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To characterize the induction of antigen-specific immune response mediated by baculovirus, vectors ex-
pressing the E2 glycoprotein of hepatitis C virus or the carcinoembryonic antigen (CEA) under the control of
the cytomegalovirus immediate-early promoter-enhancer were constructed. Additionally, a baculovirus vector
encoding the E2 glycoprotein (Bac-G-E2) and expressing vesicular stomatitis virus glycoprotein (VSV-G) in the
viral envelope was generated by inserting the VSV-G coding sequence downstream of the polyhedrin promoter.
Mice were subjected to intramuscular, intranasal, or subcutaneous inoculations with Bac-E2 and the cellular
immune response was monitored by ELISPOT and intracellular staining. Additionally, humoral response was
monitored by titrating anti-E2 antibodies. Induction of a measurable anti-E2 T-cell response was observed only
after intramuscular injection and was predominantly CD8* specific. The immunogenic properties of baculo-
virus as vaccine vector were not restricted to E2 because a CEA-specific CD4" T-cell response was observed
upon intramuscular injection of Bac-CEA. Interestingly, the Bac-G-E2 vector was shown to be a more efficient
immunogen than Bac-E2, in view of the 10-fold difference in the minimal dose required to elicit a measurable
T-cell response upon intramuscular injection. Induction of inflammatory cytokines such as gamma interferon,
tumor necrosis factor alpha, and interleukin-6 was detected as early as 6 h postinjection of Bac-G-E2. Most
importantly, both vectors elicited CD8™ T cells with effector function capable of lysing target cells loaded with
a hepatitis C virus-specific epitope. Additionally, enhanced NK cytolytic activity was detected in immunized
mice. Thus, these results further demonstrate that baculovirus may be considered a useful vector for gene

therapy.

Recent advances in immunology and molecular biology have
stimulated the development of gene-based vaccines. These vac-
cines are designed to generate both cellular and humoral re-
sponses that can be used to prevent infectious diseases and to
treat cancer, allergies, and autoimmune diseases (38). Two
general classes of gene-based vaccines are being developed.
The first is based on the use of plasmid DNA encoding the
target antigen. However, the use of plasmid DNA as a gene
transfer vehicle for immunization is somewhat limited by the
low transduction efficiency that hampers its immunogenic po-
tential. To overcome this problem, numerous strategies are
being developed that use electrical stimulation, microparticles,
adjuvants, and costimulatory molecules to enhance both the
gene transfer capabilities and the intrinsic immunogenicity of
plasmid DNA (24).

Viruses have highly evolved structures that enable them to
bind to cells and deliver genes into the cells that they infect.
Thus, it is reasonable to consider using live virus vaccines to
induce cytolytic T lymphocytes to treat a disease in which
cellular immunity is an absolute requirement. To this end, a
variety of viral vectors, primarily based on poxvirus and ade-
novirus, have been tested, with encouraging results (21, 36).
However, these vectors are themselves antigenic and can cause
inflammation, which, depending on the site of injection and on
the recipient’s state of health, may constitute a liability for
their use as vehicles for vaccination. An additional drawback is
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that existing immunity due to previous infection (as in the case
of adenovirus) or to vaccination (smallpox) may limit the po-
tency of the vaccine by clearing the viral vector before it can
infect cells and deliver its payload of antigen genes (8, 13).
Thus, there is a need to identify unrelated viral vectors that
function efficiently as gene transfer vehicles for immunization
whose efficacy is not limited by problems connected with tox-
icity or existing immunity.

In recent years, baculovirus has emerged as a vector with
great potential for gene transfer in mammalian cells (31).
Baculoviruses are a group of insect viruses possessing a rod-
shaped capsid in which is packaged a condensed DNA ge-
nome, a double-stranded, covalently closed circular molecule
ranging between 80 and 200 kbp in length (30). The baculovi-
rus Autographa californica multiple nucleopolyhedrovirus has
long been used as a biopesticide and as a tool for efficient
recombinant protein production in insect cells (26, 28). Al-
though its host specificity was originally thought to be re-
stricted to cells derived from arthropods, baculovirus was
shown to infect a number of mammalian cells and animal
models (2, 6, 10, 12, 18, 23, 32, 33, 34, 37, 39, 40, 42). Gene
transfer mediated by baculovirus carrying the reporter gene
under the control of a strong mammalian promoter such as the
immediate-early promoter of cytomegalovirus (CMV) or the
chimeric CMV early enhancer (CAG) promoter was demon-
strated in a number of human primary cell lines and liver tissue
(6, 42). This vector was also shown to be capable of carrying
large inserts and efficiently infecting a variety of cell lines
without any apparent viral replication or cytopathic effect, even
at a high multiplicity of infection (MOI) (12, 37). Furthermore,
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enhanced gene transfer efficiency was observed in a variety of
cell lines with recombinant baculovirus vectors expressing sur-
face glycoprotein G of vesicular stomatitis virus (VSV-G). This
protein was demonstrated to enhance the escape of baculovi-
rus vectors from intracellular endosomes, increasing the trans-
duction efficiency of the virus (4).

The use of baculovirus as a vector for vaccination was ini-
tially described by Aoki and coworkers, who demonstrated that
injecting mice with a recombinant vector expressing pseudo-
rabies virus glycoprotein B elicited a measurable humoral re-
sponse directed against this viral glycoprotein (3). More re-
cently, an immune response to the hemagglutinin glycoprotein
of influenza virus was elicited upon vaccination with a baculo-
virus vector expressing the virus structural component. Addi-
tionally, induction of a strong innate immune response was
also detected upon injection of wild-type baculovirus (1).

We have further examined the efficiency of baculovirus as a
vector for gene therapy. To this end, we have determined the
induction of humoral and cell-mediated immune responses to
the E2 glycoprotein of hepatitis C virus (HCV) and to carci-
noembryonic antigen (CEA) in mice vaccinated with recombi-
nant baculovirus vectors expressing the putative structural
component of the HCV virions or the epithelial tumor antigen.
The results obtained further demonstrate that significant cell-
mediated immunity to target antigens can be elicited upon
injection of recombinant baculovirus which express them.

MATERIALS AND METHODS

Virus construction. Viral constructs were prepared with the pFastBacl plas-
mid and the Bac-To-Bac baculovirus expression system (Life Technologies). To
construct Bac-E2, the pV1J/TPA-E2 vector encoding the chimeric version of the
HCV E2 glycoprotein (43) was digested with ApaLI and BstXI to isolate the
CMV-tpaE2-bovine growth hormone polyadenylation signal expression cassette.
The purified fragment was ligated into the pFastBac vector, which was previously
digested with HindIII. To construct Bac-G-E2, pV1J/TPA-E2-F78 was digested
with Apall and BstXI as well and cloned into the pFastBac/G vector (32) as
described for Bac-E2.

To construct the Bac-CEA vector, plasmid pVIJ-hCEAopt, which carries the
codon-optimized cDNA for human CEA (Mennuni et al., unpublished data), was
digested with BstXT and DrallI and treated with T4 DNA polymerase. The DNA
fragment corresponding to the CEA coding sequence flanked by the CMV
promoter and intron A and by the bovine growth hormone polyadenylation
signal was inserted into the Stul site of plasmid pFastBac.

The recombinant FastBac constructs were individually transformed into Esch-
erichia coli DH10Bac cells (Life Technologies) to generate the corresponding
recombinant bacmids. Sf9 insect cells (American Type Culture Collection, Rock-
ville, Md.) were transfected with the recombinant bacmid DNA with Cellfectin
(Life Technologies), and the recombinant baculovirus vectors were amplified by
repeated passages.

Insect cell culture and virus amplification and purification. Sf9 cells were
cultured at 28°C. Cells were grown and maintained in SF900 II medium supple-
mented with 10% fetal bovine serum (insect cell tested), 2 mM L-glutamine, 100
U of penicillin G per ml, and 100 U of streptomycin per ml. Cells were infected
at an MOI of 1. To purify the virus, cell debris was first removed by centrifuga-
tion for 10 min at 2000 rpm Infected cell supernatant was then layered over 27%
sucrose and centrifuged at 24000 rpm for 75 min in SW28 tubes. The virus pellet
was resuspended in phosphate-buffered saline (PBS, pH 7.5) and centrifuged in
SW28 tubes at 27,000 rpm for 150 min. The final pellet was resuspended in PBS.
Purified virus was titrated in Sf9 cells with the BD BacPAK baculovirus rapid
titer kit (BD Biosciences, Pharmingen) and stored at 4°C in the dark. Viral titers
were quantified as focus forming units (FFU).

Detection of CEA and E2 proteins in virus-infected cultured cells. The human
hepatoma cell line Huh7 was maintained in Dulbecco’s modified Eagle’s medium
containing 10% heat-inactivated fetal bovine serum and infected at an MOI of
100 with Bac-CEA and MOIs 10, 100, and 1,000 with Bac-E2 and Bac-G-E2 in
the presence of 10 pM dexamethasone (12). Forty-eight hours after infection, the
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cells were lysed with lysis buffer (50 mM Tris-HCI, pH 6.8, 0.1 M dithiothreitol,
2% sodium dodecyl sulfate, 10% glycerol). Cell extracts were resolved by sodium
dodecyl sulfate-7% polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a nitrocellulose membrane. Western blotting was carried out as
previously described (32, 43) with an anti-E2 mouse polyclonal antiserum. Ex-
pression of the VSV-G protein was monitored with purified virus samples with a
mouse monoclonal antibody specific for VSV-G (PD54; Sigma). Expression of
CEA was detected with a rabbit polyclonal antiserum (Fitzgerald).

Animals and treatment. All animal studies described in this report were
approved by the Istituto di Ricerche di Biologia Moleculare institutional animal
care and use committee. Eight-week-old BALB/c female mice were purchased
from Charles River Italy (Lecco, Italy). Groups of 6 to 10 mice were immunized
with different doses of baculovirus vectors ranging from 10% to 10'® FFU in a
50-pl volume. Prime-boost regimens were implemented with injections 3 weeks
apart. Where indicated, intramuscular, intranasal, and subcutaneous injections
were performed. Blood samples were obtained by retroorbital puncture. Two
weeks after the last injection, mice were euthanized, and splenocytes were har-
vested for immunological assays.

ELISPOT assay. Mouse splenocytes secreting gamma interferon (IFN-vy) in an
antigen-specific manner were detected with a standard enzyme-linked immu-
nosorbent assay (ELISPOT) (43). Spleen cells were prepared from immunized
mice and resuspended in R10 medium (RPMI 1640 supplemented with 10% fetal
calf serum, 2 mM L-glutamine, 50 U of penicillin per ml, 50 pg of streptomycin
per ml, 10 mM HEPES, 50 uM 2-mercaptoethanol). Multiscreen 96-well filtra-
tion plates (Millipore, Bedford, Mass.) were coated with affinity-purified rat
anti-mouse IFN-y (immunoglobulin G1, clone R4-6A2; Pharmingen). After
overnight incubation, plates were washed with sterile PBS and incubated with
R10 medium for 2 h at 37°C to block nonspecific binding. Splenocytes from
immunized mice were resuspended in R10 medium and incubated for 20 h at a
density of 2 X 10° and 5 X 10° cells/well in the presence of the indicated peptide
pool at a concentration of 1 pg/ml. After washing with PBST (0.05% Tween in
PBS), plates were incubated for 12 h at 4°C with 50 pl/well of biotin-conjugated
rat anti-mouse IFN-y (rat immunoglobulin G1, clone XMG 1.2; PharMingen)
diluted 1:250 in assay buffer (PBS with 5% fetal bovine serum and 0.05% Tween
20). Plates were then washed and incubated for 2 h at room temperature with
streptavidin-alkaline phosphatase conjugate (Pharmingen) diluted 1:2,500 in as-
say buffer. After extensive washing, plates were developed by adding 50 pl/well
of nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (NBT-BCIP)
(Pierce) until development of spots was observed at the microscope. The reac-
tion was stopped by washing plates thoroughly with distilled water. Dimethyl
sulfoxide (DMSO) and concanavalin A (5 pg/ml) were used as negative and
positive internal controls for each sample. Plates were allowed to air dry, and
spots were counted with an automated ELISPOT reader (AID ELRO2 coupled
with AID ELISPOT 2.6 software). Lyophilized human CEA and E2 peptides
were purchased from Bio-Synthesis and resuspended in DMSO at 40 mg/ml.

Flow cytometry analysis. Intracellular IFN-y was measured according to the
BD Pharmingen standard protocol. Briefly, 2 X 10° splenocytes from immunized
mice were incubated overnight in R10 medium with or without 2 pg/ml of
peptide 1664 (EATYSKCGSGPWLTPRCMVD) or peptide pool D and brefel-
din A as a protein transport inhibitor (Cytofix/Cytomer Plus kit; BD Pharmin-
gen). DMSO was tested with the splenocytes as a background control. Cells were
stained with allophycocyanin-conjugated anti-mouse CD3e, phycoerythrin-con-
jugated anti-mouse CD4, and peridinin chlorophyll protein-anti-mouse CD8a
(Pharmingen). The splenocytes were then washed, fixed, permeabilized, and
stained for intracellular IFN-y by fluorescein isothiocyanate-conjugated anti-
IFN-y monoclonal antibody. All samples were acquired within 24 h with a
FACSCalibur flow cytometer and CellQuest software (BD Immunocytometry
Systems). T-lymphocyte IFN-y was calculated as 100 X [(IFN-y*, CD3" and
CD4" or CD8")/(CD3" and CD4™ or CD8")].

Cytotoxicity assay. The cytotoxic T-lymphocyte assay was performed as de-
scribed (43). Briefly, p815 cells (ATCC TIB64) expressing the H-2¢ class 1
molecule were used as target cells. A total of 4 X 10° spleen cells were resus-
pended in R10 supplemented with 10 pg of CD8"-specific peptide (peptide
1664) and 10 U of recombinant human interleukin-2 (Boehringer Mannheim
GmbH, Mannheim, Germany) per ml and plated in quadruplicate in 24-well
flat-bottomed plates (multiwell-tissue culture plate; Falcon catalog number
3047). After 7 days of in vitro restimulation, cultures were assayed for cytotoxic
activity in a standard >!Cr release assay. Briefly, target cells were labeled with
Na®!'CrO, (Amersham Pharmacia Biotech, Buckinghamshire, England) and
pulsed with either peptide 1664 or medium alone for 2 h at 37°C and 5% CO.,.
After extensive washing with R10 medium, target cells were mixed with cytotoxic
T lymphocytes at the designated effector-to-target-cell ratios in 96-well round-
bottomed plates (Cell Wells; Corning Glass Works, Corning, N.Y.) and incu-
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bated for 4 h at 37°C and 5% CO,; 30-pl samples of supernatants were trans-
ferred to a LumaPlate-96 (Packard Instrument Company, Meridien, Conn.),
allowed to dry overnight, and then counted (TopCount microplate scintillation
counter; Packard Instrument Company) to determine the amount of >'Cr re-
leased in each well. The percent specific lysis was calculated with the formula 100
X [(experimental release — spontaneous release)/(maximum release — sponta-
neous release)], where the spontaneous and maximum release refer to the num-
ber of counts in DMSO or 1% Triton X-100 target cell lysate, respectively.

NK assay. The cytolytic activity of NK cells was monitored as described (20).
Splenocytes from immunized and control mice were resuspended in R10 medium
at a density of 107 cells/ml and plated as indicated into Costar V-bottomed
microtiter plates (100 wl/well). Target Yac-1 murine lymphoma cells were la-
beled by incubation for 90 min at 37°C with 150 p.Ci sodium *'Cr and resus-
pended at a density of 10° cells/ml. One hundred microliters of target cell
suspension was added to the microtiter plates containing the effector spleen cells
to obtain the designated effector-target ratio. Plates were incubated at 37°C for
4 h. After the incubation, 30 wl of the supernatant from each well was harvested
and analyzed in a beta counter to determine the amount of >'Cr released in each
well. The percent specific lysis was calculated with the same formula applied to
the cytotoxicity assay.

ELISA. Induction of anti-E2 antibodies was monitored by enzyme-linked im-
munosorbent assay (ELISA) as described (43). Ninety-six-well Nunc ELISA
plates were coated overnight at 4°C with leptin from Galanthus nivalis (GNA)
(Sigma), washed with washing buffer (PBS, 0.05% Tween 20), and incubated with
blocking buffer (2% bovine serum albumin, 1X PBS, 0.05% Tween 20) to remove
nonspecific binding. Saturating amounts of E2 protein produced by transient
transfection of 293 cells were incubated in blocking buffer for 3 h at room
temperature. A fixed amount (100 pl/well) or threefold dilutions (from 1:30 to
1:21,870) of sera were used in seroconversion and titration assays, respectively.
Bound antibodies were detected with anti-mouse immunoglobulin G Fc-specific
alkaline phosphatase-conjugated antibody (catalog number A-7434; Sigma) di-
luted 1:2,000 in blocking buffer. Serum dilution was plotted versus optical density
values and fitted with a Michaelis-Menten curve (Abelbeck Software Kaleida-
Graph, version 3.0.1).

RNase protection assays. Induction of cytokines in injected mice was moni-
tored by RNase protection analysis. Quadriceps from three mice injected with
10'° FFU were removed at the indicated time and snap frozen in liquid nitrogen.
Total RNA was extracted with Ultraspec II RNA (Biotecx) according to the
manufacturer’s instructions. Probes were transcribed from a multitemplate
mCK3b set (Riboquant; BD PharMingen) with [**PJUTP (DuPont NEN, Bos-
ton, Mass.). The freshly labeled radioactive probe set was hybridized overnight
with the indicated RNA samples, digested with RNase A and T, followed by
proteinase K according to the manufacturer’s instructions. Digested RNA sam-
ples were extracted, precipitated, and resolved on 6% polyacrylamide—urea gels.
Gels were dried, exposed to film, and quantified with the use of a Phosphorim-
ager.

RESULTS

Construction of recombinant vectors expressing the HCV
E2 or CEA glycoprotein. To characterize the efficiency of bac-
ulovirus as a vehicle for gene therapy, vectors expressing the
E2 glycoprotein of HCV or the human tumor antigen CEA
were constructed. These proteins were selected as target anti-
gens in view of their association with important diseases such
as viral hepatitis and various carcinomas affecting colon,
breast, lung, and pancreas (16, 22). Additionally, immune re-
sponses to these antigens have been induced in animal models
and in humans by means of genetic vaccination protocols (5,
27, 35, 43).

To express the E2 protein of HCV, a ¢cDNA encoding a
chimeric version of the glycoprotein ectodomain fused to a
highly cross-reactive variable region was selected. This partic-
ular construct has been shown to be immunogenic in mice
upon electroinjection of plasmid DNA (43). Figure 1A shows
the vectors used in this study. Vectors Bac-E2 and Bac-G-E2
carry HCV E2 under the control of the CMV immediate-early
promoter. Furthermore, the latter virus also carries the
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VSV-G coding sequence inserted downstream of the poly-
hedrin promoter (pPolh), and vectors expressing the VSV-G
glycoprotein have been shown to infect cells more efficiently
and to transduce mouse skeletal muscle (4, 32). Lastly, Bac-
CEA, carrying the CMV-CEA expression cassette, was also
constructed.

Viruses were produced at high titers, ranging from 5 X 10®
to 1 X 10'? FFU/ml, and the structure of the baculovirus
genomic DNA was confirmed by Southern blot analysis (data
not shown). Expression of the CEA and E2 glycoproteins due
to infection with recombinant baculoviruses was examined by
Western blot analysis with E2- and CEA-specific antibodies. A
protein of approximately 64 kDa was detected in Bac-E2- and
Bac-G-E2-infected Huh-7 cell lysates, whereas it was not de-
tected in the mock-infected sample. Similarly, a 180-kDa pro-
tein band was detected with anti-CEA antiserum in Bac-CEA-
infected cell lysates, whereas expression of this target antigen
was not observed in the mock-infected control sample. Finally,
to determine whether the recombinant virus Bac-G-E2 actually
expresses and contains the VSV-G protein, purified virus was
analyzed by Western blot with the VSV-G-specific monoclonal
antibody P5D4. Expression of the VSV-G protein was detected
in the Bac-G-E2 preparation, whereas no VSV-G protein was
present in the Bac-E2 viral preparation (Fig. 1B).

In addition, to confirm that Bac-G-E2 has greater transduc-
tion efficiency than Bac-E2, Huh-7 cells were infected at dif-
ferent MOIs with each of the two vectors, and the expression
of E2 glycoprotein was compared by Western blot analysis. As
shown in Fig. 2, the protein band corresponding to the E2
glycoprotein was detected in Huh-7 cells transduced with Bac-
G-E2 at an MOI of 10, whereas the HCV protein was detected
upon transduction of Huh-7 cells with an MOI of at least 100
with Bac-E2. Thus, in agreement with previous reports (6),
these data demonstrate that recombinant baculovirus can be
grown to high titer and are efficient vehicles for gene expres-
sion in mammalian cells. In addition, the presence of VSV-G
protein on the viral envelope significantly increased its trans-
duction efficiency (4).

Characterization of immunogenic efficiency of baculovirus
vectors. The immunization efficacy of Bac-E2 was initially eval-
uated by measuring the amplitude of the anti-E2 immune
response elicited in mice upon vaccination through different
inoculation routes. The efficiency of intranasal, intramuscular,
and subcutaneous inoculation was compared by immunizing
BALB/c mice at 0 and 3 weeks with 10'® FFU of Bac-E2. The
cellular immunity elicited by the different immunization pro-
tocols was measured by ELISPOT assay 2 weeks after the last
injection. Antigen-specific IFN-y secretion from stimulated
splenocytes was measured with a pool of 15-mer peptides over-
lapping by 11 amino acids and encompassing the entire E2
glycoprotein. As a negative control, cytokine production was
also measured upon stimulation of the splenocytes with DMSO
at the same concentration used to solubilize the E2 peptides.

As shown in Fig. 3A, significant cell-mediated immunity was
detected upon intramuscular inoculation of mice with Bac-E2
(geometric mean value, 888 spot-forming cells (SFC)/10°
splenocytes), whereas intranasal and subcutaneous inoculation
of this vector yielded much lower values that did not differ
from their corresponding control samples. Interestingly,
splenocytes harvested from baculovirus-injected mice routinely
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FIG. 1. (A) Schematic representation of the recombinant baculovirus vectors used in this study. Baculovirus transfer plasmids were derived
from pFastBAcl1 as described in Materials and Methods. The HCV E2 glycoprotein, CEA, and VSV-G coding sequences are indicated. The name
of each vector is also indicated. Expression of E2 and CEA is driven by the CMV immediate-early promoter. The baculovirus polyhedrin promoter
(pPolh) drives the expression of VSV-G. The bovine growth hormone polyadenylation signal (polyA) flanks the E2 and CEA coding sequences.
(B) Expression of E2 and CEA in baculovirus-infected cells. Huh-7 cells were infected with Bac-E2, Bac-G-E2, or Bac-CEA and processed for
Western blot analysis as described in Materials and Methods. To determine the association of VSV-G with viral particles, Bac-G-E2 and Bac-E2
preparations were purified by centrifugation and processed for Western blot analysis with a monoclonal antibody specific for VSV-G. The
specificity of the antibody used for the Western blot is indicated. The positions of molecular size standards (in kilodaltons) are also shown.

produced a high background of nonspecific IFN-y production
in the ELISPOT assay. The background level differed signifi-
cantly from that of BALB/c mice immunized with unrelated
vectors (data not shown), suggesting that a generalized activa-
tion of lymphocytes had occurred upon baculovirus injection.

To define the T-cell specificity elicited upon intramuscular
inoculation of Bac-E2, intracellular IFN-vy staining was carried

Bac-G-E2 Bac-E2 MOCK
ffu 100 1000 100 1000
E2 ) . NH H
6 7

FIG. 2. Comparison of transduction eﬂiciency of the Bac-G-E2 and
Bac-E2 vectors. Huh-7 cells were infected with Bac-G-E2 or Bac-E2
vectors at MOIs of 10, 100, and 1,000 and processed for Western blot
analysis as described in Materials and Methods. Ten micrograms of
total cell lysate was loaded on the gel for each sample. The position of
the E2 glycoprotein is shown.

out on mouse splenocytes from injected mice with peptides
containing CD4" and CD8™ epitopes that had been previously
mapped within the E2 protein sequence (43). As shown in Fig.
3B, a significant CD8"-specific response was detected with
peptide 1664 in mice inoculated with Bac-E2 (0.9%). Addi-
tionally, no antigen-specific T-cell response could be detected
in mice inoculated intranasally or subcutaneously, in agree-
ment with the ELISPOT analysis. Similarly, no measurable
IFN-y production indicative of a CD4"* Th1 response could be
detected with this assay in any of the immunized animals (data
not shown).

To determine whether the immunogenic efficacy of recom-
binant baculovirus vectors was not restricted to the E2 glyco-
protein of HCV, a baculovirus vector expressing human CEA
was injected intramuscularly at a dose of 10'° FFU. The CEA-
specific response was assessed by stimulating splenocytes from
immunized BALB/c mice with four pools of 15-mer peptides
overlapping by 11 amino acids that collectively encompass the
entire protein sequence. Pool A covers amino acids 1 to 147,
pool B covers amino acids 137 to 237, pool C covers amino
acids 315 to 507, and pool D covers amino acids 497 to 702. As
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FIG. 3. Comparison of different inoculation routes for baculovirus
immunization. BALB/c mice were injected intramuscularly, subcuta-
neously, or intranasally with 10'° FFU of Bac-E2 vector at 0 and 3
weeks. Two weeks after the last injection, the cellular immune re-
sponse was examined as described in Materials and Methods. (A) The
IFN-y ELISPOT assay was performed with a peptide pool encompass-
ing the entire E2 protein sequence. Antigen-specific (E2) and nonspe-
cific (DMSO) IFN-y production is shown for each experimental group.
The SFC values for individual mice (open circles) and geometric
means (solid diamonds) are shown. (B) IFN-vy intracellular staining of
pooled splenocytes from mice immunized intramuscularly was per-
formed with peptide 1664. Whole lymphocyte gating and gating for
CD8" and CD4™ T cells are shown.

shown in Fig. 4A, the immune response elicited by Bac-CEA
was primarily directed towards the C-terminal end of the pro-
tein, as indicated by the SFC value measured with peptide pool
D (1,052 SFC/10° splenocytes, P < 0.05). The other peptide
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FIG. 4. Analysis of cell-mediated immune response elicited by Bac-
CEA. BALB/c mice were injected intramuscularly with 10’ FFU at 0
and 3 weeks. (A) At two weeks postboost, the number of IFN-y-
secreting T cells specific for CEA was determined by ELISPOT assay
on splenocytes from individual mice (open circles) with peptide pools
that encompass the entire protein. Geometric mean values (solid dia-
monds) are also indicated. Nonspecific IFN-y production (DMSO) is
shown for each mouse. (B) IFN-y intracellular staining of pooled
splenocytes from mice immunized intramuscularly was performed with
peptide pool D.

pools yielded lower SFC values that were not significantly
higher than that of the negative control (380 SFC/10° spleno-
cytes). The antigen-specific T-cell response directed to the C
terminus of CEA was further characterized by intracellular
IFN-v staining with peptide pool D. Interestingly, a predomi-
nant CD4™ response was identified (Fig. 4B), while no specific
CD8" response could be detected (data not shown). Thus,
these data confirm the observation that baculovirus can elicit
an antigen-specific immune response to different target anti-
gens (1). The type of immune response is antigen dependent
and is elicited mainly upon intramuscular injection.
Expression of VSV-G increases the immunogenic efficiency
of baculovirus vectors. Previous studies have demonstrated
that baculovirus vectors that express the VSV-G glycoprotein
and incorporate it into the viral particle transduce a variety of
mammalian cells more efficiently (4). Additionally, gene trans-
fer in mouse skeletal muscle has been demonstrated with this
vector (32). To assess whether the enhanced transduction ef-
ficiency of the modified baculovirus vector would also lead to
greater immunogenicity, the immune responses elicited by
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FIG. 5. Analysis of E2-specific CD8" T cells elicited by recombinant baculovirus vectors. BALB/c mice were injected intramuscularly with
Bac-E2 and Bac-G-E2 vectors at 10'°, 10°, and 10® FFU. Two weeks postboost, pooled splenocytes from immunized mice of each experimental
group were tested by intracellular staining for IFN-y production with peptide 1664.

Bac-E2 and Bac-G-E2 were compared. BALB/c mice were
inoculated intramuscularly at 0 and 3 weeks with 10'°, 10°, and
10® FFU of both vectors. The CD8" E2-specific immune re-
sponse was measured by intracellular IFN-y staining with the
CD8™" -specific epitope. As shown in Fig. 5, a significant CD8™"
response was detected upon inoculation of 10'° FFU of

Bac-E2 and Bac-G-E2 (0.96 and 0.41%, respectively). The
E2-specific CD8" response could still be detected upon injec-
tion of 10° FFU of Bac-G-E2 (0.36%), whereas it was no
longer detectable upon injection of 10® FFU. In contrast, E2-
specific CD8" T-cell response was not observed upon injection
of 10° and 10® FFU of Bac-E2 vector. The induction of hu-
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FIG. 6. Antibody titers from mice immunized with baculovirus vec-
tors. Individual titers against recombinant E2 were measured by
ELISA on each serum from mice immunized with the Bac-E2 and
Bac-G-E2 vectors. Geometric mean values are also shown (solid dia-
monds).

moral response to E2 was examined by measuring antigen-
specific antibodies. Both 10'° FFU of Bac-E2 and Bac-G-E2
elicited comparable antibody titers specific for E2. (Fig. 6).

E2-specific CD8" T cells elicited upon inoculation of
Bac-E2 and Bac-G-E2 were tested for effector function, and
cytotoxic activity was detected with both vectors. Interestingly,
a greater percentage of cell lysis was noted upon stimulation of
splenocytes derived from Bac-G-E2-injected mice (Fig. 7A).
Additionally, the induction of innate immune response was
measured by examining NK cytolytic activity. As shown in Fig.
7B, comparable NK cytolytic activity was noted in splenocytes
from mice injected with both vectors. Thus, these results dem-
onstrate that expression of VSV-G glycoprotein increases by
10-fold the immunogenic efficiency of recombinant vectors,
leading to a greater induction of antigen-specific CD8™ T cells.

Bac-G-E2 induces inflammatory cytokines in vivo. To better
characterize the mechanism associated with induction of im-
mune response upon Bac-G-E2 inoculation, the expression of
inflammatory cytokines was monitored in a time course exper-
iment. To this end, BALB/c mice were injected intramuscularly
with 10'° FFU, and RNAs from injected quadriceps were col-
lected at 0, 6, 12, 24, and 48 h postinjection. The expression of
inflammatory cytokines was first monitored by RNase protec-
tion assay on RNA samples from immunized mice. As shown in
Fig. 8, peak induction of IFN-y and interleukin-6 mRNAs was
detected as early as 6 h postinjection. In contrast, tumor ne-
crosis factor alpha expression reached maximum levels at 12 h
postinjection. Expression of all three cytokines declined pro-
gressively thereafter and returned to background levels by 48 h
postinjection. Thus, these data indicate that a complex pattern
of inflammatory cytokines that may contribute to the intrinsic
immunogenic properties of this vector is induced upon Bac-
G-E2 inoculation.
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FIG. 7. Analysis of the T- and NK cell-mediated cytolytic activity of
immunized mice. (A) Two weeks postboost, splenocytes from mice
immunized intramuscularly with 10’ FFU of Bac-E2 and Bac-G-E2
were tested for E2-specific cytotoxic T-lymphocyte response. Spleno-
cytes were restimulated in vitro and tested for cytotoxic activity against
p815 cells pulsed with HCV peptide 1664 or DMSO. (B) NK activity
was assessed by measuring lysis of target Yac-1 cells mediated by
splenocytes from immunized and control mice. Effector cell-target cell
ratios are indicated on the abscissa. The percent specific killing is
reported on the vertical axis.

DISCUSSION

We have characterized the immunogenic properties of re-
combinant baculovirus vectors. This study was prompted by the
consideration that the low cytotoxicity of baculovirus and in-
herent inability to replicate in mammalian cells make baculo-
virus a suitable gene delivery vehicle for genetic vaccination.
The results of this study provide further evidence in support of
using baculovirus as a vector for genetic immunization.

Comparison of various routes of inoculation showed that
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FIG. 8. Analysis of cytokine production following intramuscular
administration of Bac-G-E2. Quadriceps from three mice injected with
10" FFU were removed at 0, 6, 12, 24, and 48 h postinjection, and total
RNA was extracted. The induction of cytokines was monitored by the
RNase protection assay as described in Materials and Methods.

greater antigen-specific immune response is elicited upon in-
tramuscular injection, whereas intranasal and subcutaneous
inoculation did not lead to significant cell-mediated immunity
(Fig. 3). Interestingly, recombinant baculovirus vectors ex-
pressing the hemagglutinin of influenza virus induced higher
levels of antibody upon intramuscular injection, in agreement
with the results observed in this study. However, protection
from influenza virus challenge was achieved only upon intra-
nasal immunization (1). Although we have not examined the
antiviral activity of the anti-E2 immune response, simply be-
cause there is no mouse model available for HCV replication,
the E2-specific CD8™ T cells have effector function, as dem-
onstrated by the cytotoxic assay, and thus should be able to lyse
HCV-infected cells (Fig. 7). The therapeutic efficacy of the
anti-E2 immune response would probably depend on the viral
load and immunocompetence of the recipient as well as on the
accessibility of the HCV-infected cells to the activated CD8*
lymphocytes.

It is not clear why diverse routes of baculovirus inoculation
lead to differences in the amplitude or extent of immune re-
sponse. These differences could be due, at least in part, to the
ability of baculovirus to transduce the different cell types ulti-
mately involved in the induction of the immune response. The
exposure of baculovirus to complement could also contribute
to the immunogenic efficiency of this vector, in view of its
sensitivity to complement-mediated inactivation (17). None-
theless, differences in the amplitude of the immune response as
a result of the immunization route employed have also been
observed with different genetic vaccines, such as DNA immu-
nization with a gene gun (19). This observation suggests that
ultimately, the choice of route for inoculation must be based
on the intrinsic transduction properties of the vector chosen
and on the type of immune response that is desired.

Abe and coworkers reported that wild-type baculovirus im-
parts a nonspecific antiviral activity that can protect the immu-
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nized mice from influenza virus challenge. This property is
linked to the ability of baculovirus to stimulate an innate im-
mune response, possibly through transduction and/or activa-
tion of macrophages, and is perhaps due to the presence of
glycans not normally found in mammalian cells that are linked
to the envelope protein gp64 (1). This conclusion is partially
supported by the observation that recombinant baculovirus
vectors stimulate NK cytolytic activity in immunized mice (Fig.
7). The observation that this activity is detected with both
Bac-E2 and Bac-G-E2 suggests that stimulation of the innate
immune response cannot be directly ascribed to a specific
glycoprotein expressed on the surface of the viral particle but
rather may be associated with the type of posttranslational
modifications of the surface components of the virus that take
place in insect cells and may be highly immunogenic in mam-
mals.

Interestingly, induction of a measurable immune response
through baculovirus vaccination was also observed with the
Bac-CEA vector, demonstrating that this virus can function as
a vehicle for vaccination in an antigen-independent manner
(Fig. 4). However, it is worth noticing that, in these experimen-
tal conditions, a prevalent CD4" T-cell response was elicited
against CEA in the immunized mice. In contrast, E2-specific T
cells activated by Bac-E2 and Bac-G-E2 were predominantly
CD8™". The difference in the character of the immune response
elicited by these two antigens is probably attributable to the
intrinsic immunogenic properties of E2 and CEA, since im-
mune analyses were performed with an inbred mouse strain,
with the same expression vector used for vaccination, and com-
parable levels of protein synthesis (data not shown). The mech-
anism that determines the type of T-cell response elicited
against a given antigen is neither fully understood nor unprec-
edented (29) and may be influenced by factors such as folding,
oligomerization, secretion or localization in different subcellu-
lar compartments, and affinity for major histocompatibility
complex-encoded molecules.

On the other hand, the observed priming of different arms of
the immune response detected upon injection of the E2- and
CEA-expressing baculovirus vectors could also be, at least in
part, a specific phenomenon associated with the use of BALB/c
mice as the animal model for these studies. The CD8" and
CD4™" T-cell responses elicited by these vectors should also be
examined in additional mouse strains to ensure that the same
immunogenic profile is detected. If so, the combination of a
particular vector with the general immunological characteris-
tics of the target antigen may significantly influence the type of
immune response that is elicited upon vaccination.

The results obtained also demonstrate that the Bac-G-E2
vector is more immunogenic than Bac-E2, as indicated by the
minimal dose required to elicit a measurable immune response
to HCV E2 (Fig. 5) and by the differences in cytotoxic activity
elicited by these two vectors (Fig. 7). Although expression of
the VSV-G glycoprotein could have influenced the type of cells
that are transduced in vivo by baculovirus, thereby affecting the
amplitude of the immune response, it is highly probable that
the differences in immunogenic efficiency between these two
vectors reflect the enhanced transduction potential of baculo-
virus vectors that express VSV-G (4).

Intramuscular injection of Bac-G-E2 stimulates the produc-
tion of inflammatory cytokines, including interleukin-6, tumor
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necrosis factor alpha, and IFN-y within 6 h. The pattern of
inflammatory cytokine production observed in baculovirus-in-
jected mice does not differ from that detected upon adminis-
tration of adenovirus (25), suggesting that the mechanism of
cytokine production is probably similar and depends on direct
interaction between dendritic cells and macrophages with the
baculovirus. The induction of IFN-a and -B from mammalian
cells, including mouse embryo fibroblast cells, has been re-
ported (15). Additionally, transduction of macrophages in vitro
by baculovirus has been shown by Abe and coworkers, who
demonstrated the induction of significant levels of interleu-
kin-6 and tumor necrosis factor alpha (1). These results con-
firm the observation that dendritic cells and macrophages exert
a central role in acute inflammatory responses to baculovirus
injection in mice by secreting high levels of inflammatory cy-
tokines that are essential for both innate and adaptive immu-
nities.

Although we have not examined the induction of an immune
response to baculovirus in the injected mice, intramuscular
injection of the baculovirus-VSV-G vector expressing the
mouse erythropoietin protein elicits a significant antibody re-
sponse to the virus (32). Therefore, it is highly probable that
neutralizing antibodies have also been induced for the E2- and
CEA-expressing vectors. How this response influences the abil-
ity to repeatedly administer the baculovirus as a vehicle for
vaccination remains to be determined, but as observed for
adenovirus, induction of neutralizing antibodies is likely to
hamper the efficacy of multiple injections (13, 8). Thus, pro-
tocols based on heterologous prime-boosts should be explored
in which injection of baculovirus vectors is coupled with alter-
native gene delivery vehicles. A similar immunization regimen
has been tested for plasmid DNA coupled with adenovirus or
poxvirus vectors in mice and nonhuman primates (7, 9, 11, 14,
41). The rationale behind this strategy is that by using different
vectors as boosters, it should be possible to bypass the immune
response elicited against the primer and also strengthen the
immune response against the target antigen.

This study confirms published reports indicating that bacu-
lovirus vectors can elicit an immune response against a target
antigen. In view of the ease with which baculovirus can be
modified, it is highly probable that the transduction efficiency
and expression capacity of this virus can be further improved
by specific modifications of the virus structure. These changes
could enhance the immunogenic efficiency of baculovirus.
Therefore, the intrinsic biological characteristics of this virus
highlight the great potential of baculovirus as a vector for
genetic vaccination.
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