °C for 
another 24 h before the expression of HA was examined[12–14].

Western blot analysis
Total protein from cell or virus samples was separated using 
10% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene difluoride 
(PVDF) membranes.  Mouse antibody against HA (H5-specific, 
1:5000 dilution, USBiological, Swampscott, MA, USA) and 
alkaline phosphatase-conjugated goat anti-mouse IgG (1:30 000 
dilution, Sigma-Aldrich) were used as the primary and sec-
ondary antibodies, respectively.  Blots were developed with 
NBT and BCIP.

Flow cytometry
BHK or A549 cells were transduced with baculovirus at an 
MOI of 10 for BHK cells and an MOI of 100 for A549 cells 
as described above, then cultured for 24 h.  The cells were 
detached by trypsinization, washed twice with PBS and 
analyzed for green fluorescence by flow cytometry (Becton 
Dickinson FACS Calibur).  A minimum of 10 000 events were 
collected and analyzed for each sample.  Data were analyzed 
using the CELLQUEST software.  Representative results from 
at least three independent experiments are shown.

Immunization of mice
Six- to eight-week-old female BALB/c mice (Animal Center, 
Shanghai Institutes for Biological Science, Shanghai, China) 
were randomly divided into three groups with 8 mice per 
group (n=8).  The mice were immunized twice, separated by 
14 d, both subcutaneously and intraperitoneally, with 1×109 
pfu of recombinant baculovirus per inoculum.  Immunized 
mice were housed in the SPF animal facility at Fudan Univer-
sity (Shanghai, China) under constant conditions of 23±1 °C, 
40%±5% humidity and a 12 h:12 h light/dark cycle, with free 
access to pellet food and tap water.  All animal experiments 
were performed in accordance with the Guide for the Care and 
Use of Laboratory Animals and were approved by the Eth-
ics Committee for Animal Care and Use of Fudan University.  
One week following the second immunization, serum samples 
were collected from the retro-orbital plexus for serological 
testing and antibody assay; the mice were sacrificed, and sple-
nocytes were harvested for ELISPOT assay.  

Enzyme-linked immunosorbent assay (ELISA) and competitive 
ELISA
The expressed amount of HA-specific antibody in immu-
nized mice was determined by competitive ELISA using an 
H5-subtype HA detection kit (AXIOM, Burstadt, Germany) 
and the negative and positive control samples provided by 
the kit.  The levels of total IgG and IgA in the mice were also 
determined using ELISA kits (ADI, San Antonio, TX, USA).  
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All steps were performed according to the manufacturer’s 
instructions.  The antibody concentrations in the samples were 
calculated from standard curves.

Splenocytes were harvested from the mice one week after 
the second immunization and cultured in 24-well plates 
(1×106/well) at 37 °C and 5% CO2 in the presence of one of the 
following: an HA-specific peptide (a 14-mer peptide from the 
middle region of HA, 5 µg/mL, Biodesign, catalog number 
R88640), a non-specific peptide (a 16-mer peptide from the 
middle region of neuraminidase, 5 µg/mL, Biodesign, catalog 
number R88440) or plant hemagglutinin (PHA, 2.5 µg/mL).  
A control of untreated splenocytes was also included.  After 
72 h of incubation, the culture supernatant was harvested, 
and the level of IFN-γ and IL-4 in the supernatant was deter-
mined using mouse IFN-γ and IL-4 immunoassay ELISA kits 
(Dakewei, Shenzhen, China) according to the manufacturer’s 
instructions.  The concentrations of IFN-γ and IL-4 in the sam-
ples were determined using standard curves.

ELISPOT assay
The number of splenocytes producing cytokines upon anti-
gen stimulation was determined using the ELISPOT assay 
(U-CyTech, Netherlands) according to the manufacturer’s 
instructions.  Briefly, 96-well plates were coated overnight 
at 4 °C with 100 µL per well of specific antibody against the 
cytokines of interest (IFN-γ, IL-2, IL-4, or IL-6).  The plates 
were washed three times with sterile and pyrogen-free PBS 
and blocked with blocking buffer for 1 h at 37 °C.  The spleno-
cytes from immunized mice were added to the wells (1×105/
well) in RPMI-1640 containing either the HA peptide, the NA 
peptide or PHA as described above.  Mock-stimulated and 
blank controls were included.  The cells were cultured for 24 h 
at 37 °C, 5% CO2 and 100% humidity.  Cultured cells were 
washed twice with PBS and 5 times with wash buffer (PBS 
with 0.05% Tween-20).  Then, 100 µL of properly diluted (1:10) 
biotinylated detection antibodies was added to each well, 
and the plate was incubated for 1 h at 37 °C.  After washing 
both sides of the PVDF membrane 5 times with wash buffer, 
100 µL of properly diluted (1:10) streptavidin-HRP solu-
tion was added to each well, and the plate was incubated for 
1 h at 37 °C.  The plate was washed as described above and 
developed for 25 min at room temperature in the dark with 
the peroxidase substrate AEC.  The reaction was stopped by 
thoroughly rinsing both sides of the PVDF membrane with 
deionized water.  The plates were air dried at room tempera-
ture, and the spots were counted using an immunospot image 
analyzer.  The blank control consistently demonstrated fewer 
than 10 SFC (spot forming cells) per 106 splenocytes.

Statistical analysis
Means from at least 3 replicates are shown along with error 
bars representing the standard deviations.  Animal experi-
ments were repeated at least twice for each treatment.  Stu-
dent’s t-test was used to compare humoral or cellular immune 
responses between different groups, and P-values less than 
0.05 were considered statistically significant .

Results
Construction of recombinant viruses
Recombinant baculoviruses for the expression of H5N1 influ-
enza virus HA protein in insect cells (vAc-HA), or in both 
insect cells and mammalian cells (vAc-HA-DUAL), were con-
structed.  Both viruses contained an egfp-gene expression cas-
sette for both insect and mammalian cells.  The control virus, 
vAc-EGFP, contained the egfp gene but not the HA gene.  The 
genomic structure of the three recombinant viruses is shown 
in Figure 1.  

Presence of HA on the viral envelope
Western blotting using anti-HA monoclonal antibod-
ies revealed a protein of approximately 72 kDa in Sf9 cells 
infected by vAc-HA and vAc-HA-DUAL (Figure 2A).  By 
contrast, no HA protein was observed in cells infected by vAc-
EGFP.  Mock-treated cells were uninfected.

Virions produced by the recombinant baculoviruses were 
purified from the medium of infected Sf9 cells and examined 
for the presence of HA protein using Western blotting.  As 
shown in Figure 2B, HA proteins were found in vAc-HA and 
vAc-HA-DUAL virions but not in vAc-EGFP virions.  When 
the virions were treated with Triton X-100 to dissolve the viral 
envelopes, HA proteins were no longer present (Figure 2B), 
indicating that the HA proteins were localized to the viral 
envelope.

Baculovirus-mediated HA expression in mammalian cells
The recombinant baculoviruses vAc-EGFP, vAc-HA, and vAc-
HA-DUAL were used to transduce BHK cells at an MOI of 
100.  Green fluorescence was observed in cells transduced by 
all three viruses 24 h post-transduction (pt) (data not shown).  
As expected, Western blot analysis using anti-HA antibodies 
demonstrated HA expression only in BHK cells transduced 
with vAc-HA-DUAL (Figure 2C).  The HA protein was par-
tially cleaved to HA1 (55 kDa) and HA2 in BHK cells.

Growth curves for recombinant baculoviruses
The growth kinetics of recombinant baculoviruses in Sf9 cells 
were assayed, and the results are shown in Figure 3.  Recom-
binant viruses expressing HA on their envelopes (vAc-HA 
and vAc-HA-DUAL) grew slower than the control virus (vAc-

Figure 1.  Schematic illustration of recombinant baculoviruses.  The EGFP 
and HA expression cassettes were inserted in the polyhedrin locus.
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EGFP), with a lag time of approximately 24 h.  However, the 
recombinants reached similar titers as vAc-EGFP late in the 
infection (96 h post-infection).  Extensive syncytium formation 

was also observed in Sf9 cells infected with vAc-HA and vAc-
HA-DUAL (data not shown).  

Transduction efficiency of the HA-displaying baculoviruses
BHK and A549 cells were transduced with recombinant bacu-
loviruses at an MOI of 10 and 100, respectively.  The cells were 
analyzed for green fluorescence using flow cytometry 36 h pt.  
As shown in Figure 4, the percentages of EGFP-positive cells 
in BHK cells transduced by vAc-HA and vAc-HA-DUAL were 
both twice as high as in cells transduced by vAc-EGFP.  Simi-
lar differences were observed between HA-displaying recom-
binant viruses and the control virus in A549 cells.  In both cell 
lines, similar percentages of EGFP-positive cells were observed 
with vAc-HA and vAc-HA-DUAL.  These results indicate that 
the HA protein on the surface of recombinant baculoviruses 
preserved its native activity and contributed to viral entry into 
mammalian cells.  

Antibody responses in mice immunized with recombinant 
baculoviruses 
Mice were vaccinated twice (d 1 and d 15) with recombinant 
baculoviruses and specific serum antibodies against HA were 
measured on d 21 using a competitive ELISA; higher ELISA 
readings indicate lower levels of anti-HA antibodies.  As 
shown in Figure 5, HA-specific antibodies were produced in 
mice immunized with vAc-HA and vAc-HA-DUAL.  No sig-
nificant difference in antibody levels was observed between 
the two viruses, and no significant levels of HA-specific anti-
bodies were observed in vAc-EGFP-immunized mice.  

The levels of total serum IgA and IgG in immunized mice 
were also determined (Figure 6).  vAc-HA and vAc-HA-DUAL 
induced 3–4 times more IgA and IgG than vAc-EGFP, and 
vAc-HA elicited 20% more IgA and IgG than vAc-HA-DUAL.  
The reason for these differences remains to be elucidated.  

Production of Th1 and Th2 cytokines by splenocytes from 
immunized mice
The splenocytes from immunized mice were examined for the 
production of Th1 (IFN-γ and IL-2) and Th2 cytokines (IL-4 

Figure 2.  Expression of HA protein cells and its presence in the virion.  
(A) HA protein expressed in Sf9 cell.  Total cellular extracts from Sf9 cells 
infected with vAc-HA-DUAL, vAc-HA, and vAc-EGFP were analyzed with 
SDS-PAGE and Western blot.  Uninfected Sf9 cells were used as a mock 
control.  (B) Localization of HA in the envelop of vAc-HA and vAc-HA-DUAL 
virus particles.  Purified virion and virion treated with Triton X-100 to 
remove the envelop were examined for HA protein with Western blot.  (C) 
Expression of the HA protein in baculovirus-transduced BHK cells.  Sf9 
cells infected with vAc-HA-DUAL and untransduced BHK cells were used 
as positive or negative controls, respectively.  The HA protein expressed in 
BHK cells was partially cleaved to HA1 and HA2.

Figure 3.  Virus growth curves in Sf9 cells.  Sf9 cells were infected with 
vAc-EGFP, vAc-HA, and vAc-HA-DUAL at MOI 1.  Each data point represents 
the mean value of 3 replicates.

Figure 4.  Transduction efficiency of HA-displaying baculoviruses.  BHK 
and A549 cells were transduced with baculoviruses at MOI of 10 and 100, 
respectively, collected at 24 h post transduction, and analyzed by flow 
cytometry for EGFP expression.
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and IL-6) using ELISPOT and ELISA.  As shown in Figures 7A 
and 7B, after stimulating with the specific antigen (a 14-mer 
HA peptide), the number of IFN-γ-secreting splenocytes was 
20- and 40-fold higher in mice immunized with vAc-HA and 
vAc-HA-DUAL than in vAc-EGFP-immunized mice, respec-
tively.  Similarly, the number of IL-4-secreting splenocytes 
was approximately 40- and 20-fold higher in vAc-HA and 
vAc-HA-DUAL mice than in vAc-EGFP mice, respectively.  
No differences were observed when the splenocytes were 
treated with an unrelated 16-mer peptide from influenza virus 
neuraminidase or with PHA.  The results again showed that 
the recombinant baculoviruses elicited strong HA-specific 
immune responses in mice.  

Furthermore, twofold more splenocytes produced IFN-γ in 
mice immunized with vAc-HA-DUAL compared with mice 
immunized with vAc-HA (Figure 7A) whereas twofold more 
cells produced IL-4 in the vAc-HA group than in the vAc-HA-
DUAL group (Figure 7B).  This difference was supported by 
results indicating that the level of IFN-γ was higher in sple-
nocyte cultures from mice immunized with vAc-HA-DUAL 
compared with mice immunized with vAc-HA, and the level 
of IL-4 was higher in the vAc-HA group than in the vAc-
HA-DUAL group (Figures 8A and 8B).  Similar results were 
observed in separate experiments measuring the number of 
splenocytes producing IL-2 and IL-6 after antigen stimulation.  
The number of cells producing IL-2 in the vAc-HA-DUAL 
group was approximately 3-fold higher than in the vAc-HA 
group (Figure 7C) whereas the number of cells producing IL-6 
was 2-fold higher in the vAc-HA group than in the vAc-HA-
DUAL group (Figure 7D).  These results demonstrated that 

Figure 5.  HA-specific antibody in serum of baculovirus-immunized mice.  
Sera of mice were immunized with vAc-HA-DUAL, vAc-HA, and vAc-EGFP 
were collected 21 d after the first immunization.  The titers of HA specific 
antibody were measured by ELISA.  According to the manufacturer’s 
instruction, higher OD means negative results.  Negative control and 
Positive control were provided by the kit.  cP<0.01.

Figure 6.  Total IgG and IgA antibody in immunized mice.  Mice were 
immunized with vAc-HA-DUAL, vAc-HA, vAc-EGFP, or PBS.  Sera of 
immunized mice from different groups were collected 21 d after the first 
immunization.  The titers of total IgG and IgA antibodies were determined 
by ELISA.

Figure 7.  Number of splenocytes from baculovirus-immunized mice that produced various cytokines upon antigen stimualtion.  The splenocytes of 
immunized mice were obtained after two immunizations and stimulated with antigen-specific peptide (HA, 14 mer), an unrelated peptide (NA, 16 mer) 
or plant hemaglutinin (PHA, positive control).  Cytokine-producing cells were assayed with ELISPOT.  Un-stimulated control (Blank) and no-cell control 
were also included.  (A) IFN-γ; (B) IL-4; (C) IL-2; (D) IL-6.  



788

www.nature.com/aps
Hu ZP et al

Acta Pharmacologica Sinica

npg

although both vAc-HA-DUAL and vAc-HA efficiently elicited 
specific immune responses, they had different biases in Th1 
and Th2 responses.  Specifically, vAc-HA-DUAL elicited a 
Th1-biased response whereas vAc-HA elicited a Th2-biased 
response.  

Discussion
In the present study, two different recombinant baculovirus 
vectors were constructed and compared for their potential 
to induce immune responses in animals.  These recombinant 
viruses contained the expression cassette for the H5N1 influ-
enza virus HA gene allowing protein production in either 
insect cells (vAc-HA) or in both insect and mammalian cells 
(vAc-HA-DUAL).  Both viruses mediated HA protein produc-
tion in infected insect Sf9 cells at similar levels.  HA is believed 
to have been transported to the surface of infected insect cells 
based on the observation that chicken red blood cells attached 
to the surface of the Sf9 cells infected by HA-expressing 
viruses, but not to mock-infected cells[15] or cells infected by 
control virus (data not shown).  This is consistent with results 
showing that HA proteins were present in the viral envelopes 
of vAc-HA and vAc-HA-DUAL and confirms previous results 
that HA-transportation signals were properly recognized by 
insect cells[16].

The expression and surface display of HA proteins appeared 
to slow down the rate of viral replication in insect cells as indi-
cated by the kinetics of budding virus production.  This reduc-
tion was most likely due to the presence of HA on the virion 
envelope and the surface of infected cells that diluted GP64, 
the baculovirus major envelope protein, and thus affected 

viral entry and/or assembly and budding[17, 18].  However, the 
effect seems to be limited, as the virus titer caught up at the 
late stage of virus infection.  

On the other hand, the presence of HA on the virion surface 
increased the transduction efficiency of baculoviruses in mam-
malian cells.  The percentage of cells expressing the reporter 
gene (egfp) was 2 times higher in A549 cells transduced by 
HA-displaying virus than A549 cells transduced by the control 
virus (vAc-EGFP).  As expected, HA proteins were efficiently 
expressed in mammalian cells transduced by vAc-HA-DUAL 
but not by vAc-HA[19–21].

In vAc-HA-DUAL, the expression of the egfp reporter and 
HA genes was driven by two hybrid promoters, composed 
either of the baculovirus p10 and mammalian CMV promot-
ers, or by the baculovirus polyhedrin and CMV promoters, 
respectively (Figure 1).  Although the transcription mediated 
by these hybrid promoters requires further detailed charac-
terization, they both appeared highly effective in insect and 
mammalian cells[22, 23].

The recombinant baculoviruses were tested for their poten-
tial as vector vaccines to elicit immune responses against HA 
in mice.  Because vAc-HA and vAc-HA-DUAL displayed HA 
proteins on the virion surface, they might act primarily as a 
particle vaccine.  However, vAc-HA-DUAL could also work as 
a DNA vaccine because it could mediate HA protein expres-
sion when it entered the cells.  Thus, the two virus vectors 
were expected to induce different immune responses.  

In mice injected with vAc-HA and vAc-HA-DUAL, signifi-
cant levels of HA-specific antibodies were produced.  These 
HA-specific antibody levels were similar for both viruses, most 
likely indicating the same efficiency of antigen presentation for 
the two viruses.  No HA-specific antibodies were detected in 
mice injected with the control virus vAc-EGFP.  However, the 
levels of total IgG and IgA were much higher in mice injected 
with vAc-HA compared with mice injected with vAc-HA-
DUAL.  Very low levels of total IgG and IgA were detected in 
the control group.  The reason for this result remains unclear.  

Moreover, splenocytes from the immunized mice were 
cultured in vitro to test their ability to produce IFN-γ, IL-2, 
IL-4, and IL-6 upon stimulation with antigens consisting of an 
HA-specific peptide.  The predominant cytokines that resulted 
were found to be different in mice immunized with the differ-
ent baculoviruses.  In mice immunized with vAc-HA, more 
splenocytes secreted IL-4 and IL-6 than IFN-γ and IL-2, and 
the level of IL-4 in the culture medium was higher than the 
level of IFN-γ.  These results suggest that vAc-HA induced 
a Th2-biased immune response in mice, which is consistent 
with the behavior of vAc-HA as a particle protein vaccine.  
Our results were also similar to those of previous studies 
using baculovirus as a vaccine vector and the surface-display 
approach[8].  

On the other hand, vAc-HA-DUAL not only presented 
the HA protein on the virion surface but also expressed HA 
protein in transduced cells.  Although the transduction effi-
ciency in vivo was difficult to evaluate, the pattern of immune 
responses elicited by the vAc-HA-DUAL vector, as compared 

Figure 8.  Cytokine production by splenocytes from baculovirus-immunized 
mice.   Splenocytes from mice immunized with vAc-EGFP, vAc-HA, or Ac-HA-
DUAL were isolated one week after second immunization and stimulated 
in vitro with peptides of HA or NA, or PHA for 72 h.  The level of IFN-γ (A) 
and IL-4 (B) in the supernatant was analyzed by ELISA.
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with that elicited by vAc-HA, indicated that the HA protein 
was likely to have been produced in vivo.  Unlike vAc-HA, 
more splenocytes from immunized mice produced IFN-γ 
and IL-2 than the Th2 cytokines IL-4 and IL-10, and the level 
of IFN-γ was higher than that of IL-4 in the culture medium, 
suggesting a Th1-biased immune response.  In addition, vAc-
HA-DUAL was also found to be more effective in inducing 
HA-specific CD4+ and CD8+ T-cell responses in vitro (data not 
shown).

In recent years, baculoviruses have been intensively studied 
as potential vaccine vectors.  In addition to its high biosafety, 
easy handling, efficient protein production in insect cells and 
other advantages, baculovirus vaccine vectors have low pre-
existing immunity in humans and animals and the ability to 
elicit innate immunity.  AcMNPV was found to have strong 
adjuvant properties.  It could also activate dendritic cell (DC)-
mediated innate immunity through MyD88/TLR9-dependent 
and MyD88/TLR9-independent pathways, which might help 
to improve the efficacy of baculovirus vector vaccines[24].  In 
fact, AcMNPV was shown to induce antiviral activity in mam-
malian cells and confer protection against lethal encephalo-
myocarditis virus and influenza virus infections in mice[25, 26].  

Several recent studies have shown that baculovirus trans-
duction vectors tend to elicit a Th1-biased immune reac-
tion against the target antigen when the antigen was only 
expressed in the transduced cells and was not presented on 
the virions.  Evidence has shown that a baculovirus vector 
with a mammalian expression cassette producing proteins 
from a SARS-like coronavirus could elicit a Th1-dominant 
immune response in mice[6, 13–16].  A similar approach has been 
used to develop vaccines against pseudorabies virus.  High 
proportions of Ig2a IgG and high levels of IFN-γ were found, 
indicating a Th1-type immune response.  Studies using bacu-
lovirus capable of displaying circumsporozoite proteins from 
plasmodium on the virion surface and expressing the same 
protein in transduced mammalian cells demonstrated that the 
baculovirus induced a mixed Th1/Th2 response, resulting in 
strong protection against infection[27, 28].  By comparing a bacu-
lovirus vector that could only display HA with a vector that 
could both display and express HA, we showed that different 
biases in Th1 and Th2 immune responses were induced.  The 
balance between Th1 and Th2 responses mounted against an 
infectious agent can influence both the control of the patho-
gen and immunopathology.  Humoral immune responses are 
essential for immunity against viral infections, but they may 
not be sufficient to clear the virus[6].  T cell responses, espe-
cially Th1-mediated cellular immunity, may also play a crucial 
role in long-term protection in some cases.  Thus, the informa-
tion provided here might be helpful for the design of effective 
baculovirus-based vaccines in the future.
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