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Baculovirus (BV) is a promising gene therapy vector and typically requires readministration because BV mediates transient ex-
pression. However, how the prime-boost regimen triggers BV-specific adaptive responses and their impacts on BV readministra-
tion, transgene expression, and therapeutic/vaccine efficacy remain unknown. Here we unraveled that BV injection into BALB/c
mice induced the production of BV-specific antibodies, including IgG1 and IgG2a, which could neutralize BV by antagonizing
the envelope protein gp64 and impede BV-mediated transgene expression. Moreover, humans did not possess preexisting an-
ti-BV antibodies. BV injection also elicited BV-specific Th1 and Th2 responses as well as CD4� and CD8� T cell responses. gp64
was a primary immunogen to activate the antibody and CD8� T cell response, with its peptide at positions 457 to 465 (peptide
457-465) being the major histocompatibility complex (MHC) class I epitope to stimulate CD8� T cell and cytotoxic responses.
Nonetheless, a hybrid Sleeping Beauty-based BV enabled long-term expression for >1 year by a single injection, indicating that
the T cell responses did not completely eradicate BV-transduced cells and implicating the potential of this hybrid BV vector for
gene therapy. These data unveil that BV injection triggers adaptive immunity and benefit rational design of BV administration
schemes for gene therapy and vaccination.

Baculovirus (BV) is a DNA virus that infects insects as its nat-
ural hosts but also efficiently transduces a wide variety of

mammalian cells, in which BV neither replicates nor is toxic (1, 2).
BV is nonpathogenic to humans; thus, recombinant BV construc-
tion, propagation, and handling can be performed readily in bio-
safety level 1 facilities. These attributes have prompted the devel-
opment of BV vectors for in vitro and in vivo gene delivery (3),
RNA interference (4), cell-based assay development (5), produc-
tion of viral vectors (6) and recombinant proteins (7), as well as
cartilage and bone tissue engineering (8). Beyond these applica-
tions, BV is also used as an expression vector for the treatment of
various cancers, including hepatoma (9), melanoma (10), colon
cancer (11), brain cancer (12–16), prostate cancer (17, 18), and
ovarian cancer (17). In addition, BV has been explosively devel-
oped as a vaccine expression/display vector against a variety of patho-
gens, including avian influenza virus (AIV) (19–22), avian reovirus
(23), pseudorabies virus (24), enterovirus 71 (25), Plasmodium ber-
ghei (26), and many others (for a review, see reference 1).

When BV is used as a vaccine, the immunization scheme usu-
ally involves the primary injection of BV at a dose ranging from
107 to 1010 PFU, followed by a second or even a third booster
injection at a certain time interval. For instance, intramuscular
(i.m.) injection of BV (109 PFU) expressing the pseudorabies virus
antigens into mice 3 times at 2-week intervals induces protective
immunity against lethal virus challenge (24). i.m. immunization
with a BV (109 PFU) expressing the hemagglutinin (HA) of H5N1
AIV at weeks 0 and 3 also confers complete protection from lethal
virus challenge (21). In another study, mice receiving i.m. admin-
istration of a BV expressing/displaying the HA of H5N2 AIV (108,
109, and 1010 PFU) at weeks 0, 2, and 4 developed HA-specific
humoral and cellular immune responses (19).

In the context of cancer therapy, repeated BV injection at a
specific time interval is also common. Protective antitumor effects
can be elicited in mice by i.m. injection of a BV (107, 108, or 109

PFU) expressing murine telomerase reverse transcriptase (a tu-

mor antigen for cancer immunotherapy) twice, at days 0 and 7
(13). Injection of a recombinant BV (3 � 109 PFU) expressing an
antiangiogenic fusion protein into a mouse bearing a prostate tu-
mor every 3 days 3 times also imparts strong antiangiogenic and
antitumor effects (18). Those studies collectively demonstrated
that BV-mediated gene delivery can provoke antitransgene hu-
moral and cellular immune responses and impart potent vaccine
and antitumor effects on animals.

Although BV, as a vaccine vector or anticancer vehicle, is com-
monly injected into animals repeatedly at a certain time interval,
how the repeated administrations induce adaptive immune re-
sponses and influence the ensuing transgene expression has yet to
be explored. Since BV-induced innate responses have been well
documented (27–29), this study focused on examining the trans-
gene expression profile after repeated BV administrations and ex-
ploring the humoral and cell-mediated responses against the BV
vector. The immunogenic component of BV and the specific
epitopes contributing to adaptive immunity were identified. The
consequences of the adaptive responses were unveiled, and impli-
cations of these findings for BV-mediated gene therapy are dis-
cussed.

MATERIALS AND METHODS
Preparation of recombinant BV vectors. Bac-CE expressing enhanced
green fluorescent protein (EGFP) as the reporter was constructed as de-
scribed previously (30). To construct pBac-luc/w, the firefly luciferase
gene was amplified from pGEM-luc (Promega) and cloned into pBac-
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CMV5 (whose polyhedrin promoter was replaced by the cytomegalovirus
immediate-early [CMV-IE] promoter [31]). WPRE (woodchuck hepati-
tis virus posttranscriptional regulatory element) was then cloned at the 3=
end of the luciferase gene to yield pBac-luc/w. pBac-T2Fluc/w was con-
structed by subcloning the CMV-IE–luciferase–WPRE cassette into
pBac-T2 (17) between the inverted repeat/direct repeat (IR/DR) elements
for Sleeping Beauty (SB) transposase recognition. pBac-SB100X encoding
the SB100X transposase under the control of the CMV-IE promoter was
constructed as described previously (31). pBac-luc/w, pBac-T2Fluc/w,
and pBac-SB100X were used to generate the recombinant BV vectors
Bac-luc/w, Bac-T2Fluc/w, and Bac-SB100X according to the instructions
provided with the Bac-to-Bac system (Invitrogen). The viruses were prop-
agated in Sf-9 cells, concentrated by ultracentrifugation, and resuspended
in phosphate-buffered saline (PBS) (pH 6.2), as described previously (17).
The virus titer was determined by an endpoint dilution assay and is ex-
pressed as PFU/ml.

Mouse immunization and splenocyte preparation. All animal exper-
iments were performed in compliance with the Guide for the Care and Use
of Laboratory Animals (National Science Council, Taiwan). Female
BALB/c mice (National Laboratory Animal Center, Taiwan) aged 6 to 8
weeks were injected via the i.m. route with the adjuvant-free, concen-
trated BV vectors at a dose of 3 � 109 PFU in 50 �l of PBS. BV readmin-
istration was performed in the same manner. The spleens were harvested
from mice at the indicated time points, crushed through iron mesh, and
pressed through a 70-�m strainer (BD Biosciences) to yield suspended
cells. The cells were incubated in ammonium chloride lysis (ACK) buffer
for 5 min on ice to lyse red blood cells, washed with serum-free RPMI
medium twice, and resuspended in complete RPMI medium.

In vivo bioluminescence imaging. BV vectors (Bac-luc/w alone or
Bac-SB100X plus Bac-SB-T2Fluc/w) were injected into BALB/c mice via
the i.m. route, and at the desired time points, D-luciferin (Caliper Life
Sciences) was injected (150 �l/mouse) intraperitoneally. After 10 min,
animals were anesthetized with a 2.5% isoflurane-air mixture, and lucif-
erase expression was detected by the Xenogen IVIS spectrum imaging
system (Caliper Life Sciences). To quantify luminescence, the region on
captured images was selected, and the luminescence output was analyzed
by using Living Image software and expressed as total flux (photons/sec-
ond). The relative total fluxes were calculated with the maximum total
flux defined as 100% and the background total flux defined as 0%.

Analyses of anti-BV IgG titers by ELISA. Mouse blood samples (0.5
ml) were collected from the submandibular vein, inactivated at 56°C for
30 min, and then 2-fold serially diluted with diluent buffer (0.05% Tween
20 and 0.1% bovine serum albumin [BSA] in PBS) from 25- to 222-fold
dilution. The BV-specific total IgG and IgG subtype titers were measured
by an enzyme-linked immunosorbent assay (ELISA). Each well in the
ELISA plates was coated with 100 �l (1.5 �g/ml in PBS) concentrated
wild-type BV particles for 12 h at 4°C and blocked with 300 �l blocking
buffer (0.05% Tween 20 and 1% BSA in PBS) for 1 h at 37°C. After wash-
ing with PBST buffer (0.05% Tween 20 in PBS), the serially diluted serum
samples were added to the wells (100 �l/well) and incubated for 1 h at
37°C. After washing, the horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG(H�L), IgG1, or IgG2a monoclonal antibody (MAb) (1:
1,000 dilution; Southern Biotech) was added to the wells (100 �l/well) and
incubated for 1 h at 37°C. The subsequent color development and absor-
bance measurements were performed as described previously (19). The
titers of anti-BV total IgG, IgG1, or IgG2a were determined as the highest
dilutions at which the absorbance was 0.2 units higher than that in non-
injected mice.

Human venous blood samples were collected from 20 healthy individ-
uals with written consent. The sera were inactivated and 2-fold serially
diluted. HRP-conjugated rabbit-anti human IgG(H�L) (1:1,000 dilu-
tion; Southern Biotech) was used for ELISAs, as mentioned above.

Analysis of neutralizing antibody titer and transducing titer. The
neutralizing antibody (NAb) titers were measured by an in vitro assay. The
mouse or human inactivated serum samples were 2-fold serially diluted

with PBS and mixed with an equal volume of EGFP-expressing Bac-CE
(5 � 107 PFU in 100 �l). After 2 h of incubation at 4°C, the mixture
containing the neutralized Bac-CE was used to transduce HeLa cells cul-
tured in 6-well plates (5 � 105 cells/well). The cells were harvested 1 day
later, and the total fluorescence intensity (FI) emitted by 10,000 cells was
analyzed by using a flow cytometer (FACSCalibur; BD Biosciences). As
the control, HeLa cells were transduced with Bac-CE, and the total fluo-
rescence was measured. The neutralizing titer was defined as the dilution
at which transduction was inhibited by �50% compared to transduction
controls in the absence of serum (32). For gp64 antagonization, gp64 was
first purified as described previously (33). Mouse sera were 100-fold di-
luted with PBS and mixed with an equal volume of Bac-CE and various
concentrations of gp64. After incubation at 4°C for 2 h, the mixture was
used to transduce HeLa cells. Bac-CE without mixing with the diluted sera
and gp64 served as the control. The relative total fluorescence was calcu-
lated by dividing the total fluorescence of the experimental group by that
of the control.

To measure the transducing titer, sera were diluted 20-fold with PBS
and mixed with an equal volume of Bac-CE (5 � 107 PFU in 100 �l) at 4°C
for 2 h. HeLa cells were transduced with the mixture containing the neu-
tralized Bac-CE and cultured for 24 h. The transducing titer was calculated
as described previously (30).

Peptide predication and synthesis. The protein sequences of BV gp64
were obtained from GenBank (accession number NP_054158.1) and an-
alyzed for mouse MHC class I binding motifs by using two computer-
driven algorithms: SYPFEITHI and BIMAS. Four peptides in gp64 that
were given the highest binding scores in both predication programs were
chosen. These peptides, including the peptide at positions 457 to 465
(peptide 457-465) (KFGGVGTSL), 360-368 (TFLSDDTFL), 74-82 (AYA
YNGGSL), and 428-436 (TYHDSWKDA), were synthesized (MDBio,
Hsinchu, Taiwan), purified to �98% purity, dissolved in double-distilled
water (ddH2O) at a concentration of 10 mg/ml, and stored at �20°C until
use. MHC class I epitopes of the firefly luciferase (GFQSMYTFV) and
nucleoprotein (NP) of avian influenza virus (IYSTVASSL) were synthe-
sized and served as the positive and irrelevant controls, respectively.

ELISPOT assay and intracellular cytokine staining assay. ELISPOT
(enzyme-linked immunosorbent spot) assays of gamma interferon
(IFN-�) and interleukin-4 (IL-4) were performed by using mouse IFN-�
and IL-4 ELISPOT Ready-SET-Go! kits (eBioscience). The ELISPOT as-
say of granzyme B was performed by using a mouse ELISpot kit (R&D
Systems). The spot-forming units (SFU) were measured by using the
CTL-ImmunospotRS5 UV analyzer (Cellular Technology Ltd.). An intra-
cellular cytokine assay coupled with flow cytometry was performed for the
analysis of the frequency of CD4� IFN-�� or CD8� IFN-�� cells. All the
experiments were performed according to the manufacturer’s instruc-
tions.

Statistical analysis. All quantitative data represent the average values
measured for samples from 5 to 7 animals. The data were statistically
analyzed by one-way analysis of variance (ANOVA) or Student’s t test. P
values of less than 0.05 were considered significant.

RESULTS
Transgene expression after repeated BV injection. To examine
the BV-mediated expression profile in vivo, a recombinant BV
(Bac-luc/w) transiently expressing luciferase was constructed and
i.m. injected into the right tibialis of BALB/c mice (3 � 109 PFU/
mouse; n � 5) three times, at days 0, 14, and 28. Expression was
monitored by bioluminescence imaging (Fig. 1A), and data for
total flux (Fig. 1B) at different time points were normalized
against that at day 1 (defined as 100%). After primary injection,
luciferase expression was robust initially but decayed rapidly to
�1.1% at day 7 and became barely detectable at day 14. Surpris-
ingly, the booster injection at day 14 elevated the expression level
only slightly at days 15 (�3.9%) and 17 (�1.6%). The third injec-
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tion at day 28 only marginally stimulated expression at day 29
(�2.5%). When Bac-luc/w was repeatedly injected at 3-day inter-
vals (at days 0, 3, and 6), the second and third injections also failed
to enhance the transgene expression level (data not shown). These
data confirmed the transient expression kinetics in vivo and un-

raveled very poor expression mediated by repeated administration
of BV.

BV injection triggered neutralizing antibody responses. To
elucidate whether BV triggered adaptive immune responses and
their roles in the attenuated transgene expression, Bac-luc/w (3 �

FIG 1 Inhibited transgene expression upon BV readministration. (A) Luciferase expression at different time points as detected by the Xenogen IVIS system. (B)
Quantitative analysis of luciferase expression. A luciferase-expressing BV, Bac-luc/w, was i.m. injected into the right anterior muscle of BALB/c mice (n � 5; 3 �
109 PFU/mouse) three times, at days 0, 14, and 28. The total flux at different time points was normalized against that at day 1 and is expressed as relative total flux.

FIG 2 Antibody responses to BV injection. (A) Anti-BV total IgG titers. (B) Anti-BV IgG1 and IgG2a titers. (C) BV-specific neutralizing antibody (NAb) titers.
(D) Transducing titer of Bac-CE in the presence of mouse serum (20� dilution). (E) Effects of gp64-specific antibody on Bac-CE-mediated expression. BALB/c
mice (n � 7) were injected i.m. with Bac-luc/w (3 � 109 PFU/mouse) twice, at days 0 and 14, and sera were collected at different time points for analyses. For NAb
titer determination, serum samples taken at days 0, 14, and 28 were diluted and incubated with Bac-CE. HeLa cells were transduced with the neutralized Bac-CE,
followed by total fluorescence measurement and calculation of NAb titers. For transducing titer measurement, Bac-CE was incubated with diluted sera (20�
dilution), followed by determination of transducing titers. To evaluate the effect of anti-gp64 antibody on transduction, serum samples taken at day 28 were
diluted 100-fold and mixed with increasing amounts of purified gp64 and Bac-CE. HeLa cells were transduced with the neutralized Bac-CE, and the relative total
fluorescence was measured by flow cytometry. Statistical comparisons were performed by one-way ANOVA.
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109 PFU/animal; n � 7) was administered, as described in the
legend of Fig. 1, twice, at days 0 and 14, and the anti-BV antibody
responses were assessed by ELISA. Figure 2A shows that the pri-
mary injection elicited anti-BV IgG whose titers were detectable as
early as day 5 (210) and continued to increase to 217 at day 14. After
the second injection at day 14, the total IgG titers increased to
�219 at day 17 and were maintained at �218 for at least 90 days.
The anti-BV IgG response was dose dependent, because lowering
the BV doses to 3 � 108 and 3 � 107 PFU/animal provoked lower
but still evident anti-BV IgG titers (data not shown). The IgG
subtype analysis (Fig. 2B) demonstrated a similar trend in the
anti-BV IgG1 and IgG2a titers, yet IgG2a titers were significantly
higher than IgG1 titers.

To confirm whether the antibody neutralized BV particles, an
in vitro neutralization assay was performed, in which Bac-CE (a
recombinant BV expressing EGFP) (30) was incubated with seri-
ally diluted sera, followed by transduction of HeLa cells, measure-
ment of EGFP expression, and calculation of neutralizing anti-
body (NAb) titers (Fig. 2C). The NAb titer was at the background
level (21) prior to injection and increased to �28 at day 14 after the
primary injection. The second injection at day 14 elevated the
NAb titer to 29 at day 28. The NAb titers were also dose dependent,
as they became lower when the BV doses were reduced to 3 � 108

and 3 � 107 PFU/animal, and the second injection also signifi-
cantly enhanced NAb titers (data not shown).

To quantify the effect of neutralizing antibodies on BV trans-
duction, the transducing titer of Bac-CE, after mixing with serum,
was measured as described previously (30) and is expressed as
transducing units (TU)/ml (Fig. 2D). The transducing titer of
Bac-CE (1.6 � 107 TU/ml) remained virtually unaffected when
incubated with the serum samples withdrawn prior to BV injec-
tion (day 0) but decreased nearly 10-fold to 1.7 � 106 TU/ml when
incubated with the serum samples taken at day 14. The transduc-
ing titer further dropped to 4.3 � 105 TU/ml when incubated with
the serum samples taken at day 28, proving that the antibodies
effectively neutralized BV and blocked the ability of BV to trans-
duce mammalian cells.

gp64 is an envelope protein pivotal to BV transduction of
mammalian cells (27). To assess whether the sera blocked trans-
duction by antagonizing gp64, the serum samples taken at day 28
were treated with gp64 at various concentrations. Bac-CE was
mixed with the treated sera and used for transduction of HeLa
cells, followed by fluorescence intensity (FI) measurements. Fig-
ure 2E delineates that antagonizing the sera with increasing

amounts of gp64 was able to restore transgene expression, sug-
gesting that gp64 was a major immunogen and underscoring the
importance of anti-gp64 neutralizing antibody in the blockade of
transgene expression.

Absence of preexisting anti-BV antibody in humans. The
elicitation of anti-BV antibody and its ability to impede BV trans-
duction raised a concern: do anti-BV antibodies preexist in hu-
mans? To address this question, sera were taken from 15 labora-
tory members who had more than 1 year of experience in handling
BV and 5 non-laboratory members who had no prior contact with
BV and were analyzed by BV-specific ELISA. Due to the lack of a
compelling “negative control,” the ELISA data are expressed as
optical density (OD) values. Figure 3A shows statistically similar
(P � 0.1) OD values for sera from the laboratory and non-labo-
ratory members. The sera were also mixed with Bac-CE for the
neutralizing antibody assay, and Fig. 3B unravels comparable NAb
titers (21 to 22) in the sera from the laboratory and non-laboratory
members, which were very low compared with the background
NAb titers for adeno-associated virus (AAV) (32). Therefore,
these data indicated the absence of preexisting anti-BV antibodies
in human sera.

BV-specific cellular immune responses. To further character-
ize the cellular responses evoked by BV, BALB/c mice were in-
jected with Bac-luc/w twice, as described in the legend of Fig. 2,
and splenocytes were harvested at different time points (n � 6 for
each) for ELISPOT assays after pulsing with BV particles. Figure
4A and B delineates that BV significantly increased IFN-�- and
IL-4-expressing spot-forming units (SFU) at day 7, which de-
clined at day 14. After the second injection at day 14, the IFN-�
and IL-4 responses were boosted again at day 21. Furthermore,
intracellular cytokine staining, which measured the frequencies of
BV-specific IFN-�-expressing mouse CD4� and CD8� T cells at
days 0 and 21, demonstrated the activation of CD4� and CD8� T
cells after BV injection, as evidenced by the significant increase in
the percentages of CD4� IFN-�� (Fig. 4C) and CD8� IFN-��

(Fig. 4D) T cells after BV stimulation.
gp64 is a glycoprotein abundantly present on the BV envelope

and may potentially induce immune responses in vivo. Indeed, by
pulsing the mouse splenocytes with purified gp64 and intracellu-
lar cytokine staining, we demonstrated that gp64 stimulation sig-
nificantly enhanced the frequency of CD8� IFN-�� cells (Fig. 5A).
To identify the gp64 peptides accounting for the CD8� T cell
activation, 4 putative major histocompatibility complex (MHC)
class I epitope peptides with the highest binding scores were pre-

FIG 3 Detection of anti-BV antibody in human sera. (A) Anti-BV antibody titers analyzed by ELISA. (B) BV-specific NAb titers. Human sera were obtained from
20 healthy donors, 15 of whom were laboratory members and 5 of whom were not laboratory members who had no prior contact with BV. Statistical comparisons
were performed by Student’s t test.
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dicted by using the SYFPEITHI and BIMAS databases, synthe-
sized, and used to pulse the cells harvested at day 21. The ELISPOT
assay (Fig. 5B) showed that peptides 74-82 and 360-368 failed to
induce an IFN-� response compared with the negative control NP
(nucleoprotein peptide of AIV), while peptides 428-436 and 457-
465 pronouncedly increased the frequencies of IFN-�-producing
cells. In particular, peptide 457-465 elicited the strongest IFN-�
response, which was statistically comparable to that of the posi-
tive-control luciferase peptide. In accord with the elicitation of
CD8� T cell responses, peptide 457-465, but not peptide 428-436,

significantly increased the frequencies of granzyme B-expressing
splenocytes (Fig. 5C), suggesting the activation of cytotoxic T lym-
phocytes (CTL). These data altogether confirmed that peptide
457-465 (KFGGVGTSL) on gp64 is the primary MHC class I
epitope to stimulate the CD8� T cell response.

Prolonged transgene expression by Sleeping Beauty-based
hybrid BV vectors. The data mentioned above collectively dem-
onstrated that repeated administration of BV triggered humoral
and cellular immune responses, thus mitigating transgene expres-
sion. To circumvent this problem, we developed a dual BV system

FIG 4 BV-specific cellular immune response. (A) Frequency of IFN-�-expressing mouse splenocytes. (B) Frequency of IL-4-expressing mouse splenocytes. (C)
Frequency of CD4� IFN-�� T cells. (D) Frequency of CD8� IFN-�� T cells. Mice were i.m. injected with Bac-luc/w as described in the legend of Fig. 2, and
splenocytes were harvested at different time points and stimulated with BV particles for ELISPOT assays. Splenocytes harvested at days 0 and 21 were either not
stimulated or stimulated with BV particles for intracellular cytokine staining/flow cytometry to detect the frequencies of CD4� IFN-�� and CD8� IFN-�� T cells.
Statistical comparisons were performed by one-way ANOVA.
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exploiting the Sleeping Beauty (SB) transposon (Fig. 6A), in which
one BV (Bac-SB100X) expressed the SB100X enzyme while the
other BV (Bac-SB-T2Fluc/w) encoded the luciferase cassette
flanked by IR/DR sequences, so that after cotransduction, SB100X
was able to transpose the IR/DR-flanking cassette into the mouse
chromosome. Coinjection of both Bac-SB100X and Bac-SB-
T2Fluc/w into BALB/c mice led to robust luciferase expression at
day 3 (defined as 100%), and the expression level declined at week
2 (Fig. 6B). Nonetheless, transgene expression persisted for at least
52 weeks (Fig. 6B and C), indicating that the SB transposon system
was able to integrate the transgene into the mouse chromosome,
partly circumvent the anti-BV immunity problems, and confer
stable BV-mediated expression in vivo.

DISCUSSION

Adaptive immune responses against viruses such as AAV, adeno-
virus (Ad), and lentivirus (LV) remain a major obstacle to the
success of virus-based gene therapy, as cellular responses affect
viral clearance and humoral responses prevent vector readminis-
tration (34). Although the immune responses against Ad and AAV
have been well characterized (34, 35), and there are similarities in
immunity to different viruses, each vector contains its own set of
activation signals (e.g., cytokine and costimulation molecules),
resulting in distinct effector T and B cell responses (34). For

instance, in vivo, Ad capsid induces inflammatory cytokines, acti-
vates dendritic cells (DCs) and natural killer (NK) cells, and re-
sults in IFN-� expression, which are keys to stimulating Ad-spe-
cific adaptive responses responsible for extinguished transgene
expression (36). In contrast, AAV is much less immunogenic than
Ad and results in exceedingly long-term transgene expression in
various preclinical animal models (35). The discrepancy in the
responsiveness against AAV and Ad reinforces the importance of
understanding how and whether viral vectors provoke adaptive
immune responses.

Although BV-mediated in vivo transgene expression has been
widely exploited in the vaccine and anticancer therapy settings,
how the adaptive responses elicited by primary BV administration
would impact the ensuing BV-mediated transgene expression and
efficacy has yet to be explored. Here we uncovered that BV injec-
tion into the right tibialis conferred strong transgene expression
but concomitantly triggered responses that impeded transgene
expression when BV was readministered at the same site either 3
days (data not shown) or 14 days (Fig. 1) apart. It should be noted
that luciferase expression was robust when BV was readministered
at the contralateral (left) tibialis at day 3, but expression was con-
siderably repressed when BV was readministered at the same site
(data not shown). These observations suggested that local inflam-
mation (e.g., elicitation of alpha/beta interferon [37, 38]) arose

FIG 5 Identification of antigen and peptide epitopes responsible for the CD8� T cell response. (A) Frequency of CD8� IFN-�� T cells in response to gp64
stimulation. (B) Frequencies of IFN-�� T cells responding to different peptides. (C) Frequencies of granzyme B (GrB)-expressing cells responding to different
peptides. Mice (n � 6 for each time point) were immunized as described in the legend of Fig. 4, and splenocytes were harvested at day 0 or 21 and stimulated with
purified gp64 for intracellular cytokine staining analysis of the frequency of CD8� IFN-�� T cells. Alternatively, splenocytes were stimulated with putative gp64
epitopes for ELISPOT analysis of IFN-� and granzyme B-expressing cells. MHC class I epitopes of the firefly luciferase (Luc) and nucleoprotein (NP) of AIV
served as the positive and irrelevant controls, respectively. Statistical comparisons were performed by one-way ANOVA.
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soon after BV administration into the muscle, which retarded the
transgene expression mediated by BV injected into the same site at
day 3, but the local inflammation failed to impede expression
mediated by BV injected into the distant site at day 3 (data not
shown). Conversely, the poor expression after readministration at
the distant site at day 14 presumably stemmed from the emer-
gence of systemic immune responses (data not shown).

Indeed, we unraveled that primary BV injection induced sys-
temic IgG1 and IgG2a antibodies (Fig. 2A and B). These antibod-
ies were able to neutralize BV and hence impede BV-mediated
transduction and transgene expression by antagonizing gp64 (Fig.
2C to E). Moreover, BV injection elicited cellular immune re-
sponses, as manifested by the induction of BV-specific IFN-�- and
IL-4-expressing splenocytes (Fig. 4A and B). Since IFN-� is indic-
ative of Th1 responses, while IL-4 is indicative of Th2 responses,
these results demonstrated that BV induced mixed Th1 and Th2
responses, but the responses were Th1 biased, as judged by the
higher IgG2a titers than IgG1 titers (Fig. 2B). Furthermore, BV
injection triggered BV-specific CD4� and CD8� T cell responses

(Fig. 4C and D) due to the gp64 protein on the BV envelope (Fig.
5A). Specifically, peptide 457-465 on gp64 was identified to be the
major MHC class I epitope responsible for CD8� T cell stimula-
tion (Fig. 5B) and CTL activities (Fig. 5C).

Innate responses, including the induction of IFN-	/
, are cru-
cial to bridge innate and adaptive immunity (39). BV transduction
in vitro and in vivo elicits the production of IFN-	/
, IL-6, IL-8,
tumor necrosis factor alpha (TNF-	), and IL-1
 (27–29, 33, 40)
and activates DCs (27), as evidenced by IFN-� secretion and up-
regulation of MHC class I and II and costimulatory molecules
(e.g., CD40, CD80, and CD86) (41). In vivo BV administration
activates macrophages (27), DCs (42), and NK cells (9). Further-
more, BV administration in vivo can initiate the complement cas-
cade pathway (43), which, acting in concert with IFN-	/
, can
provoke NK cells and substantiate the uptake of BV particles, re-
sulting in the further release of cytokines. These events are pivotal
to the priming and enhancement of adaptive immunity.

As such, it is envisaged that after the primary i.m. injection,
BV-induced innate immunity potentiates BV uptake by the resi-

FIG 6 Stable expression conferred by one injection of SB-based hybrid BV vectors. (A) Schematic illustration of Bac-SB100X and Bac-T2Fluc/w. (B) Biolumi-
nescence imaging illustrating stable expression for up to 52 weeks. (C) Quantitative analysis of luciferase expression. Bac-SB100X and Bac-T2Fluc/w (109 PFU
each) were coinjected into the right anterior muscle of 5 BALB/c mice, and luciferase expression was imaged by using the Xenogen IVIS system. The mice were
labeled 1 to 5. Prior to week 52, 1 mouse died; thus, only 4 mice are shown in the bottom right panel. Both SB100X and the firefly luciferase gene were driven by
the CMV-IE promoter. A WPRE element was added at the 3= end of the firefly luciferase gene to enhance expression. IR/DR is an element for SB transposase
recognition. Luminescence output is expressed as the relative total flux.
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dent antigen-presenting cells (APCs), including DCs and macro-
phages, and stimulates the maturation of DCs. These antigen-
loaded DCs migrate to lymphoid organs (e.g., lymph node and
spleen) and activate naive B and T cells via classical presentation or
cross-presentation of the BV antigenic peptides, hence triggering
antibody secretion and CD4� (including Th1 and Th2) and CD8�

T cell responses specific for BV. The antibodies not only can neu-
tralize the virus but also in turn can activate the classical, anti-
body-dependent complement pathway to substantiate the uptake
of BV by macrophages (34), thus further potentiating the immune
responses against BV. Consequently, BV readministration at day
14 or 35 gave rise to only poor transgene expression (data not
shown), which explained why repeated BV immunization did not
significantly enhance the antigen-specific antibody titers in a pre-
vious study (24). Note, however, that the adaptive responses are
not the only factors that restrict transgene expression upon read-
ministration, because BV readministration to nude mice defective
in T cell maturation also gave rise to impaired transgene expres-
sion compared with the primary injection (data not shown). Since
BV-mediated expression can be suppressed by IFN-	/
 and com-
plement (43), innate immunity may also play a role in the poor
transgene expression upon BV readministration.

These humoral and cellular responses elicited against BV con-
tributed to the ineffective BV readministration and posed a chal-
lenge for BV-mediated gene transfer. Nonetheless, this problem
can be partly circumvented by the use of the SB-based hybrid BV
vector that enables transgene integration and long-term expres-
sion for �1 year by a single injection (Fig. 6). The stable expres-
sion implicates the potential of the hybrid BV in therapies neces-
sitating persistent expression, such as cancer, diabetes, and
muscular dystrophy. More importantly, this proved that, despite
the activation of CD8� T cells and even CTL, the T cell response
elicited by a single BV administration does not completely eradi-
cate BV-transduced cells. A similar phenomenon was also ob-
served for AAV-mediated gene therapy, whereby CTL triggered by
AAV capsid failed to eliminate AAV-transduced cells in mice (44).
In stark contrast, Ad-mediated expression is transient due to the
clearance of Ad-transduced cells by CTL. The disparity in the clear-
ance of BV- and Ad-transduced cells supported the notion that the
magnitude of the anti-BV T cell response is lower than that of the
anti-Ad response (42), which might be attributed to the differential
ability to transduce APCs. Unlike Ad, which can transduce DCs at
efficiencies approaching 100% (45) and give rise to potent immuno-
genicity, BV poorly transduces DCs (13, 46) and macrophages (27),
thus leading to a lower immunogenicity than that of Ad.

Taken together, this study demonstrated that i.m. injection of
BV triggers BV-specific humoral and cellular responses that could
neutralize BV particles and hinder subsequent BV administration
and transgene expression. Therefore, adaptive immunity, in addi-
tion to innate immunity, should be taken into consideration when
designing the BV administration scheme. Fortunately, humans
possess neither preexisting anti-BV antibodies (Fig. 3) nor BV-
specific T cells (46), which circumvents the preexisting immunity
problems encountered with Ad and AAV vectors. The SB-based
hybrid BV that confers sustained expression by a single injection
thus holds great promise for human gene therapy (e.g., cancer
therapy). In the context of vaccine applications that require
prime-boost administrations, the BV-specific immune responses
can still compromise vaccine efficacy upon booster injections,
which may be alleviated by several approaches. (i) The antigen

expression level may be augmented (e.g., by using a strong pro-
moter) so as to lower the required BV dose or by using a different
vector (e.g., AAV) for the prime-boost regimen. (ii) Since gp64 is
a major immunogen eliciting both humoral and cellular re-
sponses, escape of immune surveillance may be achieved by swap-
ping the immunodominant epitopes (e.g., peptides 457-465 and
428-436) on gp64 with immunotolerant peptides or by pseu-
dotyping BV with an envelope protein functionally analogous to
gp64, such as F protein derived from a heterologous baculovirus
(47) or G protein derived from vesicular stomatitis virus (13). (iii)
BV genomic DNA contains abundant unmethylated CpG motifs
(27) that can trigger innate immunity and, hence, subsequent
adaptive immunity. Engineering of the viral genome to remove
unnecessary genes and unmethylated CpG motifs may help diminish
the innate/adaptive responses (37). Coupling Ad particles with poly-
ethylene glycol (PEG) attenuates immunogenicity owing to reduced
uptake by DCs (48). As such, conjugating BV with PEG or pseu-
dotyping BV envelope with a decay-accelerating factor (43, 49) that
confers complement resistance may help mitigate the BV-specific im-
mune response. Aside from gp64, other major BV capsid proteins
(e.g., vp39) may also be immunogenic, and their roles in anti-BV
immunity await further examination. Additionally, several BV genes
(e.g., orf149, ie0, p35, and gp64) are weakly expressed in transduced
mammalian cells (50) despite the absence of viral replication. Deter-
mination of whether the BV-associated gene products also contribute
to adaptive responses is worthy of further investigation.
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