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FIG. 6. Effect of VSVG incorporation into virions on inactivation of baculovirus by animal serum. Luciferase expression in HepG2 cells
infected with either AcVSVG-CAluc or AcGFP-CAluc was examined after incubation with either untreated or heat-inactivated animal serum.
Values for relative light units (RLU) reflect values obtained for the extracts from 10° cells. The results shown are the averages of three independent

assays, with the error bars representing the standard deviation.

Effects of serum on gene transduction by recombinant bacu-
loviruses. Previous studies suggest that baculoviral gene trans-
fer into hepatocytes is strongly reduced in the presence of
serum complement (11, 35). Pseudotype retroviruses possess-
ing VSV G protein exhibited more resistance to serum compo-
nents than those lacking the protein {30). To compare the
susceptibility of the recombinant baculoviruses to inactivation
with serum complement, AcVSVG-CAluc and AcGFP-CAluc
were incubated for 1 h at 37°C with either untreated or heat-
inactivated serum from various animals at a final concentration
of 90%. Residual infectivity was determined following inocu-
lation into HepG?2 cells (Fig. 6). Significant reductions in lu-
ciferase expression following AcGFP-CAluc infection were ob-
served following incubation with serum from human, guinea
pig, and rat; only moderate or slight reductions in infectivity
were observed following incubation with rabbit, hamster, and
mouse serum. AcVSVG-CAluc, however, exhibited resistance
to the serum treatment, with the exception of rat serum. Re-
ductions in inactivation were observed in human and guinea
pig serum. The reduction of gene expression following serum
treatment was abolished by inactivation of the serum by incu-
bation at 56°C for 30 min. These results indicate that incorpo-
ration of VSVG protein into baculoviruses confers resistance
against inactivation by serum complement; the serum from
rabbit, hamster, and mouse possesses relatively weaker inacti-
vation effects against baculoviruses than that from human,
guinea pig, and rat.

Effects of FUT-175 on serum inactivation of baculovirus.
Baculovirus activates the classical complement system, leading
to viral inactivation through the assembly of late complement
components (11, 35). To circumvent serum inactivation, we
examined the effects of a complement pathway inhibitor, FUT-
175, on gene transduction by AcGFP-CAluc in the presence of
rat and human serum. AcGFP-CAluc was incubated with 40%
rat or human serum in the presence of various concentrations
of FUT-175 for 1 h at 37°C. The remaining infectious titer was

determined by infection of HepG2 cells (Fig. 7). Treatment
with FUT-175 suppressed serum inactivation of AcGFP-CAluc
in a dose-dependent manner. Particularly, complete restora-
tion of infectivity to control levels was obtained at a concen-
tration of 1 pg/ml in human serum.

Gene transfer in vivo. Sarkis et al. demonstrated GFP ex-
pression in mouse and rat neural cells after immunostaining of
brains injected with an unmodified baculovirus containing the
GFP gene under the control of the cytomegalovirus promoter
together with cobra venom factor, an inhibitor of the comple-
ment system, with a stereotaxic apparatus (37). Recently, Leh-
tolainen et al. showed that unmodified baculovirus transduced
choroid plexus cells in rat ventricles (19). To examine the
ability of the VSVG-modified baculovirus to mediate more
efficient gene transduction into the cerebrum following ordi-
nary injection routes, AcVSVG-CAGFP was injected directly
into the mouse brain. GFP expression at the brain surface of
the injected areas was examined by fluorescence stereomicro-
scopic observation 2 days after injection. GFP expression was
clearly detected in areas of the brain corresponding to the
injection route of AcVSVG-CAGFP with a fluorescence ste-
reomicroscope (Fig. 8A). Cross sections of the mouse cere-
brum following injection with the recombinant baculovirus
clearly revealed GFP expression in the cerebral cortex. Immu-
nohistochemical staining of sections with antibodies against
GFAP and MAP2 revealed that both astrocyies and pyramidal
cells were transduced, expressing GFP following injection with
the baculovirus (Fig. 8B).

We also inoculated AcVSVG-CAGFP into mouse testes via
the efferent ductules. GFP expression in the testes was exam-
ined by fluorescence stere¢omicroscopy 2 days postinfection,
High levels of GFP expression were observed in the whole
mouse testes and in the seminiferous tubules (Fig. 9). In sec-
tions, we observed clear GFP expression in the basal and Ser-
toli cells, but not in spermatocytes or sperm cells.
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FIG. 7. Effect of FUT-175 on inactivation of baculovirus by rat and human serum, AcGFP-CAluc was incubated with medium containing 40%
animal serum with various concentrations of FUT-175. Remaining baculovirus infectivity was evaluated by luciferase expression following infection
of HepG2 cells. Values for relative light units (RLU) reflect values obtained for the extracts from 10° cells. The results shown are the averages
of three independent assays, with the error bars representing the standard deviation.

DISCUSSION

Viral vectors derived from naturally occurring viruses, such
as adenoviruses, adeno-associated viruses, retroviruses, and
herpesviruses, are highly adapted to their natura) hosts, pro-
viding the means for efficient gene transfer into cultured cells,
animal models, and possibly patients (24). Baculovirus vectors,
which can incorporate large DNA inserts, efficiently infect not
only insect cells but also various mammalian cell lines without
apparent viral replication or cytopathic effects (18, 33, 36).
Furthermore, injection of baculovirus into the brain did not
reveal any major safety issues, as evaluated by several clinical
chemistry analyses (19). The emergence of replication-compe-
tent virus breakthroughs is a major concern discouraging the in
vivo use of replication-incompetent viral vectors, such as rep-
lication-deficient adenovirus. No evidence of viral replication
and transcription of the baculovirus genome, however, has
been detected in mammalian cells (42).

Baculovirus vectors are used for a multitude of applications,
including the production of virus-like particles and viral display
systems (6). Similar to retroviral vectors, the efficiency of gene
delivery into mammalian cells by baculoviruses was enhanced
by the‘incorporation of foreign envelope proteins into virions
(3, 41). In this study, the VSVG-modified baculovirus deliv-
ered reporter genes efficiently not only into neural cell lines,
but also into primary rat neural cells. We also constructed an
RVG-modified baculovirus for use in gene transduction into
neural cells, as rabies virus is known to utilize the nicotinic
acetylcholine receptor (9) and the low-affinity nerve growth
factor receptor P7SNTR (44) for entry. The RVG-modified
virus exhibited a 10- to 500-fold-higher efficiency of gene trans-
duction into neural cell lines than the unmodified control bac-
ulovirus. The RVG and VSVG recombinants, however, gave
similar infectivities on neuronal cells in vivo. This result sug-
gests that neural cells may express similar levels of receptors
for both rabies virus and VSV,

Gene delivery to osseous tissue is essential for genetic treat-

ment of bone diseases. Osteoblast and osteoclast cells are
involved in bone formation and resorption, respectively. Dis-
orders of these cells lead to bone diseases, such as osteopetro-
sis, osteosclerosis, and osteoporosis (15). Adenovirus and
VSVG pseudotype retrovirus vectors can transduce foreign
genes into some osteocytes in vitro and in vivo (2, 14, 21). The
infectivities of VSVG-modified baculoviruses are also higher
than those of the recombinant baculovirus possessing excess
gp64 envelope protein. Although the infectivity of the VSVG-
modified baculovirus to primary mouse osteoblast and oste-
oclast cells was lower than those exhibited for other cell types,
these cells did not demonstrate any cytopathic effects, even at
a high MOI. Furthermore, luciferase expression did not in-
crease following infection at an MOI higher than 10* (data not
shown), suggesting that the receptors for the VSVG-modified
baculovirus on osteal cells were saturated at this point.
Baculoviruses are thought to be inactivated by serum com-
plement in organs in direct contact with complement compo-
nents (11, 35). Hiiser et al. reported that the incorporation of
human decay-accelerating. factor into the viral envelope to-
gether with gp64 confers resistance to inactivation by serum
complement, suggesting that it may be possible to circumvent
complement inactivation with appropriate genetic strategies
(12). The VSVG-modified baculovirus exhibited greater resis-
tance to animal serum inactivation than the unmodified con-
trol baculovirus, similar to other pseudotype retrovirus systems
(30). Barsoum et al. hypothesized that VSVG recombinant
baculovirus conferred resistance to complement, imparting the
ability to perform gene transduction into mouse hepatocytes
following tail vein injection (3). Pieroni et al. demonstrated
increased gene delivery into mouse quadriceps after direct
intramuscular injection of VSVG-modified baculovirus, which
partially bypasses the complement system (32). Although
mouse serum had only a small effect on VSVG-modified bac-
ulovirus infectivity {Fig. 6), we could not detect either lucif-
erase or GFP expression following injection of baculoviruses
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FIG. 8. GFP expression in mouse brains after cerebral injections of AcVSVG-CAGFP. Mice were injected with 4 X 107 PFU of AcVSVG-
CAGFP in the right lateral ventricle. GFP expression in the brain was examined by fluorescent stereomicroscopy 2 days after injection. (A) Panels
A to D are stereomicroscopic images of whole brain (A and B) and brain cross sections (C and D). Panels A and C are bright-field views, while
panels B and D are fluorescent views. Arrows and dark staining indicate the injection route, as the infiltrated viral inoculum contained 0.04%
trypan blue. {(B) Inmunohistochemical staining of the cryostat sections was examined by fluorescence microscopy following staining with antibodies
specific for GFP (A and D), GFAP as a glial marker (B), or MAP2 as a neuronal marker (E). Panels C and F are merged images.

into mice by the intravenous, intraperitoneal, or intrahepatic
route {data not shown). These results suggest that host factors
other than the serum complement system inactivate baculovi-
ruses in mice. :

We employed the synthetic protease inhibitor FUT-175 to
prevent complement activation during baculovirus infection.
FUT-175, which inhibits the complement pathways, has been

used clinically for more than 20 years in Japan for treatment of
patients with acute pancreatitis and disseminated intravascular
coagulation. No serious side effects have been associated with
its use (13, 23, 31). FUT-175 specifically binds the Bb fragment
of factor B, an important enzyme in the alternative comple-
ment pathway. FUT-175 is also incorporated into the active
site of the intermediary Clr form, inhibiting both the alterna-
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FIG. 9. GFP expression in mouse testis after inoculation of
AcVSVG-CAGFP, Mice were injected with 2 X 108 PFU of AcVSVG-
CAGFP via the efferent ductules. GFP expression in the testes was
examined by fluorescent stereomicroscopy 2 days after injection. Pan-
els A and B are stereomicroscopic images of whole testis. Panels C and
D are images of the efferent ductules, while panels E and F are
microscopic images of cross sections of the seminiferous tubules. The
left-hand panels are bright-field views. The right-hand panels are flu-
orescent views, Panel E is the same section as panel F stained with
hematoxylin. The scale bars in the upper, middle, and lower panels
represent 1 mm, 200 nm, and 50 nm, respectively.

tive and classical pathways of the complement system (13, 26).
This compound also protects retroviral vectors against serum
inactivation (23). The infectivity of the unmodified control
baculovirus could be recovered in the presence of FUT-175 in
a dose-dependent manner, suggesting that FUT-175 prevents
activation of complement-mediated inactivation. Although it is
difficult to prevent the activation of the entire complement
system in vivo with only FUT-175, due to its short half-life, in
vivo clinical application of FUT-175 in combination with the
VSVG-modified baculovirus system may prove highly effective.

Previous studies demonstrated that recombinant baculovi-
ruses, including envelope-modified viruses, can transfer re-
porter genes into human liver segments ex vivo (35) and rat
hepatocytes (12), rabbit carotid artery (1), mouse skeletal mus-
cle (32}, rodent glial cells {37), and mouse retinal cells in vivo
(8). Gene transfer by baculovirus vectors in vivo has not been
successful, however, in organs directly exposed to the comple-
ment system. In this study, we demonstrated efficient gene
transduction of GFP into mouse brain and testes by direct
injection of a GFP-encoding VSVG-medified baculovirus, For
gene transfer into testes, foreign gene delivery has been me-
diated by previous viral vectors, such as adenovirus (4), and
with nonviral vectors through both lipofection (16) and elec-
troporation (25). Furthermore, we demonstrated that baculo-
virus vectors are capable of delivering foreign genes to the
interstitial compartment of the adult mouse testes. Although
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histochemical studies of the infected testis indicated that ex-
pression of the introduced gene extended into the innermost
region of the testes, the GFP-expressing cells were confined to
the spermatogenic cells and Sertoli cells within the seminifer-
ous tubules.

Although the reason underlying the lack of gene expression
in sperm cells is not known, construction of a recombinant
baculovirus possessing a ligand specific for sperm cells will
determine the ability of baculoviral vectors for gene transduc-
tion into these cells. For gene transfer into the central nervous
system, Sarkis et al. demonstrated reporter gene expression in
the brains of mice and rats following direct injection with
unmodified baculovirus. Using a stereotaxic apparatus as a
precaution to avoid hemorrhage, they obtained results suggest-
ing that the baculovirus was not inactivated by the complement
system within the brain (37}, In this study, we could detect GFP
expression in the mouse cerebral cortex by fluorescence ste-
reomicroscopy following injection of the VSVG-modified bae-
ulovirus into the brain. These results indicate that the VSVG-
modified baculovirus is a promising vector for gene delivery
into the brain,

Gronowski et al. demonstrated that baculovirus is able to
stimulate interferon production from both human and mouse
cells in vitro. Pretreatment with baculovirus also confers pro-
tection against lethal challenge of mice with encephalomyocar-
ditis virus (7). Inhibition of activation by either antibodies
against gp64 or UV inactivation suggested that virus-depen-
dent processing, in addition to the interaction of gp64 with cell
surface molecules, is required for the reaction. Induction of the
innate immune response following administration of baculovi-
rus is important for future applications of baculovirus vectors
in vivo, not only for gene therapy but also for vaccine trials,

In summary, we have investigated the feasibility of gene
transfer with recombinant baculoviruses in vitro and in vivo.
Further studies examining the transcription of baculovirus
genes in mammalian cells will be required for certification of
safety for in vivo use. In addition, the development of a vector
capable of targeting specific organs is needed for future in vivo
applications of the baculovirus vector in the treatment of ac-
quired or inherited diseases in humans, '
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Baculovirus Induces an Innate Inmune Response and Confers
Protection from Lethal Influenza Virus Infection in Mice!

Takayuki Abe,* Hitoshi Takahashi,*" Hiroyuki Hamazaki,* Naoko Miyano-Kurosaki,**

Yoshiharu Matsuura, and Hiroshi Takaku?*!

A recombinant baculovirus expressing the hemagglutinin gene of the influenza virus, A/PR/8/34 (HIN1), under the control of the
chicken B-actin promoter, was constructed. To determine the induction of protective immunity in vivo, mice were inoculated with
the recombinant baculovirus by intramuscular, intradermal, i.p., and intranasal routes and then were challenged with a lethal dose
of the influenza virus. Intramuscufar or i.p, immunization with the recombinant baculovirus elicited higher titers of antihemag-
glutinin Ab than intradermal or intranasal administration. However, protection from a lethal challenge of the influenza virus was
only achieved by intranasal immunization of the recombinant baculovirus. Surprisingly, sufficient protection from the lethal
influenza challenge was also observed in mice inoculated intranasally with a wild-type baculovirus, as evaluated by reductions in
the virus titer, inflammatory cytokine production, and pulmonary consolidations. These results indicate that intranasal inoculation
with a wild-type baculovirus induces a strong innate immune response, which protects mice from a lethal challenge of influenza

virus. The Journal of Immunology, 2003, 171: 1133-1139.

he baculovirus Autographa californica nuclear polyhe-

drosis virus (AcNPV)? has long been used as a biopesti-

cide and as a tool for efficient recombinant protein pro-
duction in insect cells (1, 2). Its host specificity was originally
thought to be restricted to cells derived from arthropods. However,
several groups recently reported that AcNPV, containing an ap-
propriate eukaryotic promoter, efficiently transfers and expresses
foreign genes in several types of mammalian cells (3-9} and ani-
mal models (10-13). The advantageous characteristics of AcNPV
for its use in gene therapy applications are its low cytotoxicity in
mammalian cells even at a high multiplicity of infection {m.o.i.},
an inherent incapability to replicate in mammalian cells, and the
absence of preexisting Abs against baculovirus in animals,

In general, viral infection with mammalian cells results in the
production of various ¢ytokines, including members of the IFN
family. dsRNA, produced during the replication of many RNA and
DNA viruses, induces af3 IFNs in various cell types., Gronowski et
al. (14) reported that live baculovirus induced IFN production in
mammalian cells, including mouse embryo fibroblast cells, and
provided in vivo protection of mice from encephalomyocarditis
virus (ECMYV) infection. However, the precise mechanisms under-
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lying IFN induction and protection from the lethal EMCV infec-
tion remain unclear. In addition, Beck et al. (15) reported that
baculovirus infection represses phenobarbital-mediated gene in-
duction and stimulates TNF-a, IL-1a, and IL-13 expression in
primary cultures of rat hepatocytes.

The present study examined the induction of protective immu-
nity in mice immunized with a recombinant baculovirus express-
ing the influenza virus hemagglutinin (HA) against a lethal influ-
enza infection. Protection from the lethal influenza virus challenge
was observed not only in mice intranasally immunized with the
recombinant baculovirus but also in those immunized with a wild-
type baculovirus. Inoculation of baculovirus also induced the se-
cretion of inflammatory cytokines, such as TNF-a and IL-6, in a
murine macrophage cell line, RAW264,7, These results indicate
that baculovirus induces an innate immunity thar confers protec-
tion from a lethal influenza virus challenge in mice.

Materials anci Methods

Preparation of baculoviruses

AcNPV and the recombinant baculovirus were propagated in Spodoptera
frugiperda 9 cells in TNM-FH medium (BD PharMingen, San Diego, CA)
containing 100 pg/mt kanamycin and 10% FBS. The baculovirus transfar
vector, pAcCAG-HA, was constructed by inserting the full-length HA
¢DNA (kindly provided by Dr. $. Nakada, Yamanouchi Pharmaceutical,
Tokyo, Japan) into the cloning site of the baculovirus transfer vector,
pAcCAGMCS (6). The recombinant baculovirus containing the influenza
virus HA genome (AcCAG-HA) was generated by homologous recombi-
nation of the transfer vector and linearized baculovirus DNAs (BD PharM-
ingen} afier cotransfection into 8. frugiperda 9 cells, as described previ-
ously (1). AcCAG-HA and AcNPV were purified as follows; culture
supernatants were harvested 3-4 days after infection and cell debris were
removed by centrifugation at 5,000 rpm for 15 min at 4°C. The virus was
pelleted by centrifugation at 25,000 rpm {57,000 X g) for 90 min at 4°C,
resuspended in 1 ml of FBS, loaded on a 10-60% (w/v} sucrose gradient,
and centrifuged at 25,000 rpm (57,000 X g) for 90 min at 4°C. The virus
band was collected, resuspended in PBS, and cenwifuged at 25,000 rpm
{57,000 X g} for 90 min at 4°C. The virus pellet was resuspended in PRS,
and the infectious titers were determined by a plaque assay as described
previously (1), All tissue culture media and media components used in this
study were free of endotoxin. The endotoxin label in these viruses was free
endotoxin {<0.01 endotoxin units/ml), as determined using a Pyrodick
endotoxin measure kit (Seikagaku, Tokyo, Japan).

0022.1767/03/$02.00
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Influenza virus

Influenza virus A/PR/8/34 (HIN1) was grown in Madin-Darby canine kid-
ney cells cultured in DMEM (Sigma-Aldrich, 5t. Louis, MQ) comaining
glucose (1000 mg/L), L-glutamine (3 pgé/ml), penicitlin (100 1U/ml), strep-
tomycin (100 ug/ml}, and 10% (v/v) heat-inactivated FBS for 3 days. Cul-
ture superatanis were harvested and stored at —80°C. The virus titer was
determined by a plaque assay, as previovsly described (16). To determine
the virus titer in the lung, the mice were sacrificed under light diethy! ether
anesthesia. Lung hemogenates were prepared and serially diluted in saline,
and viral titers were determined by plaque assays.

Detection of HA protein in virus-infected cultured cells

The human hepatomna cell line, Huh7, was maintained in DMEM contain-
ing 10% heat-inactivated FBS and infected at an m.a.i. of 20 or 200 with
AcCAG-HA and AcNPY. At 24 h postinfection, the cells were lysed with
lysis buffer containing 50 mM Tris-HCI, pH 6.8, 0.1 M dithiothreitol, 2%
SDS, and 10% glycerol. Cell extracts were separated by SDS-PAGE, and
proteins were blotted onto a polyvinylidene difluoride membrane (Roche
Molecular Biochemicals, Mannheim, Germany). The HA protein was de-
tected on the blot following sequential incubations with a 17260 dilution of
an anti-A/PR/8/34 mouse polyclonal Ab (sera obtained from mice immu-
nized with purified influenza viruses) and a 1/1000 dilution of an anti-

mouse IgG Ab conjugated with HRP (Amersham Biosciences, Piscataway, -

NI), using an ECL detection system {(Amersham Biosciences).
Immunization and challenge

The baculoviruses {AcCAG-HA or AcNPV) (1.1 X 10® PFU/mouse) were
inoculated twice, 2 wk apart, into the abdominal epidenmis of BALB/c
female mice (6-wk-cld) obtained from Charles River Breeding Laborato-
ries (Kanagawa, Japan). A lethal challenge with influenza virus consisting
of 5.6 % 10° PFU of mouse-adapted A/PR/8/34 influenza virus (100 LDy}
in 50 pl of saline was administered intranasally 3 wk after the second
immunization. This infection caused rapid, widespread viral replication in
the lung and death within 5 to 7 days. The survival rates of mice immu-
nized with AcNPV or AcCAG-HA were compared after the challenge.
Furthermore, AcNPV or AcCAG-HA was also administered intranasally or
intramuscularly (1.1 X 10® PFU/mouse) 24 h before challenge with the
influenza virus, under light diethyl ether anesthesia.

Ab assay

The Ab titers against HA were measured using an ELISA. ELISA was
performed sequentiatly from the solid phase (96-well Nune Maxisorp P/N;
Nalge Nunc International, Rochester, NY) with a ladder of reagents con-
sisting of 1); HA molecules purified from the A/PR/8/34 influenza virus;
2), a serum sample; 3), goat anti-mouse IgG (Kirkegaard & Perry Labo-
ratories, Gaithersburg, MDY conjugated with biotin; 4), streptavidin-con-
jugated with alkaline phosphatase (Kirkegaard & Perry Laborateries); and
finally, p-nitrophenyl phosphate {(Moss, Pasadena, MD). The chromogen
produced was measured for absorbance at 405 nm with a microplate au-
toreader (Titertec Multican Labsystem, Qy, Helsinki, Finland).

Inflammatory cytokine production

The amounts of one of the inflammatory cytokines, IL-6, in the lung ho-
mogenates were determined by sandwich ELISA using an OptEIA mouse
IL-6 Set (BD PharMingen). A 96-well ELISA plate (Nunc Maxisorp P/N;
Nalge Nunc International) was coated with the capture Ab, the anti-mouse
IL-6 mAb, diluted in coating buffer (0.2 M sodium phosphate, pH 6.5)
overnight at 4°C, After washing with PBS containing 0.05% Tween 20 and
blocking with PBS containing 10% FBS for 2 h at room temperature, 100
ul of 10-fold-diluted lung homogenates or serially diluted mouse rIL-6 was
incubated for 2 h at room temperature. After washing, a total of 100 ul of
biotinylated mouse IL-6 mAb and avidin-HRP conjugate was placed in
each well, and the plates were incubated for 1 h at room temperature. After
extensive washing, 100 ul of substrate solution was added, and after in-
¢ubating for 30 min at room temperature, the OD was measured at 450 to
540 nm on a microplate reader (Titertec Multican Labsystem) following
the addition of 50 pl of stop sclution (1 M H,PO,). The IL-6 content was
calculated using a standard curve of mouse rlL-6 with the substrate solu-
tion as the blank.

Histoparthologic examination

For microscopic evaluation of the pathologic changes in the lung, mice
were killed under light anesthesia with inhaled diethyl ether on day 7
following the influenza virus infection. The lungs were removed and in-
flated with 10% formalin in PBS. After fixation, the lungs were embedded
in paraffin, sectioned, and stained with H&E.

BACULOVIRUS STIMULATES INNATE IMMUNITY

Stimulation of mouse macrophage RAW264.7 cells by AcNPV
Jor cytokine production

To determine the effects of infection with AcNPV on cytokine production,
the mouse macrophage cell line, RAW264.7, was seeded in 6-well plates
(2 X 10° cells/well). After 24 h of cultivation, RAW?264.7 cells were in-
oculated with various concentrations of AcNPV or bacterial LPS (Sigma-
Aldrich). The amounts of inflammatory cytokines (IL-6 and TNF-«) in the
culture supernatants weré quantified by a sandwich ELISA using an
OptEIA mouse IL-6 and TNF-a set (BD PharMingen).

Flow cytometry

The expression of CD6%, MHC class I and 11, and mature macrophage Ag
receptors on RAW264.7 cells stimulated with AcNPV or LPS was ana-
lyzed by flow cytometry (BD Biosciences, San Jose, CA) afier staining
with specific Abs purchased from BD PhatMingen (CD6&9, MHC class |
and II Abs) and Yamasa (Chiba, Japan) {mature macrophage Ag receptor
Ab, clone F4/80).

Statistics

Data were presented as means = SEM. The Student 1 test was used 10
analyze virus titers and cytokine production. A p value of <0.05 was
considered to indicate significance.

Results
Construction of a recombinant baculovirus expressing the
influenza virus HA protein

To determine the efficacy of immunization with a recombinant
baculovirus, we constructed a recombinant baculovirus expressing
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FIGURE 1. A, Schematic representation of the baculovires transfer vec-
tor expressing the influenza virus hemagglutinin, pAcCAG-HA. The hem-
agglutinin gene of the influenza viros (A/PR/8/34) was inserted under the
control of the CAG promoter. B, Expression of HA proteins in Huh7 cells
infected with the recombinant baculovirus, AcCAG-HA, Cell extracts were
separated by 7.5% SDS-PAGE and analyzed by immunoblotting using a
mouse pelyclenal Ab against the influenza virus. Lane 1, Mock-infected
cell Lysate; lane 2, infected with AcNPV at an m.o.i. of 200; lanes 3 and 4,
infected with AcCAG-HA at an m.o.i. of 20 and 200, respectively. The
arrow indicates HA proteins, C, Mice were immunized twice, 2 wk apart,
with AcCAG-HA or AcNPV at a dose of 1.1 X 10® PFU per mouse, by
intramuscutar, intradermal, i.p., or intranasal routes. Three weeks after the
second immunization, mice were challenged with a lethal dose (5.6 X 10°
PFU) of influenza virus.
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Table I Ab titers of nasal and serum anti-A/PR8 HA IgG, IgA in mice
immunized via various routes with wild-type or recombinant baculovirus
expressing HA protein®

A/PR8 HA-Reactive

No. of A/PR8 HA-Reactive [gA Nasal Wash

Immunization Mice  IgG Serum {ug/ml) (ng/ml)
Control 3 <0.1 <0.1
Infection control 27 <0.1 <0.1
AcNPV (i.n) 8 <0.1 <0.1
AcCAG-HA

im. 14 526+ 168 <0.1
i.n. 14 192 %129 <0.1
i.d. 14 11023 NT
ip. 14 297 * B8 NT

“Mice were immunized by inoculation via various Toutes with a wild-type or the
recombinant baculovirus on days 0 and 14. Three weeks Jater, they were challenged with
a lethal dose of influenza virus. On day 38 (3 days after challenge), serum samples and
nasal wash samnples for Ab litration were obtained. Values represent mean * SD of each
group. i.m., Inramuscular; L.n., intranasal; i.d., intradermal;, NT, not tested.

the HA gene of the influenza virus under the control of the CAG
promoter (pAcCAG-HA, Fig. 14). The CAG promoter is used in
a wide variety of mammalian cell lines and exhibits stronger ex-
pression than the CMV and respiratory syncytial virus promoters
(Niwa et al.) (17). Expression of HA protein due to infection with
the recombinant baculovirus was examined by Western blot anal-
yses using the polyclonal Ab raised against the HA protein. In
Huh7 cells infected with AcCAG-HA, the expression of the HA
protein was detected in a dose-dependent manner, whereas there
was no band observed in cells infected with AcNPV (Fig. 1B).
Mice were immunized twice, 2 wk apart, with A¢NPV or
AcCAG-HA at a dose of 1.1 X '10® PFU per mouse, by intramus=
cular, intradermal, i.p., or intranasal routes (Fig. 1C). Three weeks
after the second immunization, the mice were challenged with a
lethal dose (5.6 X 10° PFU) of influenza virus.

Protection from a lethal challenge of influenza virus in mice
immunized with the recombinant baculovirus

The efficacy of immunization with AcCAG-HA was evaluated by
the induction of IgG and IgA against the HA protein and the mouse
survival rates. Control mice were immunized with AcNPV. Serum
samples and nasal wash samples were obtained on days 14 and 21
after the first immunization and 3 days after influenza challenge,
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FIGURE 2. Protection from a lethal chatlenge of influenza virus. Mice
were immunized intramuscularly (M) or intranasally (%) with AcCAG-HA and
intranasally with ACNPV (@) at a dose of 1.1 X 10% PFU. Control mice were
inoculated with saline {&). Three weeks after the second immunization, the
mice were challenged with a lethal dose (5.6 X 10° PFU) of influenza virus.
Survival rates were recorded until day 14 after the influenza challenge.
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FIGURE 3. Weight loss after influenza virus challenge. Mice were im-
munized intramuscularly (M) or intranasally (@) with AcCAG-HA and
intranasally with AcNPV () at a dose of 1.1 X 10® PFU. Conirol mice
were inoculated with saline (A). Three weeks after the second immuniza-
tion, the mice were challenged with a lethal dose (5.6 X 10° PFU) of
influenza virus and monitored daily for weight loss.

and examined for a specific IgG and IgA response against HA by
ELISA. As shown in Table I, intramuscular or i.p. immunization of
mice with the recombinant baculovirus induced a higher Ab re-
sponse than immunization by the other routes. There was a sig-
nificant correlation between the inoculation doses of AcCAG-HA

~ (10°-10® PFU per mouse) and the induction of Abs against HA

(data not shown). Although intranasal immunization with Ac-
CAG-HA induced a low, but detectable, IgG response, there was
no anti-HA IgA response detected in the nasal wash. Mice immu-
nized twice with recombinant baculovirus (1.1 X 10% PFU per
mouse/inoculation) were challenged on day 21 after the second
immunization with 50 ul of influenza virus A/PR/8/34 (5.6 X 10°
PFU/mouse) under light dicthy] ether anesthesia. As shown in Fig.
2, intramuscular immunization with AcCAG-HA induced a spe-
cific Ab response, but actual protection was only achieved by in-
tranasal immunization. Mice immunized by the other inoculation
routes lacked protection (data not shown), in spite of the induction
of an Ab response. Moreover, the mice immunized intranasally
with AcNPV, but not those inoculated by other routes {data not
shown), were also protected against the influenza virus challenge.
Typical weight loss curves are shown in Fig. 3. Mice immunized
intranasally with AcCAG-HA or AcNPV were conferred protection

Table Il Protection against influenza virus ehallenge in mice
immunized via various routes with wild-type or recombinani baculovirus
expressing HA prorein®

No. of Lung Virus Titer
Immunization Mice (X 10* PFU/mD IL-6 (ng/ml}

Control 3 <0.1 <0.1
Infection control 27 38+04 118 x27
ACNPV (in) 8 0.7 = 0.6° 2.6 *07°
AcCAG-HA

im. 14 1.1*05 61=*39

in. 14 0.4+ 0.1% 13x07°

id. 14 1.0+x04 5523

ip. 14 1.0*+03 8557

@ Mice were immunized by inoculation via various routes with a wild-type or the
recombinant baculovirus on days 0 and 14, Three weeks later, they were challenged
with a lethal dose of influenza virus. On day 38 (3 days after chatlenge), lung ho-
mogenates for cyiokine production and virus titration were obtained. Values represent
mean * SD of each group. Values represent mean * SD of each group. i.m., Intra-
muscular; i.n., intranasal; i.d., intradermal,

¥ Significant difference (p < 0.05).
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FIGURE 4. Protection from a lethal challenge of influenza virus by
ACNPV, AcNPV was inoculated intranasally (M} at a dose of 1.1 X 108
PFU. Recombinant murine IFN-« (@) and poly:(I-C) () were inoculated
i.p. at doses of 1 and 100 ug, respectively. Control mice were inoculated
with saline (A). Each group of six mice was challenged with a lethal dose
of influenza virus 24 h after the inoculation. Survival raies were recorded
until day 14 aficr the challenge.

against lethal challenge of the infection and lost significantly less
weight. Animals immunized by other routes’ or saline sustained sig-
nificant weight loss, approaching 30-40% of their initial weight be-
fore they died. The virus titer and the inflammatory cytokines in the
lung 3 days postchallenge were determined to assess the protection of
the mice from an acute Jung influenza infection. Intranasal immuni-
zation of mice with either AcCAG-HA or AcNPV induced a signif-
icant reduction in virus titers and IL-6 production in the lung, as com-
pared to those immunized by other routes and nonimmunized mice
(Table I0). These results indicate that an innate Immune response was
induced by inoculation with the baculovirus in mice.

Induction of an innate immune response in mice by AcNPV

To determine the antiviral effects induced by the baculovirus in-
oculation in more detail, protection from influenza virus infection
was compared to that induced by treatment with purified murine

BACULOVIRUS STIMULATES INNATE IMMUNITY
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FIGURE 5. Protection from a lethal challenge of different serotypes of
influenza virus by AcNPV. AcNPY was intranasally inoculated 24 h before
the influenza virus challenge, and the mice were challenged with a lethal
dose of influenza virus A/Guizhou (H) and B/Ibaraki virus (O), Infection
control mice were challenged with A/Guizhou (A) or B/Tbaraki () without
preincculation of AcNPY. Each group of five mice was challenged with a
Jethal dose of influenza virus at 24 h after the inoculation. Survival rates
were recorded until day 14 after the challenge.

IFN-a or poly:(I-C) (Fig. 4). AcNPV was intranasally adminis-
tered at 24 h before the influenza virus challenge. Surprisingly,
mice inoculated intranasally with AcNPV were completely pro-
tected, as indicated by their negligible weight loss after challenge,
lack of changes in activity and grooming, and 100% survival rate.
All of the control mice inoculated with saline died within 10 days.
The mice treated i.p. with 1 pg of murine IFN-« and 100 ug of
poly:(I-C) exhibited 33.3 and 66.6% survival, respectively. These
results indicate that intranasal inocvlation with a wild-type bacu-
Jovirus 24 h before the challenge confers complete protection in
mice from a lethal influenza virus infection, The protective efficacy
of AcNPV was further evaluated by the challenge of other sero-
types of influenza viruses. Mice inoculated intranasally with
AcNPV also exhibited protection from a lethal challenge of dif-
ferent serotypes of influenza viruses, A/Guizhou (H3N2) and
B/lbaraki (Fig. 5).

FIGURE 6. Effects of prerreatment with AcNPV on the lung morphology in mice infected with influenza virus. Seven days after influenza challenge,
lungs were removed, sectioned, and stained with H&E. A, Uninfected control; B, the lung of a mouse infected with influenza virus without any treatment,
The infiltration of mononuclear cells and polymorphonuclear cells, as well as hydatid cambium, within the perialveolar space was observed (indicated
arrow); €, the lung of a mouse infecied with influenza virus pretreated with the intranasal administration of AcNPV at a dose of 1.1 X 10® PFU. The mice
pretreated with ACNPV exhibited a marked infiltration of monocytes, consisting of macrophages (arrow) and exhibited less lung damage.
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FIGURE 7. Activadon of the mouse macrophage cell line, RAW?264.7,
treated with AcNPV or bacterial LPS. A, RAW?264.7 cells were incubated with
different concentrations of AcNPV or bacterial LPS for 24 h. Production levels
of TNF-e and IL-6 were determined by sandwich ELISA. Data represent the
mean concentrations of TNF-a or IL-6 in the supernatant * SD of three in-
dependent experiments, each performed in triplicate. B, Effect of treatment of
mouse macrophage cells with AcNPV or LPS on the expression of CD49 and
mature macrophage Ag receptor. RAW264.7 cells were double-stained with
FITC-labeled anti-CD69 and PE-labeled anti-mature macrophage Ag receptor
Abs, and were analyzed by flow cytometry. The x and y axes are the relatve
fluorescence intensity and the numbers of cells, respectively. Filled histograms
are unstained cells. Green lines are unstimulated cells. Blue and red tines are
cells wreated with AcNPV and LPS, respectively.
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Morphologic changes in the lungs of mice infected with
influenza virus after intranasal inoculation with AcNPV

The histologic changes in the lungs of mice challenged with in-
fluenza virus after intranasal inoculation with AcCNPV are shown in
Fig. 6. AcNPV was intranasally inoculated 24 h before the influ-
enza challenge. Neither inflammatory cells nor damaged tissues
were observed in the lungs of naive conirols (Fig. 6, A- and A-2).
There was marked damage on the lung surfaces of mice treated
with saline alone 7 days afler infection with influenza virus {data
not shown). Neutrophil infiltration and marked congestion within
the peribronchiolar and perialveolar spaces were apparent (Fig.
6B-1). Moreover, infiltration of mononuclear cells and polymor-
phonuclear cells, as well as hydatid cambium, within the perial-
veolar space was observed (Fig. 6B8-2). In contrast, mice preinocu-
lated with AcNPV exhibited a marked infiltration of monocytes
consisting of macrophages (Fig. 6, C-1 and C-2) and less damage
on the lung surface after challenge (data not shown) and the peri-
bronchiolar and perialveolar spaces contained fewer neutrophils
(data not shown). These results indicate that monocytes consisting
of macrophages were strongly induced by preinoculation with
AcNPV and these activated immunocompetent cells suppressed
the spread of the influenza virus infection in Iung tissue,

AcNPV induces inflammatory cytokine production in a mouse
macrophage cell line

These in vivo experiments revealed that not only the recombinant
baculovirus but also a wild-type virus, AcCNPV induces an innate
immune response in mice. To determine whether treatment with
AcNPV stimulates and activates an innate immune response in
vitro, the mouse macrophage cell line, RAW264.7, was inoculated
with AcNPVY and production of inflammatory cytokines, such as
TNF-a and IL-6, was examined. Bacterial LPS, a well-known in-
ducer of macrophage activation, was used as a positive control,
High levels of TNF-a and IL-6 production were detected in
RAW264.7 cells treated with AcNPV or bacterial LPS in a dose-
dependent manner (Fig. 7A). To determine the macrophage acti-
vation, the cell surface expression of CD69 and mature macro-
phage Ag receptor in RAW264.7 cells treated with ACNPV or
bacterial LPS was examined by flow cytometry. Treatment with
AcNPY also induced the expression of both mature macrophage
Ag receptor and CD69 in RAW264.7 cells, but to a lesser extent
than induction with bacterial LPS (Fig. 7B). In contrast, there was
no significant difference in the expression of MHC class I and II
molecules on RAW264.7 cells after treatment with AcNPV and
bacterial LPS (data not shown). These in vivo and in vitro data
indicate that ACNPV stimulates a strong, innate immune response
in mice and induces inflammatory cytokine production in
macrophages.

Effect of nucleases and heat treatments on the activation of
macrophages by AcNPV

To determine the components responsible for the activation of
macrophages by AcNPV, effects of treatment with RNase A,
DNase I, and heating during induction were determined. The stim-
ulation of macrophages by AcNPV was unaffected by treatment
with RNasé A or DNase ], but was completely abrogated by heat-
ing for 30 min at 56°C (Fig. &). In contrast, the stimulation by
poly:(I-C) was destroyed by RNase A treatment, but not by DNase
I treatment or heating. Stimulation by LPS was resistant to all of
the treatments. These data indicate that activation of macrophages
by AcNPV is mediated by heat-labile viral components and is not
due to contamination of the LPS.



1138

AcNPY (5 g/mb)

FE- E ]

a

meen

TRE-a {pp/ml)

LFS {56 ng/m})

Heat - — - + —
DNasel - + - - -
RNaseA o - + - -

BACULOVIRUS STIMULATES INNATE IMMUNITY
Poly : IC (S p/ml)

F

-+ - - = %
- - - + - -
+ - .

FIGURE 8. Effect of nucleases and heat treatments on the activation of macrophages by AcNPV. AcNPV (5 pg/ml), LPS (50 ng/ml), and poly:(I-C)
(5 pg/ml) were treated with RNase A (50 pg/ml) and DNase I (75 U/ml) for 30 min at 37°C or heating for 30 min at 56°C. These treated compounds were
added to RAW264.7 and incubated for 24 h. Production of TNF-« was determined by a sandwich ELISA. Data represent the mean concentrations of TNF-a
in the supernatant * SD of three independent expeniments, each performed in triplicate,

Discussion
The results of this study provide evidence that live baculovirus
stimulates and activates an innate immune response, such as by
macrophage cells in vitro and in vivo, Intramuscular and i.p. im-
munization of mice with baculovirus induced higher levels of a
specific Ab response, but protection against influenza virus chal-
lenge was achieved only by intranasal immunization. Intranasal
inoculation of the recombinant baculovirus expressing HA induced
only a low level of IgA in the nasal wash. Moreover, mice immu-
nized intranasally with a wild-type baculovirus used as the control
viral vector were also provided protection similar to that conferred
by the recombinant virus against the influenza virus challenge.
These resulis indicate that inoculation with baculoviruses imparts
nonspecific antiviral activity to mice. Gronowski et al. (14) re-
ported that live baculovirus exhibited antiviral activity in mamma-
lian cells and also in EMCV-infected mice. They suggested that
IFN induction requires an interaction between the baculovirus en-
velope protein, gp64, and the receptors on the responding cell
membrane. However, the mechanism underlying the baculovirus-
induced IFN expression in vitro and in vivo remains wnclear.
The baculovirus envelope glycoprotein, gpd4, is a major com-
ponent of the envelope of the budded virus and is involved in virus
entry into the host cells by endocytosis (18-24). Previcus studies
indicated that recombinant proteins expressed by baculovirus in
insect cells do not pass through N-linked oligosaccharides to form
complexes containing outer-chain galactose and sialic acid resi-
dues. The gp64 envelope protein contains mannose, fucose, and
N-acetyl glucosamine, but no detectable galactose or terminal
sialic acid residues (25). The glycans linked to recombinant gly-
coproteins produced by an insect cell system differ from those
found on native mammalian products. In this report, we demon-
strated that AcNPV stimulates innate immunity, such as that ex-
erted by macrophages in vivo. The lungs of AcNPV-treated mice
exhibited a marked infiltration of monocytes, consisting of mac-
rophages, after influenza infection, Thus, the effect of the baculo-
virus treatment on lung consolidation depends on the inhibition of
virus growth in the lung tissues. Moreover, mouse macrophage
RAW264.7 cells infected with AcNPV increased their expression
of activation ligands (CD69 and mature macrophage Ag receptor)
and produced inflammatory cytokines, such as TNF-«r and IL-6.
These data strongly support the conclusion that AcNPV has im-

maunostimulatory capacities to promaote the release of inflammatory
cytokines from RAW264.7 macrophages. The mannose receptor
{MR) recognizes a range of carbohydrates present on the surface
and cell walls of micro-organisms. The MR is primarily expressed
on macrophages and dendritic cells, and is involved in MR-medi-
ated endocytosis and phagocytosis. In addition, the MR has a key
role in host defense and induces innate immunity. Therefore, it is
possible that AcNPV-inoculated mice were directly stimulated by
the mannose-bearing gp64 envelope proteins interacting with MRs
expressed on the surfaces of dendritic cells and macrophages
present within special mucosal sites, such as nasal-associated lym-
phoid tissues and the lung tissues.

In a recent study, the activation of innate immunity was closely
linked to the defensive and secondary adaptive immune responses
of the host. Members of the Toll-like receptor (TLR) family are
essential components in this process (26—28). Ten TLRs have been
identified in mammalian systems; the current paradigm is that in-
dividual TLRs have distinct ligands (28). TLR4 is a receptor for
the LPS from Gram-negative bacteria, TLR2 controls ceflular
responsiveness to a variety of bacterial cell wall components, in-
cluding lipoteichoic acid, peptidoglycans, and bacterial outer-
membrane lipoproteins, and TLRS mediates bacterial flagellin-
induced cell activation (29-31). Members of the TLR family have
some common structural features, including an extracellular do-
main consisting of a signal peptide, multiple leucine-rich repeats,
and a cytoplasmic Tolt interleukin-1 receptor domain.

In this study, AcNPV was shown to be a potent stimulant of
immune cells. It is possible that the baculovirus envelope protein,
gp64, with its high mannose content, recognizes a TLR molecule
and thus activates the immune response.
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