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The baculovirus Autographa californica multiple nucleopolyhedrovirus (AcMNPV) can infect a variety of
mammalian cells, as well as insect cells, facilitating its use as a viral vector for gene delivery into mammalian
cells. Glycoprotein gp64, a major component of the budded AcMNPYV envelope, is involved in viral entry into
cells by receptor-mediated endocytesis and subsequent membrane fusion. We examined the potential produc-
tion of pseudotype baculovirus particles transiently carrying ligands of interest in place of gp64 as a method
of ligand-directed gene delivery into target cells. During amplification of a gp64-null pseudotype baculovirns
carrying a green fluorescent protein gene in gp64-expressing insect cells, however, we observed the high-
frequency appearance of a replication-competent virus incorporating the gp64 gene into the viral genome. To
avoid generation of replication-competent revertants, we prepared pseudotype baculoviruses by transfection
with recombinant bacmids without further amplification in the gp64-expressing cells. We constructed gpé4-
null recombinant bacmids carrying cDNAs encoding either vesicular stomatitis virus G protein (VSVG) or
measles virus receptors (CD46 or SLAM). The VSVG pseudotype baculovirus efficiently transduced a reporter
gene into a variety of mammalian cell lines, while CD46 and SLAM pseudotype baculoviruses allowed
ligand-receptor-directed reporter gene transduction into target cells expressing measles virus envelope glyco-
proteins. Gene transduction mediated by the pseudotype baculoviruses could be inhibited by pretreatment with
specific antibodies. These results indicate the possible application of pseudotype baculoviruses in ligand-

directed gene delivery into target cells.

The baculovirus Autographa californica muliiple nucleopoly-
hedrovirus (AcMNPV) is an insect virus possessing a 134-kb
double-stranded circular DNA genome (3). Due to the strong
polyhedrin and pl0 promoters, baculovirus is commonly used
as a tool for the large-scale production of recombinant protein
in insect cells (32, 38). Baculovirus is also capable of entering
into a variery of mammalian cells to facilitate the expression of
foreign genes under the control of the mammalian promoters
without replication of the viral genome (8, 21, 61). Therefore,
baculovirus is a useful viral vector, not only for the abundant
expression of foreign genes in insect cells, but also for efficient
gene delivery to mammalian cells (29). AcMNPV has a num-
ber of unique beneficial properties as a viral vector, including
a large capacity for foreign gene incorporation, easy manipu-
lation, and replication competence in insect cells combined
with incompetence in mammalian cells. Therefore, the possi-
bility of generating replication-competent revertants express-
ing baculoviral gene products, which can often lead to harmful
immune responses against mammalian cells, is significantly
lower than for other viral vectors presently in use. Further-
more, studies of host responses to baculovirus infection in vive
revealed that ACMNPV can stimulate interferon production in
mammalian cell lines, conferring protection from lethal en-
cephalomyocarditis virus infections in mice (18). Intranasal
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inoculation with AcMNPV also induces a strong innate im-
mune response, protecting mice from lethal challenges of in-
fluenza A or B virus (1). The precise mechanism of protective
immune response induction by AcMNPV, however, remains
unclear.

Recently, several groups have reported enhanced gene
transfer in a variety of cell lines infected with recombinant
baculoviruses expressing either foreign viral envelope proteins,
such as vesicular stomatitis virus envelope G protein (VSVG),
or excess amounts of the endogenous envelope glycoprotein,
gp64, on the virion surface (4, 65, 66). Although modification
of the virion surface enhances the efficiency of gene transduc-
tion into a variety of cell lines, the utility of recombinant
baculoviruses in cell-type-specific gene transduction is still un-
satisfactory. Ojala et al. demonstrated that, while baculoviruses
bearing either a single chain antibody fragment specific for
carcinoembryonic antigen or a synthetic immunoglobulin G
(IgG) binding domain derived from protein A could specifi-
cally bind target cells, cell type-specific gene transduction was
unsuccessful (44, 45). Although gp64-null pseudotype baculo-
viruses expressing a foreign viral envelope protein, such as
VSVG or fusion envelope glycoproteins from other baculovi-
ruses, exhibited high infectivity to insect cells, their capacity for
gene transduction into mammalian cells has yet to be explored
(33, 34). The inefficiency of present gene transfer vectors in
gaining entry into cells needing treatment can be problematic,
as many therapeutic genes may be deleterious if delivered to
bystander cells. Therefore, the development of a ligand-di-
rected gene delivery vector capable of distinguishing between
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target and nontarget tissue is essential for both the safety and
efficacy of gene therapy.

In this study, we examined the stability of a generated gp64-
null pseudotype baculovirus possessing the green fluorescent
protein {GFP) gene during passages in insect cells stably ex-
pressing the gp64 protein. Replication-competent revertant
viruses emerged with high frequency during passage in the cell
line, incorporating the gp64 gene into the revertants’ viral ge-
nomes. To overcome the emergence of revertant viruses during
passage, we generated recombinant bacmids lacking the gp64
gene and carrying a ligand of interest and a reporter gene
under the control of the polyhedrin and the CAG promoters,
respectively. Psevdotype baculoviruses generated from these
bacmids exhibited specific ligand-directed gene delivery into
target cells. These pseudotype baculovirus vectors may be use-
ful in future clinical gene targeting.

MATERIALS AND METHODS

Cells. Spodoptera frugiperda (S£9) cells were grown in TC-180 medium (Sigma,
St. Louis, Mo.) supplemented with 0.26% tryptose phosphate brath (Difco,
Detroit, Mich.} and 10% (volivol) fetal bovine serum (FBS) (Sigma) (66). To
establish a cell line constitutively expressing gp64, $f2 cells were transfected with
pAFgp64 (see below) and pIB/VS5-His (Invitrogen, Carlsbad, Calif.) using Uni-
Fector reagent (B-Bridge, Sunnyvale, Calif). Thirty-six hours after transfection,
59 cells were selected in TC-100 medium containing blasticidin (50 pg/ml;
Invitrogen). Resistant cells were stained with anti-gp64 antibodies (AcV1)
(kindly provided by P. Faulkner} {22); positive cells were sorted using 2 FACS-
Calibur (Beeton Dickinson, Franklin Lakes, N.J.) to establish a cell line, Sfgp64,
stably expressing gp64 at the cell surface. The human embryonic kidney cell line
293T and the hamster kidney cell line BHI, purchased from the American Type
Culture Collection, were maintained in Dulbecco’s modified Eagle’s medium
(Sigma) containing 2 mM L-glutamine, penicillin {50 IU/ml), streptomycin (50
wg/ml), and 10% FBS (66).

Construction of plasmids. We constructed two expression plasmids, pAF-
MCS1 and pAF-MCSZ, harboring the A3 actin promoter, a multiple cloning site,
and the polyadenytation signal derived from the Bombyx mon fibroin H-chain
gene, for the subcloning of ligand molecules. First, the promoter and polyade-
nylation signal were excised from pA3Fb-Luc, kindly provided by H. Bando
(Hokkaido University, Sapporo, Japan), and inserted into pUCI18. To generate
pAFgp64, the gp64 pene was excised from pFBgp64 (see below) by digestion with
Sall and HindIIl This fragment was then inserted into the Sall-HindIIl site of
PAF-MCS1. Recombinant baculoviruses were constructed using the transfer vector
pFASTBAC] (Invitrogen). To measure the expression of foreign genes in mam-
malian cells, the firefly luciferase gene under the control of the CAG promoter
(43) was subcloned into pFASTBACI. To construct the transfer vector pFB-
CAluc, the CAG-luciferase cassette was excised from pCAGluc (61) by digestion
with Sall, extension with Klenow enzyme, and redigestion with BamHI and
inserted into the SnaBl-BamHI site of pFASTBACL.

pUCgp6dlocus was generated by cloning the EcoRI-Smal fragment from
AcMNPV genomic DNA, (corresponding to 107,325 to 112,041 nt) (3) into the
EcoRI-Smal site of pUCI8. To generate pUCgp64, a fragment encoding the
gp64 gene was excised from pUCgp64locus by digestion with Spel and BglIl and
then cloned into the Xbal-BamHI site of pUCIS8, The gp64 gene was excised
from pUCgp64 by digestion with Sall and Kpnl and inserted into the Sall-Kpnl
site of pFASTBACI. The resulting plasmid was designated pFBgp64. To gener-
ate pFBgp64CAluc, the cassette including the polyhedrin promoter and the gp64
gene was excised from pFBgp64 by digestion with SnaBI and Kpnl and cloned
into pFBCAluc, which was digested with Satl, extended with Klenow enzyme,
and redigested with Kpnl. The VSVG gene fragment was excised from pCAG-
VSVG (64) by digestion with EcoRI and cloned into the EcoRI site of
pFASTBAC]I to create pFBYSVG. pFBGFP was constructed by excision of
the GFP gene from pAcVSVG-CAGFP (65) by digestion with EcoRI and
subsequent insertion into the EcoRI site of pFASTBACL. To generate
pFBVSVGCAlue and pFBGFPCAluc, the DNA fragment encoding the poly-
hedrin promoter and either the VSVG or GFP gene was excised from pFBVSVG
or pFBGFP, respectively, by digestion with SnaBI and Xhol and cloned into
pFBCAluc, which was digested with Sall, extended with Klenow enzyme, and
redigested with Xhol.

1. Virot.

cDNAs encoding human CD46 and signaling lymphocyte activation molecule
(SLAM; also known as CDw150) were amplified from the genomic DNAs of
CHO/CDA46 (kindly provided by T. Seya) (25) and CHO.SLAM (kindly provided
by ¥. Yanagi) {67) cells, respectively, by PCR. The CD46-Fw {ist) (3-TTT
CCTCCGGAGAAATAACAGC-3') and CD46-Rv (1s1) (5'-CTAAGCCAC
AGTTGCACTCATG-3") primers were used 1o amplify CD46 ¢cDNA, and the
SLAM-Fw (1st} (5'-TGACACGAAGCTTGCTICIG-3') and SLAM-Rv
(1st) {5'-GTCGACCTTTGTTGGTCTCTGGTG-3') primers were used to am-
plify SLAM cDNA. These PCR products were used as templates for a second
PCR with the primers CD46-Fw-HindIIl {5"-CCCCAAGCTTCCGCGCCGCG
CATGGG-3') and CD46-Rv-Safl (5"-TTTTGTCGACTCAGCCTCTCTGCTC
TGCTG-3') to amplify CD46 ¢DNA and SLAM-Fw-HindIII {5'-CCCCAAGC
TTCCTCATTGGCTGATGGATC-3") and SLAM-Rv-Suil (5'-AAAAGTCGA
CTCAGCTCTCTGGAAGTGTCA-3") to amplify SLAM c¢cDNA. The amplified
CD46 and SLAM ¢DNAs were digested with HindIlI and Sall and then cloned
into the HindlII-Sall sites of pAF-MCS2 to create pAFCD46 and pAFSLAM,
respectively. The CD46 and SLAM cDNAs were excised from pAFCD46 and
pAFSLAM, respectively, by digestion with HindIII, extension with Klenow en-
zyme, and redigestion with Xbal and cloned into pFASTBACL. To generate
pFBCD46CAluc and pFBSLAMCAluc, the DNA fragments encoding the poly-
hedrin promoter and either the CD46 gene or the SLAM gene were excised from
pFBCD46 or pFBSLAM, respectively, by digestion with SnaBI and Pvul and
cloned into pFBCAluc, A mutant SLAM gene, SLAMcyto7, possessing a trun-
cated cytoplasmic domain of 7 amino acids, was generated by PCR with the
primers SLAM-Fw.Smal (5"-CCCCCCGGGCCTCATTGGCTGATGGATC-
3') and SLAM-7aa-stop-Rv-Sull (5'-GGGGGGTCGACTCAGTTCGTTTT
ACCTCTTCTTCTCAAC-3'). This PCR product was digested with Smal
and Sall and then cloned into the Smal-8all sites of pAF-MCS1 to create
pAFSLAMcyto?. To construct pFBSLAMcyto7CAluc, the SLAMcyto? gene was
excised from pAFSLAMcyto? and substituted for the full-length SLAM gene of
pFBSLAMCAIluc. All plasmids containing PCR-derived sequences were con-
firmed by sequence analyses. For infection with pseudotype baculoviruses bear-
ing CD46 or SLAM, we transfected target cells with expression plasmids encod-
ing either the hemagglutinin and fusion proteins of the Edmonston strain (EdH
and EdF) or those of the Ichinose strain (IcH and IcF) measles viruses. The
pCA-EdH, pCA-EdF, pCA-IcH, and pCA-IcF plasmids were kindly provided by
K. Takeuchi {63).

Construction of pseudotype baculeviruses. The gp64 gene of the AcCMNPV.
bacmid (bMON14272; Invitrogen) was replaced with the chloramphenicol acetyl-
transferase (CAT) gene as described previously with slight modifications (5, 33).
Briefly, the CAT gene was amplified by PCR with the Chl-Fw-Spel {5'-GGAC
TAGTCCGAATAAATACCTGTGACGG-3') and Chl-Rv-Bglll (5'-GAAG
ATCTCGTCAATTATTACCTCCACGG-3') primers using the pBT plasmid
(Stratagene, La Jolla, Calif.) as a template. Following digestion with Spel and
Bgll, the amplified CAT gene replaced the gpé4 gene of pUCgp6Sdlocus to
create pédlocusicat. To construct a gpéd-null AcMNEV-bacmid, hbMONASS/cat,
the p64locus/cat plasmid was linearized by digestion with Ndel and cotransfected
with bMON14272 into Sf9 cells. Forty-eight hours posttransfection, the cells
were washed with cold phosphate-buffered saline and lysed in proteinase K
buffer (50 mM Tris-HCI [pH 7.4], 100 mM NaCl, 1 mM EDTA, and 0.5% sodium
dodecyl sulfate [SDS]). DNA was purified from cell lysates by phencl-chloroform
extraction and then transformed into Escherichin coli DH10B competent cells
(Invitrogen} by electroporation using a Gene Pulser (Bio-Rad, Hercules, Calif.).
Resistant colonies were selected in kanamycin and chleramphenicol. Disruption
of the gp64 gene was confirmed by PCR in a bMON14272-transformed colony
that was resistant to kanamycin and chloramphenicol (Fig. 1A). To generate
DH10BacAé4/cat, we cotransfected bMONAG4/cat and the helper plasmid
pMONT124 into DHI0B cells. To construct recombinant bacmids, DH10BacAG4/
cai was transformed with transfer vectors and selected according to the manu-
facturer’s instructions. To separate recombinant bacmids from the pMON7124
helper plasmid, miniprep bacmid DNA was transformed into DH10B celis by
clectroporation. To generate pseudotype baculoviruses, bacrids lacking the
gp64 gene and possessing both an exogenous ligand gene and the uciferase gene
under the polyhedrin and CAG promoters, respectively, were transfected into
S9 cells. Fifteen micrograms of the bacmid DNA was used to transfect § x 10°
S0 cells in a 10-cm-diameter dish by using 30 wl of UniFector reagent (B-
Bridge). Four days after transfection, 500 ml of culture supernatants (50
dishes) was harvested. The resulling pseudotype baculoviruses, AcA6d/gp6d/
CAluc, AcA64/VSYG/CAluc, AcA64/CD46/CAluc, AcA64/SLAM/CAlue, and
AcA64/SLAMcyto7/CAluc, were concentrated ~2,000 times by ultracentrifuga-
tion as described previously (66). The number of virus particles was determined
from the signal intensity by Western blotting for the capsid protein vp39. Al-
though both AcA64/gp64/CAluc and AcA64/VSVG/CAluc infected and repli-
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FIG. 1. (A) Schematic representations of the gp64 loci of the AcCMNPV (bMON14272) and gp64-null AcMNPV (bMONAG4/cat) bacmids. The
e£pé4 gene (Bglll/Spel fragment corresponding to 108,033 to 109,761 nt) (3) of bMON14272 was replaced with the CAT gene by homologous
recombination. The arrows indicate the locations of the PCR primers within the gp64 loci. (B) Construction of the recombinant bacmid
bMONA64/ligand/CAluc. The gp64 gene in bMON14272 was replaced with the CAT gene. The desired ligand and luciferase genes were inserted
under the control of the polyhedrin and CAG promoters, respectively, within the polyhedrin locus. {C) The bacmids bMONA64/ligand/CAluc and
bMON14272 and plasmids containing the gp64 locus, pUC/gp6dlocus, and pb4locusicat (the gp64 locus with the CAT gene replacement) were
amplified by PCR using primers specific for gp64, the gp64 locus, and vp39, a nucleocapsid protein of ACMNPYV used as an internal control. Primers
for gp64 and vp39 amplified fragments of 1,558 and 900 bp, respectively. The gp64 locus primers generated 2,741- and 2,143-bp fragments
corresponding to the wild-type gp64 locus and the mutant locus with the CAT gene replacement shown in panel A, respectively. (D) Sfgp64 and
Sf9 cells were transfected with bMONAG64/GFP/CAluc. GEP expression was examined by fluorescence microscopy 4 days posttransfection.

519 cells
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cated in Sf9 cells, it was not possible to determine the infectivity in the cases of
the pseudotype baculoviruses possessing ligands incapable of entering into insect
cells. To standardize the viral titer, we determined the amount of viral capsid
proiein vp39 by semiguantitative Western blot analysis, The infectious titer
determined by plaque assay in Sf9 cells correlated well with the intensity of the
vp39 signal oblained by Wesiern bloning for both Ac&64/gpbd/CAluc and
AcAb4/VSVG/CAluc (data not shown). Pseudotype baculovirus titers are ex-
pressed as relative infectious units (REU) in this study. To confirm the absence
of gp64 in the bacmids, we synthesized oligonucleotide primers specific for the
gp64 gene, the gp64 locus, and the vp39 gene as follows: for the gp64 gene,
gp64-Fw (Bgl) (5'-AAAGATCTACCATGGTAAGCGCTATTGTTT-3') and
gp64-Ry (Sal) (5"-TTGTCGACTTAATATTGTCTATTACGGTTT-3"); for the
gpbalocus, gpédlocus-Fw (5'-GCACGGATTGGGGAGAGGACGGATTTT-3')
and gpédlocus-Ry (5-AGCTCGTTATTCAAGTGTCCCGCGTAC-3'); and for
vp39, vp39-Fw (5 -ATATGGCGCTAGTGCCCGTGGGTATGG-3") and vp39-
Ry {(§-GACGGCTATTCCTCCACCTGCTGCCTG-3"). PCR amplification was
performed using Tag DNA polymerase (Invitrogen) according to the manufac-
turer’s protocol.

Stability of pseudotype baculoviruses during passage in Sfgp64 cells. Culivre
supernatanis from Sfgp64 cells transfected with recombinant bacmids were har-
vested 4 days after transfection. Adter serial passage in Sfgpt4 cells for 4 days,
each Sfgp64 cell supemnatant was inoculated into Sf9 cells. The culture superna-
tants were further inoculated into Sf9 cells to examine the generation of repli-
cation-competent reveartants during the replication in Sfgp64 cells. The presence
of replication-competent virus in the culture supernatants was assessed by the
appearance of eytopathic efiect and GFP expression in S{% cells, GFP expression
in insect cells was observed by fluorescence microscopy (UFX-IT; Nikon, Tokyo,
Japan). The generation of replication-competent viruses incorporating gp64 was
examined by PCR using the viral DNA as a template. The supernatants of S{gp&4
cells were concentrated by centrifugation at 18,000 x g for 45 min at 4°C. Viral
DNA, purified from replication-competent revertanis by phenol-chloroform ex-
traction, was examined by Southem blot analysis. DNA was digested with BglIE
or Pst], separated by electrophoresis on a 0.6% agarose gel, and transferred to a
Hybond N+ nylen membrane {Amersham Biosciences, Piscataway, N.J.). PCR
primers [gp64-Fw (Bgl) and gp64-Rv (Sal) for the gp64 gene or vp39-Fw and
vp39-Ry for the vp39 gene} were used to amplify the target fragments for use as
hybridization probes. PCR products were purified and labeled using the ECL
direst nucleic acid labeling and detection sysiem {Amersham Biosciences) ac-
eording 1o the manufacturer’s instructions, Fragments containing the gpé4 or
vp39 gene were visualized using image analyzer LAS-3000 (Fujifim, Tckyo,
Japan).

Incorporation of ligands into pseudotype particles. To examine the expression
of ligand proteins in insect cells or the incorporation of the ligands into pseu-
dotype particles, cell lysates or purified baculoviruses were separated by SDS-
polyacrylamide ge) electirophoresis and electroblotted onto Hybond-P polyvinyli-
dene difivoride membranes (Amersham Bioscience). After being blocked in
phosphate-buffered saline containing 5% skim milk and 0.05% Tween 20
(Sigma), the membranes were incubated at room temperature for 1 h with a
rabbit polyclonal anti-CD46 antibody (H-284; 1:200) (Santa Cruz, Santa Cruz,
Calif.) or one of the following mouse monoclonal antibodies: anti-gpb4 (AcVS5;
1:1,000) (kindly provided by P. Faulkner) (22), anti-VSVG (P5D4; 1:2,000)
(Sigma), anti-SLAM (123317; 1:200) (R&D systems, Minneapolis, Minn.), or
anti-vp39 (236; 1:2,000) (kindly provided by G. F. Rohrmann) {51). The mem-
branes were then incubated in horseradish peroxidase-conjugated anti-mouse
12G or anti-rabbit IgG antibodies at room temperature for 1 h. Immunoreactive
bands were visualized using enhanced-chemiluminescence Super Signal West
Femto substrate (Pierce, Rockford, IIL) (47).

Reporter gene expression by pseudotype baculoviruses. AcA64/gp64/CAluc

- and AcAG4/VSVG/CAlue baculoviruses were inoculated inte 3.0 X 10* 293T and
BHK cells, Twenty-four hours after infection, the cells were lysed in Bright-Glo
Juciferase substrate (Promega, Madison, Wis.) according to the manufacturer’s
instructions. Relative light units were measured using a luminometer (AB-2200;
ATTO Co. Ltd., Tokyo, Japan). To demonstrate ligand-directed gene targeting
by AcAG4/CD46/CAluc, AcA64/SLAMCAluc, and AcA64/SLAMcyto7/CAluc

- baculoviruses, 3.0 X 10* BHK cells were cotransfected with either pCA-EdF and
pCA-EdH or pCA-IcF and pCA-IcH and then infected with 5.0 % 10% RIU of
pseudotype baculoviruses at 24 h posttransfection. Luciferase expression was
determined after a 24-h incubation.

Inbibition of gene transduction by specific antibodies against ligands. To
examine ligand-directed gene transduction by pseudotype baculoviruses, we ex-
amined the neutralization of gene transduction by antibodies specific for the
ligands presented by the pseudotypes. The appropriate dilutions of anti-gp64
(AcV1), anti-VSVG (I11) (kindly provided by M. A. Whitt) (30), anti-CD46

J. VIROL,

{M75) {Seikagaku Co. Ltd., Tokyo, Japan), or anti-SLAM (IPC-3) (Biodesign
International, Saco, Maine) antibodies were preincubated with each virus (10%
RIU) at 37°C for 60 min and then incculated into the appropriate target cells,
After incubation at 37°C for 24 h, we determined the neutralizazion by the
included antibodies from the reduction of luciferase expression.

Entry of pseudotype baculovirus into target cells. BHK cells expressing hem-
agelutinin and fusion proteins derived from the Edmonston strain of measles
virus were preincubated with either ammonium chloride (2, 10, or 50 mM)
(Wako Pure Chemical Industries, Osaka, Japan) or chloroquine (20, 100, or 500
wM) (Sigma) for 1 h. The cells were then inoculated with 1.0 % 10° RIU of
AcAG4/CD46/CAluc, AcAb4/gpd4/CAluc, or AcA64/VSVG/CAluc in the pres-
ence of the above-mentioned reagents. The effects of ammonium choleride and
chloroguine on gene transduction by pseudotype baculoviruses were determined
by the changes in luciferase expression.

Electron microscopy. Viral parnicles purified by ultracenirifugation as de-
scribed above were put onto carbon-coated copper 400-mesh electron micros-
copy grids for 15 min. After being washed in water, the grids were negatively
stained with 1% (wtfvel) uranyl acetate and examined using a Hitachi (Tokyo,
Japan} H-7100 electron microscope at 75 kY. For immuncelectron microscopy,
virus particles put onto grids were incubated with murine monoclonal antibodies
specific for VSVG (I1) or CD46 (E4.3) (Santa Cruz) and then treated with a gold
particle-conjugated anti-mouse IgG antibody (British Biocell International, Ltd.,
Cardiff, United Kingdom). Samples were stained and observed as described
above.

RESULTS

Construction of recombinant AcMNPV lacking the gp64
gene. The gp64 gene of the AcCMNPV bacmid, bMON14272,
was replaced with the CAT gene by homologous recombina-
tion in Sf9 cells using a modification of the methods reported
by Bideshi and Federici (5) and Lung et al. (33) {Fig. 1A). We
cotransfected bMON14272 and a linearized p64locus/cat plas-
mid bearing the CAT gene in place of the gp64 gene into Sf2
cells. DNA, extracted from the cells 48 h after transfection, was
then transformed into competent DH10B cells. The disruption
of the gp64 gene in colonies selected with kanamycin and
chloramphenicol was confirmed by PCR (data not shown).
We also constructed a recombinant bacmid, bMONAG64/GFP/
CAluc, which contained the insertion of the GFP gene under
the control of the polyhedrin promoter and the luciferase gene
under the control of the CAG promoter into the polyhedrin
locus of the gp64-null bacmid (Fig. 1B). Disruption of gp64 in
bMONAG4/GFP/CAluc was confirmed by PCR using a series
of specific primers (Fig. 1C). PCR with primers specific for the
vp39 gene, used as an internal control for the AcMNPV bac-
mid, amplified a 900-bp product from both the bMONA&4/
GFP/CAluc and parent bMON14272 bacmids. The gp64 gene
(1,558 bp) was amplified from bMON14272 and pUC/64locus,
but net from bMONA64/GFP/CAluc and p64locus/cat. The
2,741- and 2,143-bp fragments corresponding to the wild-type
and mutant gp64 genes, respectively, were amplified using
gp64 locus-specific primers. The wild-type gene was amplified
from bMON14272 and pUC/gp64locus, while the mutant gene
was amplified from bMONAG64/GFP/CAluc and p64locus/cat
(Fig. 1A and C}). These data indicate that the gp64 gene was
replaced with the cat gene in bMONAG64/GFP/CAluc. Previous
studies demonstrated that gp64-null AcCMNPV could propa-
gate in S99+ or Sf9°P'P ¢ell lines constitutively expressing
the gp64 protein of Orgyia pseudotsugata NPV (OpNPV) but
not in untransfected Sf9 cells (40, 49). We then established a
cell line, Sfgp64, constitutively expressing the gp64 gene de-
rived from AcMNPV. The pAFgp64 plasmid, carrying the gp64
gene of AcMNPV without any flanking sequence, was used to
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avoid homologous recombination between the viral genome
and the plasmid. To examine the replication competency of
gpé4-null ACMNPV (AcA64/GEFP/CAluc), Sfgp64 and SI9 cells
were transfected with bMONAG4/GFP/CAluc. We assessed the
propagation of infectious virus by measuring GFP expression
by fuorescence microscopy. Forty-eight hours posttransfec-
tion, ~10% of the Sfgp64 and S{9 cells were GFP positive
(data not shown). While Sfgp64 cells exhibited the spread of
infection 96 h posttransfection, Sf9 cells did not (Fig. 1D).
These data indicate that AcA64/GFP/CAluc can replicate only
in Sfgp64 cells, not in 59 cells. i

Appearance of revertants incorporating the gp64 gene dur-
ing replication in Sfgp64 cells. To determine the stability of
AcA64/GFP/CAluc during replication in Sfgp64 cells, we seri-
ally passaged AcA64/GFP/CAluc in 5fgp64 cells. Culture su-
pernatants of Sfgp64 cells collected 4 days after transfection
with bMONAG64/GFP/CAluc (passage 1) were inoculated into
Sfgpb4 cells. The supernatants were further passaged in Sfgp64
cells for 4 days. To examine the appearance of replication-
competent viruses, the culture supernatants from each passage
were inoculated into Sf9 cells. At 4 days postinfection, we
examined GFP expression in Sf9 cells by fluorescence micros-
copy (Fig. 2A). The expression of GFP was observed in ${9
cells inoculated with Sfgp64 culture supernatants, irrespective
of the passage history. As gp64-negative AcA64/GFP/CAluc
baculovirus only transiently carries gp64, progeny viruses pro-
duced in Sf9 cells should not be infectious. The supernatants of
Sf9 cells inoculated with supernatants recovered after >3 pas-
sages (passages 3, 4, and 5) with Sfgp64 cells exhibited infec-
tivity to Sf9 cells, suggesting the generation of replication-
competent revertants incorporating the gp64 gene into the
viral genome. To confirm the incorporation of gpé4 into the
viral genome, virus particles were purified from the superna-
tants of each Sfgp64 passage. The presence of the gp64 gene
within the viral genome was determined by PCR. We detected
the gp64 gene in viruses obtained from the culture superna-
tants of passages 3, 4, and 5 but not in those from the first and
second passages (Fig. 2B). Furthermore, PCR amplification of
viral DNA with the gp64 locus-specific primers revealed that a
2,143-bp fragment, corresponding to the mutant form, was
detected in the genome of AcA64/GFP/CAluc, while a 2,741-
bp fragment, corresponding to the wild-type form, was ampli-
fied from Acl4272, irrespective of the number of passages.
These results confirmed that the emergence of replication-
competent virus during the passage in Sfgp64 cells is not due to
the contamination of the parental virus, Ac14272, The recom-
binant virus incorporated the gp64 gene into the AcA64/GFP/
CAluc genome during propagation in Sfgp64 cells.

Plasmid DNA can be integrated into multiple sites within
the viral genome by nonhomologous recombination upon co-
transfection of plasmid DNA with the baculovirus genome in
Sf9 cells (71). To determine if gp64 genes integrated into the
baculovirus genome by nonhomologous recombination during
propagation in Sfgp64 cells, we analyzed the DNAs of three
independent revertant viruses by PCR and Southern blot anal-
yses. Viral DNA was extracted from these revertant viruses
and analyzed by PCR as described above (Fig. 3A). We de-
tected the gp64 gene in all revertant viruses and bMON14272
but not in the parental bacmid, bMONAG64/GFP/CAluc. The
gp64 locus primers amplified the mutant 2,143-bp fragment
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from all revertant viruses and the parental bMONA64/GFP/
CAluc bacmid, not the 2,741-bp wild-type fragment that could
be amplified from bMON14272. These results confirmed that
the three independent revertant viruses, instead of deriving
from contaminating wild-type virus, had incorporated the gp64
gene into their genomes exogenously. DNA from the rever-
tants was digested with BglIl or Pstl, which do not digest
sequences within the gp64 or vp39 genes, and hybridized to
gp64- or vp3%-specific probes (Fig. 3B). If the gp64 gene inte-
grated into the viral genome by nonhomologous recombina-
tion, the digested fragments contajning the gp64 gene would be
of different sizes. Following digestion with Bglll, the DNA
fragments containing the gp64 gene in the revertants differed
in size from each other (Fig. 3B, lanes 3 to 5). When digested
with Pstl, the sizes of the fragments containing the gp64 gene
were similar in revertant clones 2 and 3 (Fig. 3B, lanes 9 to 10),
indicating that the gp64 gene may have integrated into nearby
sites in the viral genomes of clones 2 and 3. The fragment
containing the gp64 gene in revertant clone 1 following diges-
tion with either Bglll or Pstl was similar to that seen in
bMON14272 (Fig. 3B lanes 3 and 8). These results, however,
were not due to contamination with bMON14272, as the PCR
analysis demonstrated that the gp64 locus of revertant clone 1
was of the mutant type (Fig. 3A). These data suggested that the.
gp64 gene integrated into the virus genomes of the revertants
by nonhomologous recombination. As an internal control, the
vp39 gene was detected in fragments of the predicted sizes
(31,975 bp when digested with BglII and 29,009 bp when di-
gested with PstI) in all viruses, To determine the sites of inte-
gration of the gp64 gene in the genomes of the revertants, we
tried to sequence from within the gp64 gene out into the
baculovirus genome by using an internal gp64 primer. In re-
vertant 2, the sequences including the actin promoter and the
gp64 gene were detected upstream of the polyhedrin promoter,
where no homologous sequence was observed. In revertants 1
and 3, however, sequence analyses by the internal primer ob-
tained only sequences of pAFgp64 and could not reach the
integration site, due to a large insertion of the plasmid se-
quence (data not shown).

Characterization of pseudotype baculovirus carrying VSVG.
Previous studies demonstrated that the gp64 protein plays a
critical role in infection of various mammalian cells, as well as
insect cells (66). To determine if the pseudotype baculoviruses
bearing foreign viral envelope proteins in place of gp64 can
infect and express foreign genes within mammalian cells, we
constructed 2 gp64-null pseudotype virus, AcA64/VSVG/
CAluc, by the transfection of BMONAG4/VSVG/CAluc, which
encodes the VSVG gene under the control of the polyhedrin
promoter and the luciferase gene under the control of the
CAG promoter, into S{9 cells (Fig. IB). As a control, we also
generated AcA64/gp64/CAluc, in which the gp64 gene under
the control of the polyhedrin promoter replaced the VSVG
gene in the above-mentioned virus. $9 cells were transfected
with appropriate bacmids and incubated for 4 days. The pseu-
dotype baculoviruses in the culture supernatants were concen-
trated and purified by ultracentrifugation (10° to 10° RIU/ml).
To examine the expression and incorporation of the glycopro-
teins into virions, we transfected these bacmid constructs into
S09 cells. The cell lysates and the purified virus particles were
examined by Western blot analysis (Fig. 4A). VSVG and gp64
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FIG. 2. Appearance of replication-competent viruses incorporating the gp64 gene during passage in Sfgp64 cells. (A) Sfgp64 cells were
transfected with bMONAG64/GFP/CAluc. Culture supernatants were harvested 4 days after transfection and then serially passaged in Sfgp64 cells
at 4-day intervals. Each culture supernatant from Sfgp64 cells was passaged two more times in $f9 cells to detect the appearance of replication-
competent viruses. GFP expression in Sf9 cells was examined by fluorescence microscopy 4 days after infection. (B) PCR analysis of purified virus
particles from the supernatant of each Sfgp64 cell passage. The gp64 gene was detectable in particles obtained from the third or later passages.
The numbers above the lanes represent the passage numbers. The bMONA64/GFP/CAluc and bMON14272 bacmids and Ac14272, generated from
bMON14272 and passaged in Sfgp64 cells, were used as controls, M is the culture supernatant of uninfected Sfgp64 cells concentrated under the
same conditions as the virus particles, The primers amplified fragments as detailed in the legend to Fig. 1.

were expressed in the cells transfected with the appropriate 4B). Similar levels of reporter gene expression were observed
bacmids. The proteins were also detected in the purified  in a dose-dependent manner in both cell lines following
AcA64/VSVG/CAluc and AcA64/gp64/CAluc viruses, respec- infection with AcA64/gp64/CAluc and AcA64/VSVG/CAluc.
tively, but not in AcA64/GFP/CAluc, AcA64/GFP/CAluc, however, was unable to infect either cell

To assess the efficacy of mammalian cell gene transduction line. To confirm the role of gp64- or VSVG-mediated gene
by the pseudotype baculoviruses, 293T and BHK cells were  transduction intc mammalian cells by the pseudotype baculo-
inoculated with various amounts of pseudotype viruses (Fig. viruses, we attempted to neutralize 293T cell infection using
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FIG. 3. Incorporation of the gp64 gene into gp6d-null baculovirus genomes by nonhomologous recombination. (A) PCR analysis of three
independent revertant viruses. In each revertant virus, the gp64 gene and gp64 locus primer pairs produced 1,558- and 2,143-bp fragments,
respectively, indicating the presence of the mutant gp64 locus. (B) Southern blot analysis of revertant viruses. Viral DNA was digested with BglII
or Pstl, separated, and hybridized to gp64- or vp39-specific probes. Fragments containing the gp64 gene were detectable in all of the revertant
viruses, but the fragment sizes differed. The vp39 gene, used as an internal control, was detectable in all revertant DNAs and bacmids. The numbers
above the lanes represent the revertant clones. The bMONAGS4/GFF/CAluc and bMON14272 bacmids were used as controls.

specific monoclonal antibodies against gp64 and VSVG. Lu-
ciferase expression in 293T cells infected with either AcA64/
gpb4/CAluc or AcA64/VSVG/CAluc was specifically inhibited
by antibodies against gp64 or VSVG, respectively (Fig. 4C).
These results indicate that reporter gene expression in mam-
malian cells inoculated with pseudotype baculoviruses relies on

the interactions mediated by the ligand proteins on the viral
particles.

Ligand-directed gene targeting by psendotype baculovirus,
To demonstrate the ligand-directed gene transduction of tar-
get cells by pseudotype baculoviruses, we constructed pseudo-
type viruses bearing CD46 or SLAM in place of the gp64
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FIG. 4. Characterization of pseudotype baculoviruses bearing VSVG. (A) VSVG and gp64 expression in Sf9 cells transfected with the
bMONAS4/gp64/CAluc, bMONAG4/VSVG/CAluc, bMONAG4/GFP/CAluc, or b MON14272 bacmid were examined by Western blot analysis using
monoclonal antibodies specific for VSVG (PSD4) and gp64 (AcV5) (left). The incorporation of gp64 and VSVG into pseudotype particles,
AcA64/gpba/CAluc, AcA64/VSVG/CAluc, AcA64/GFP/CAluc, or AcMNPV, was examined by Western blot analysis using monoclonal antibodies
specific for gp64, VSVG, and vp39 (236) (right). (B) Gene transduction into mammalian cells by pseudotype baculoviruses. 293T or BHK cells (3 X
10 were inoculated with various amounts of AcA64/gp64/CAluc, AcA64/VSVG/CAluc, or AcA64/GFP/CAluc, The pseudotype titers are ex-
pressed as RIU. Luciferase expression was determined 24 h after infection. The results shown are the means of three independent assays, while
the error bars represent the standard deviations. RLU, relative light units. (C) Neutralization of gene transduction into mammalian cells by
pseudotype baculoviruses by antibodies specific for the particle ligands. AcA64/gp64/CAluc or AcAG4/VEVG/CAluc (10% RIU) was preincubated
with the indicated dilutions of monoclonal antibodies specific for gp64 (AcV1) or VEVG (11), respectively, for 60 min at 37°C. Residual activity,
determined as luciferase expression in 293T cells 24 h postinfection, is expressed as the relative percentages of expression. The results shown are
the means of three independent assays, with the error bars representing the standard deviations.



Voi. 79, 2005

protein. The receptor usage of measles virus has been well
characterized; while laboratory strains of measies virus, such as
the Edmonston strain, can use either CD46 or SLAM as re-
ceptors, wild-type strains, such as the Ichinose strain, can only
use SLAM for entry (15, 24, 42, 48, 67). Expression of these
receptor molecules in 59 cells transfected with the bMONAG4/
CD46/CAluc or bMONAG4/SLAM/CAluc bacmid (Fig. 1B)
and subsequent incorporation of the receptors into progeny
particles (AcA64/CD46/CAluc and AcA64/SLAM/CAluc, re-
spectively) were confirmed by Western blotting (Fig, 5A).
CD46 was detected in cells transfected with bBMONA64/CD46/
CAluc and in the purified particles of AcA64/CD46/CAluc,
whereas SLAM was detected in cells transfected with the bac-
mid but not in the particles of AcA64/SLAM/CAluc,

The gp64, CD46, and SLAM proteins are all type I mem-
brane proteins. SLAM has a 77-amino-acid cytoplasmic do-
main (23), while gp64 and CD46 have only 7- and 33-amino-
acid tails, respectively (49, 60). Therefore, we speculated that
SLAM may be only inefficiently incorporated into baculovirus
particles, due to its large cytoplasmic domain. To examine the
effect of the cytoplasmic domain length on incorporation into
baculovirus particles, we constructed 2 mutant SLAM mole-
cule, SLAMcyto7, with a deletion in the C-terminal cytoplas-
mic domain that preserves only the seven membrane-proximal
amino acids. Western blot analysis revealed that SLAMcyto7 was
efficiently expressed in Sf9 cells transfected with bMONAG4/
SLAMCcyto7/CAluc and subsequently incorporated into AcA64/
SLAMcyto7/CAluc particles at levels similar to those seen for
CD46 inclusion into AcA64/CD46/CAluc (Fig. 5A).

To determine the efficiency of ligand-directed gene delivery,
BHK cells were cotransfected with expression plasmids encod-
ing the measles virus H and F glycoproteins of the Edmonston
{EdH and EdF) or Ichinose (IcH and I¢F) strain, These cells
were inoculated with pseudotype baculoviruses (Fig. 5B). AcA64/
CD46/CAluc exhibited gene delivery specifically to cells ex-
pressing EdH and EdF, but not IcH and IcF., Although the ef-
ficiency of gene transduction was 10 times lower than that seen
with AcA64/CD46/CAluc, AcAGY/SLAMeyta7/CAluc could also
deliver a reporter gene to cells expressing the Edmonston and
Ichinose strain glycoproteins but not to control cells. While
AcAb4/gp64/CAluc and AcA64/VSVG/CAluc could effectively
deliver a reporter gene to all of the cells examined, AcA64/
SLAM/CAluc was ineffective against all of the cell lines tested,
likely due to the lack of SLAM incorporation into the virions.

To confirm ligand-directed gene delivery by AcA64/CD46/
CAluc and AcA64/SLAMcyto7/CAluc to cells expressing ap-
propriate measles virus glycoproteins, we tested the neutral-
ization of gene transduction by specific monoclonal antibodies
against CD46 and SLAM (Fig. 5C). Gene transduction of tar-
get cells by either AcA64/CD46/CAluc or AcA64/SLAMcyto?/

" CAlug, but not by AcA64/gp64/CAluc, could be inhibited in a
dose-dependent manner by anti-CD46 and anti-SLAM mono-
clonal antibodies, respectively. These results indicate that pseu-
dotype baculoviruses can deliver foreign genes to target cells in
a ligand-directed manner.

Entry pathway of the pseudotype baculoviruses. Virus entry
occurs either by the direct fusion of viral envelope proteins
with the host plasma membrane at neutral pH, as seen for
measles virus, or following receptor-mediated endocytosis, as
seen for ACMNPV and VSV, in which envelope glycoproteins
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underge conformational changes into a fusion-competent
state, leading to fusion between viral and host membranes at
low pH within endosomes (6, 36, 69). Ammonium chloride and
chloroquine, which inhibit endosomal acidification, have been
used as entry inhibitors for viruses that penetrate cells through
receptor-mediated endocytosis (7). To examine the entry path-
ways used by the pseudotype baculoviruses, we examined the
infectivity of AcA64/gp64/CAluc, AcA64/VSVG/CAlue, and
AcA64/CD46/CAluc to BHK cells expressing EdH and EdF in
the presence or absence of ammonium chloride or chloroquine
(Fig. 6). Although these compounds inhibited gene transduc-
tion of BHK cells inoculated with AcA64/gp64/CAluc or AcA64/
VSVG/CAluc in a dose-dependent manner, gene transduction
by AcA64/CD46/CAluc was not inhibited. In contrast, ammo-
njum chloride treatment enhanced gene expression following
AcA64/CD46/CAluc infection. These results indicate that the
pseudotype baculoviruses utilize entry pathways conferred by
the nature of the ligand protein replacing gp64.

Morphology of pseudotype baculovirus. To address any al-
terations in pseudotype baculovirus morphology, we examined
the AcCMNPV, AcA64/VSVG/CAluc, and AcA64/CD46/CAluc
virus particles by transmission electron microscopy (Fig. 7A to
C). All of the pseudotype baculoviruses exhibited rod shapes
and similar sizes, indistinguishable from the wild-type baculo-
virus. To examine the incorporation of exogenous ligands into
the virion, purified AcA64/VSVG/CAluc and AcA64/CD46/
CAluc particles were examined by immunoelectron micros-
copy using specific monoclonal antibodies against VSVG and
CD46 (Fig. 7E and F). In both pseudotype viruses, gold par-
ticles were detected on the virion surface from the stalk to the
head domains, indicating that VSVG and CD46 were incorpo-
rated into the AcA64/VSVG/CAluc and AcA64/CD46/CAluc
virus particles, respectively.

DISCUSSION

Baculovirus is a useful tool for gene delivery to mammalian
cells due to the large capacity of the virus to incorporate
foreign genes, the wide host range, and the lack of replication
in mammalian cells, providing minimal toxicity (29, 53, 55, 61,
68). The gp64 envelope glycoprotein, involved in attachment to
both insect and mammalian cells, is required for low-pH-trig-
gered membrane fusion following endocytosis during virus en-
try (6, 8, 12, 14, 20, 21, 31, 40, 41, 66, 69, 70). We have
previously demonstrated that the interaction of gp64 with cell
surface phospholipids may be important in.baculovirus infec-
tion of mammalian cells (66). As the recombinant baculovi-
ruses used for gene delivery to mammalian cells in this system
retained the gp64 envelope glycoprotein, it was difficult to
deliver foreign genes to specific target cells.

To generate a ligand-directed gene-targeting baculovirus
vector, we established a bacmid system to produce recombi-
nant baculoviruses in which the gp64 gene was replaced with
other ligand genes of interest. The gp64 protein is required for
efficient budding from Sf9 cells; the budding of a mutant virus
lacking gp64 was reduced to 2% of that seen for wild-type
baculovirus (49). Although AcA64/gp64/CAluc, a pseudotype
virus in which gp64 was reintroduced into the gp64 deletion
mutant, incorporated two to three times as much gp64 protein
as seen in wild-type baculovirus (Fig. 4A), the infectious titers
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FIG. 5. Ligand-directed gene targeting by pseudotype baculoviruses. (A) The expression of gp64, CD46, SLAM, and SLAMcyto7 in $f9 cells
transfected with the bMONAG4/gp64/CAluc, bMONAG4/CD46/CAluc, bMONAG4/SLAM/CAluc, bMONAG4/SLAMcyto7/CAluc, or bMON14272
bacmid was examined by Western blot analysis using monoclonal antibodies specific for gp64 (AcV5), CD46 (H-294), and SLAM (123317), as
indicated (left). The incorporation of gp64, CD46, SLAM, and SLAMcyto7 into pseudotype particles, AcA64/pp64/CAluc, AcA64/CDA6/CAluc,
AcA64/SLAM/CAluc, AcA64/SLAMeyto7/CAluc, or AcMNPYV, was examined by Western blot analysis using monoclonal antibodies specific for gp6d,
CD46, SLAM, and vp39 (236), as indicated (right). (B) Ligand-directed gene targeting by pseudotype baculoviruses. BHK cells (3 X 10%) were co-
transfected with expression plasmids encoding measles virus H and F glycoproteins of either the Edmonston (EJH and EdF) or Ichinose (IcH and IcF)
strain or with an empty vector and then inoculated with 5 X 10° RTU of AcA64/gp64/CAluc, AcA64/VSVG/CAluc, AcA64/CDAG/CAluC, AcAG4/SLAM/
CAluc, or AcAG4/SLAMcyto7/CAluc 24 h after transfection. Luciferase expression was determined 24 h after infection. The results shown are the
means of three independent assays, and the error bars represent the standard deviations. RLU, relative light units. (C) Neutralization of ligand-
directed gene targeting by antibodies specific for viral ligands. AcA64/gp64/CAluc, AcA64/CDA6/CAluc, or AcA64/SLAMcyto7/CAluc (10° RIU)
was preincubated with various concentrations of monoclonal antibodies specific for CD46 (M75) or SLAM (IPO-3) for 60 min at 37°C. Residual
activity was determined by measurement of luciferase expression in BHK cells expressing the H and F glycoproteins of the Edmonston or Ichinose
strain 24 h postinfection. The values are expressed as the relative percentages of expression. The results shown are the means of three independent
assays, with the error bars representing the standard deviations. 2648
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FIG. 6. Effects of lysosomotropic reagents on gene transduction of pseudotype baculoviruses. BHK cells (3 X 10 transfected with expression
plasmids encoding the measles virus H and F glycoproteins of the Edmonston strain (EdH and EdF) were pretreated with various concentrations
of ammonium chloride or chloroquine for 60 min. The cells were then inoculated with 10° RIU of AcA64/gp64/CAluc, AcAB4/VSVG/CAlue, or
AcA64/CDH46/CAluc in the presence of the lysosomotropic reagents. Luciferase expression was determined 24 h postinfection, The results shown
are the averages of three independent assays, with the error bars representing the standard deviations.

of the virus, determined by plaque formation in Sf9 cells, were
similar. These results suggest that, while the polyhedrin pro-
moter is sufficient to overexpress and incorporate a ligand of
interest into the virion, this is not necessarily the best choice to
maintain ligand function. The discrepancy between gp64 incor-
poration and the infectious titer may be attributed to a limited
capacity to incorporate functional gp64 into particles and the
timing of ligand gene activation. As the polyhedrin promoter is
activated in the late stage of infection, baculoviruses budding

in the early stage of infection may be unable to incorporate the
ligand expressed by the polyhedrin promoter. Use of the im-
mediate-early promoter for ligand expression may improve the
efficiency of incorporation into virus particles. In support of
this possibility, the infectious titer of a recombinant ACMNPV
in which the gp64 gene was replaced with the F gene from
Lymantria dispar NPV under the control of the polyhedrin
promoter was ~60-fold lower than that of a virus with the F
gene under the control of the gp64 promoter (33).
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FI1G. 7. Electron micrographs of pseudotype baculoviruses. Purified virus particles of wild-type ACMNPV (A), AcA64/VSVG/CAluc (B), and
AcA64/CDA6/CAluc (C) were examined by electron microscopy. A typical rod shape was visible in all of the pseudotype baculoviruses. The VSVG
or CD46 proteins were observed on the surfaces of AcA64/VSVG/CAluc (E) and AcA64/CD46/CAluc (F) by immunocelectron microscopy using

specific monoclonal antibodies against VSVG and CD46, respectively. AcMNPYV treated with the monoclonal antibody against VSVG was used
as a control {D). The bars on the panels represent 100 nm.
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The replication competency in Sf9 cells of a gp64-null re-
combinant baculovirus could be rescued by incorporation of
the VSVG gene (33, 34). We confirmed that the recombinant
baculovirus deleted the gp64 gene and instead incorporated
the VSVG gene under the control of the polyhedrin promoter,
was replication competent in insect cells, and exhibited a high
level of reporter gene transduction into 293T and BHK cells.
The compatibility of VSVG in this system may result from
similarities of the structural and functional characteristics of
VSVG to those of gp64; both proteins are type I membrane
glycoproteins, exist in trimeric complexes, and are capable of
inducing membrane fusion at low pHs (6, 50, 54). Although the
recombinant baculovirus in which gp64 is replaced with VSVG
is able to replicate in insect cells and transduce foreign genes
into a wide variety of mammalian cells, VSVG was suggested
to recognize phosphatidylserine (58) or other ubiquitously ex-
pressed molecules other than phosphatidylserine (13) as a re-
ceptor(s), making it difficult to confer cell type specificity to
gene delivery using VSVG pseudotype baculoviruses.

To establish ligand-directed gene delivery by pseudotype
baculoviruses, it is necessary to propagate replication-deficient
pseudotype baculoviruses possessing a ligand of interest in
Sfap64, a replication-competent cell line stably expressing
gpb4. After three rounds of passage of the pseudotype virus in
Sfpp64 cells, however, replication-competent revertant viruses
that had incorporated the gp64 gene were generated. Sigp64
cells were established by transfection of Sf9 with a plasmid
encoding the gp64 gene lacking any fianking sequences. South-
ern blot analysis revealed that the gp64 gene was integrated
into the genomes of the baculovirus revertants by nonhomolo-
gous recombination. Homologous recombination between the
AcMNPV genome and either a transfer vector (32, 38), addi-
tional AcMNPVs (19), or B. mori NPV can occur in insect cells
with high frequency (27, 28). In contrast, our data suggest that
the revertant viruses were not generated by homologous re-
combination but by nonhomologous incorporation of the gp64
gene from the Sfgp64 chromosome into the viral genome. Non-
homologous recombination between plasmid DNA and the
baculovirus genome was previously reported upon cotransfec-
tion into insect cells (71). A gp64-null virus could propagate in
Sf99FID el lines constitutively expressing OpNPV gp64 with-
out incorporating the gp64 gene into the viral genome (33, 34).
One possible explanation for our result may be the difference
between the gp64 genes of OpNPV and AcMNPV. Although
the Sfgp64 cell line was established by sorting cells expressing
a high level of gp64 on the cell surface, the expression level of
gp64 might be lower than that of the SI9°PP cell line, and the
lower level of expression of gp64 might result in the selective
amplification of revertants. To circumvent the high-frequency
incorporation of foreign DNA into the baculoviral genome, we
attempted the lipofection of recombinant bacmids into S9
cells instead of amplification of pseudotype baculoviruses in
Sfgp6d. Although it is not possible to obtain a high pseudotype
virus titer by this method, we can generate pure virus stocks
without any contaminating replication-competent baculovi-
ruses incorporating the gp64 gene. To prepare a high-titer
stock of a replication-deficient pseudotype baculovirus carry-
ing a foreign ligand, however, it is essential to propagate the
pseudotype virus in Sf9 cells expressing gpé4 without the trans-
fection of plasmid DNA. Expression of gp64 by RNA trans-
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fection, RNA viral vectors, or the RNA replicon system may be
able to avoid the incorporation of gp64 DNA into the baculo-
virus genome.

We constructed a pseudotype baculovirus, AcA64/CD46/
CAluc, bearing human CD46 in place of gp64 on viral particles.
CD46 is a multifunctional protein involved in the infection of
various microorganisms and the regulation of complement ac-
tivation (10). CD46, also known as membrane cofactor protein,
protects autologous cells from complement attack by serving as
a cofactor for factor I-mediated inactivation of C3b and C4b,
blocking the complement cascade at C3 activation (2). CD46
also serves as a receptor for human herpes virus 6 (56), group
B adenovirus (17, 59, 62), bovine viral diarrhea virus (39), two
bacterial strains (Streptococcus pyogenes and pathogenic Neis-
seria) (26, 46), and the Edmonston strain of measles virus (15,
42). In this study, we demonstrated that AcA64/CD46/CAluc
exhibited specific reporter gene transfer to and expression in
BHK cells expressing the measles virus H and F glycoproteins
of the Edmonston strain but not those expressing the Ichinose
strain glycoproteins that require SLAM as a receptor (67).
Therefore, a CD46 pseudotype baculovirus bearing a suicide
gene may be able to eliminate cells expressing pathogen li-
gands that utilize CD46 as a receptor. Furthermore, CD46 is
frequently overexpressed on cancer cells, possibly serving as a
mechanism to overcome lysis by complement (16). In support
of the potential utility of this vector, the Edmonston strain of
measles virus has a potent and selective oncolytic activity (52).
CD46 pseudotype baculovirus may also be applicable for the
clearance of tumor cells surviving oncolytic measles virus treat-
ment.

Infections with AcAG4/pp64/CAluc and AcA64/VSVG/CAluc,
carrying gp64 and VSVG on the particles, respectively, could
be decreased by treatment with ATPase inhibitors, chloro-
quine, or ammonium chloride, while AcA64/CD46/CAluc was
resistant to treatment, This finding suggests the possibility of
constructing a baculovirus vector capable of both targeting and
modulating the viral entry pathway, as seen for VSV (7). This
is different from influenza virus vectors, where acidic exposure
within endosomes is critical for the dissociation of the ma-
trix protein from the ribonucleocapsid (9, 37). In contrast to
AcA64/CD46/CAluc, AcA64/SLAM/CAluc could not incorpo-
rate the full-length SLAM molecule into particles, preventing
specific gene transduction. The inability to mediate gene de-
livery was not due to the absence of an interaction with specific
targets, as Sf9 cells expressing SLAM induced membrane fu-
sion with BHK cells expressing the H and F glycoproteins of
either the Edmonston or Ichinose strain of measles virus (data -
not shown). The ligands incorporated efficiently into baculovi-
rus particles, including gp64, VSVG, and CD46, all have rela-
tively short cytoplasmic domains, measuring 7, 29, and 33
amino acids in length, respectively (49, 54, 60). In contrast,
SLAM possesses a cytoplasmic tail of 77 amino acids (23), We
therefore hypothesized that the length of the ligand cytoplas-
mic domain may be critical for efficient incorporation into
baculovirus particles. AcA64/SLAMcyto7/CAluc, possessing a
mutant SLAM molecule with the C-terminal 70 amino acids of
the cytoplasmic domain deleted, efficiently incorporated the
mutant SLAM into particles and exhibited specific gene deliv-
ery to BHK cells expressing the H and F glycoproteins of both
measles virus strains. Although the mechanism by which SLAM
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incorporation into baculovirus particles is enhanced by C-ter-
minal truncation of the cytoplasmic domain is not known, one
possibility might be a change in SLAM localization. The gp64
protein localizes to the cell surface but is excluded from lipid
raft microdomains (72). As VSVG and CD46 also do not
associate with lipid rafts (35, 57), proteins localized to lipid raft
microdomains may be excluded during virus assembly and bud-
ding. Although the ceilular localization of SLAM is not known,
further studies will be necessary to clarify the relationship
between cell surface localization and incorporation into bacu-
lovirus particles and to test the involvement of lipid raft mi-
crodomains in this process,

Mangor et al. demonstrated that gp64-null baculoviruses
pseudotyped with VSVG were not morphologically distin-
guishable from budded wild-type AcMNPYV particles (34). We
confirmed that AcA64/VSVG/CAlue, as well as AcA64/CD46/
CAlac and AcAG4/GFP/CAluc, exhibited a morphology similar
to that of AcMNPV. These results indicate that expression of
gp64 is not required for the morphogenesis of a rod-shaped
structure for budded AcMNPV particles. Immunogold labeling
of AcA64/VSVG/CAluc and AcA64/CD46/CAluc revealed that
the VSVG and CD46 proteins were incorporated into and
distributed throughout the whole viral surface. These results
are consistent with previous observations that VSVG fusion
proteins were distributed throughout the stalk and head do-
mains of baculovirus particles, in contrast to gp64, which was
primarily localized in the head domain (11, 44).

In this study, we have demonstrated the capability for ligand-
directed gene delivery by psendotype baculoviruses in vitro.
For future in vivo applications of baculovirus vectors for gene
targeting to specific organs or virus-infected cells as a method
of treatment of inherited or infectious diseases, it is imperative
to exhaustively study the transcription of baculoviral genes in
mammalian cells for certification of safety. In addition, further
studies are needed to establish replication-competent cell lines
capable of supporting the propagation of pseudotype viruses
without the possibility of replication-competent virus break-
through by incorporation of gp64 and to optimize the condi-
tions necessary for the efficient incorporation of ligands into
recombinant baculovirus particles.
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Summary

Recombinant hepatitis E virus capsid protein (HEV CP) assembles orally immunogenic virus-like particles (VLP) when expressed in
an insect cell system. We used plant expression cassettes, pHEV101 and pHEV110, for transformation of potato to express HEV CP, and
10 independent transgenic lines of HEV101 and 6 lines of HEV110 were obtained. ELISA for HEV CP was performed on tuber extracts.
Accumulation of HEV CP in tubers varied from about 5 to 30 p.g/g fresh tuber depending on the transgenic plant line. We further compared
the expression levels with the yield of tubers for each line. Tuber yield varied less than expression levels, and ranged from about 600 to 1000 g
per pot. Although Western blot showed that apparently intact HEV CP accumulated, we observed very limited assembly of virus-like particles
in potato tubers. Oral immunization of mice with transgenic potatoes failed to elicit detectable anti-CP antibody response in serum, suggesting
that VLP assembly is a key factor in orally delivered HEV CP vaccines.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Hepatitis E virus (HEV) is a causative agent of hepati-
tis E that oceurs in many developing countries [1], and this
virus is currently classified into a tentative genus, “Hepatitis
E-like viruses.” HEV is transmitted mainly by the fecal-oral
route, and large epidemics due to this virus are often asso-
ciated with contaminated water [2,3]). Hepatitis E has been
formerly known as an enterically transmitted non-A, non-B
hepatitis [4]). The fact that HEV can survive in the intestinal
tract suggests that the virus is relatively stable to acid and
mild alkaline conditions.

HEV contains a single-stranded positive-sense approxi-
mately 7.5kb RNA molecule that is 3’ polyadenylated and
includes three open reading frames (ORFs). ORF!, mapped
in the 5" half of the genome, is thought to encode viral non-
structural proteins. ORF2, located at the 3'-terminus of the

* Corresponding author. Tel.: +1 480 727 8228, fax: +1 480 727 6194.
E-mail address: hugh.mason@asu.edu (H.S. Mason).

0264-410X/$ - see front matter © 2004 Elsevier Ltd, All rights reserved.
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genome, encodes a 72 kDa protein for the putative viral cap-
sid. ORF3, with unknown function, is mapped between ORFI
and ORF2 [5]. In the absence of an appropriate cell culture
for HEV propagation, research has focused on the expres-
sion of the ORF2 protein in heterologous systems. Recently,
virus-like particles (VLP) of recombinant hepatitis E virus
(tHEV) were produced by using a baculovirus system carry-
ing an N-terminally truncated ORF2 gene of the Burma strain
[6). Thus, tHEV VLP were formed in TnS cells and could be
collected from the culture supernatant.

In order to evaluate the potential of rHEV VLP as an oral
immunogen, we analyzed the immune responses in mice and
monkeys after oral administration [7,8). The animals were
orally inoculated with purified tHEV VLP without adjuvant.
ELISA indicated that oral immunization with tHEV VLP in-
duced immune responses in both mice and monkeys. In addi-
tion, the monkeys were completely protected from infection
when challenge was carried out with native HEV, suggesting
that tHEV VLPs are a potential mucosal vaccine for HEV
infection.
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For expression and delivery of recombinant subunit
vaccine antigens including Norwalk virus capsid protein
{NVCP), transgenic plants have been created [9]. Clinical tri-
als using potatoes expressing NVCP showed very promising
results, with 19 of 20 volunteers showing immune responses
against NVCP delivered by ingestion of raw transgenic pota-
toes containing approximately 500 p.g antigen per dose [10].
Previous studies with NVCP expression in tobacco and potato
cells demonstrated that subunits assembled to form VLP very
similar to those obtained with baculovirus-infected insect cell
expression, although up to 75% of the antigen was present
as monomers or partially assembled aggregates [9]. VLP as-
sembly may be important for obtaining stability against acid
and protease-mediated degradation in the stomach, as well
as for presentation of conformation-dependent epitopes that
may be needed for effective virus neutralization.

In this study, we expanded our effort to create transgenic
plants that express HEV capsid proteins (HEV CP).

2. Materials and methods
2.1. Preparation and purification of rHEV VLP

The molecular cloning and construction of a recombinant
baculovirus Ac5480/7126 harboring the HEV capsid protein
gene lacking 111 amino acids at the N-terminal were de-
scribed previously [6]. The rHEV VLP were prepared us-

.ing Tn5 cells infected with Ac5480/7126 at a multiplic-
ity of infection of 10. Following 7 days of incubation at
26.5°C, intact cells and cell debris were removed from the
culture mediuvm, and the rHEV VLP were concentrated by
centrifugation and purified by isopycnic binding in CsCl
gradient. A visible band containing rHEV VLP was col-

lected, and the tHEV VLP were diluted and pelleted by -
centrifugation.

2.2. Western blot assay

Leaf samples were extracted by FastPrep (speed 5, 305s)
in 4 ml/g leaf of 50mM sodium phosphate pH 6.6, 50mM
NaCl, 50 mM sodium ascorbate, 1 mM EDTA, 1 mM PMSF,
0.1% Triton X-100, and clarified for 2 min at 4 °C in micro-
centrifuge. Aliquots were subjected to SDS-PAGE, blotted
to PVDF membrane, and probed with guinea pig anti-HEV
(1:1000), visualized with ECL+ (anti-guinea pig [gG-HRP
1:5000) on STORM scanner.

2.3, Antigen-capture ELISA

Potato leaf or tuber extracts were prepared as described
above in Section 2.2. Microtiter plates were coated with 50 pl
per well of rabbit anti-HEV serum diluated 1:10,000 in car-
bonate/bicarbonate coating buffer overnight at 4 °C. Insect
cell-derived HEV VLP reference standard was diluted in
PBST/1% dry milk at 100 ng/m! and two-fold dilutions down
to 3.125 ng/ml. Leaf or tuber extracts were diluted 25- and 50-
fold in PBST/1% dry milk. The reference standards and plant
extracts were loaded at 50 pl per well and incubated at 37 °C
for 1 h. Wells were washed with PBST and then probed with
guinea pig anti-HEV serum diluted 1:5000, followed by goat
anti-guinea pig IgG-HRP conjugate (Sigma) diluted 1:5000.
Color was developed using TMB substrate solution for 5 min.

2.4. Construction of plant expression vector

Intermediate plant expression cassettes were constructed
using a vector pIBT210 [I1]). Since two truncated forms
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Fig. 1. Plant transformation vectors for expression of HEV CP. Binary T-DNA plasmid vectors, pHEV101 and pHEV110, for expression of HEV CP, p54 and
p58, are shown. They contain left border (LB) and right border (RB) sequence motifs that delineate the DNA to be transferred (T-DNA) and integrated into
nuclear chromosomal DNA. Within the T-DNA borders lies a selectable marker (n/p2), which confers resistance to the antibictic kanamycin, and will allow
specific regeneration of transformed plants. Also included are expression cassettes for HEV CP, which are driven by the constitutive CaMV 358 promoter
linked to the tobacco etch virus ({TEV) 5°-UTR, which acts as a translational enhancer, and terminated by the soybean VSP 3" end [9).
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of HEV ORF2 appeared to yield VLP assembly in insect
cells (AN111 and AN111/AC52), we inserted these into
pIBT210. Then, the expression cassettes were transferred
into a binary vector (pGPTV-Kan) for use in Agrobacterium-
mediated delivery of foreign DNA into plant cells. These con-
structs, pHEVI1{(1 (AN111/AC52) and pHEV110 (AN111),
are shown in Fig, 1.

3. Results
3.1. Characterization of rHEV

The capsid proteins of HEV with its N-terminal 111
amino acids truncated were expressed with a recombinant
baculovirus in insect cells, where the capsid proteins self-
assembled into VLP [6]. The rHEV VLP were purified by
centrifugation and characterized by SDS-PAGE and West-
em blot assay, where a major protein band with a molecular
weight of 54kDa was observed. The particles possess anti-
genicity similar to that of authentic HEV particles and con-
sequently they appear to be a good antigen for the sensitive
detection of HEV-specific IgG and IgM antibedies [12). Fur-
thermore, the VLP may be the most promising candidate for
an HEV vaccine owing to its potent immunogenicity [7,8].
Therefore, we used the same construct to express HEV CP
in the transgenic plant.
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3.2. Coding sequence analysis

We first examined the coding sequence for the HEV CP
to determine whether the nucleotide sequence should be al-
tered for optimization of plant expression. Codon use is fairly
favorable to both dicot and monocot plants. Of 660 total
codons, 3.6% are monocot-unfavorable and 12.8% are dicot-
unfavorable, defined as either making up less than 10% of
codon cheice for that amino acid or less than one third the
frequency of the most popular codon for that amino acid,
inclusive.

3.3. Expression in potato plants

We used pHEV 101 and pHEV 110 for transformation of
potato “Desiree™ as described [9,13]. After regeneration of
multiple independent kanamycin-resistant lines, we screened
leaf samples by ELISA for HEV CP expression. Expression
levels ranged up to approximately 0.33% total soluble pro-
tein, which is similar to the levels we obtained for NVCP
[9]. There was no apparent difference in expression from ei-
ther construct pHEV101 (AN111/AC52 coding sequence)
and pHEV110 (AN111 coding sequence) as the range and
maximal expression were similar for both.

We selected the best lines for transplant to the greenhouse
and after 2 months growth we assayed leaves for expres-
sion of HEV CP by ELISA. We observed that the antigen
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Fig. 2. Expression of HEV CP in tubers of transgenic potato lines. HEV101 (10 lines) er HEV110 (6 lines) tubers were extracted and assayed by ELISA for
HEV CP. Error bars indicate standard error for three different tubers from the same line.
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Fig. 3. Westem blot of HEV CP expressed in potato leaves, Leaf samples were extracted by FastPrep and clarified by centrifugation. Aliquots were subjected
to SDS-PAGE, blotted to PVDF membrane, and probed with guninea pig anti-HEV, visualized with ECL+ on STORM scanner. Lanes are: (1) 50ng HEV VLP
from baculovirus-infected insect cells, (2) 25ng HEV VLP, {3) 12.5ng HEV VLP, (4) untransformed Desirée extract, (5) BioRad Kaleidoscope Molecular
Weight Marker, (6) HEV101{(EHA)/S, (7) HEVIOI{(EHAY12, (8) HEVIOI{EHA)/16, () HEV101(EHAY17, (10) HEVIGI(LBAY11, (11) HEVI01(LBA)/14,
{12) HEV110/1, (13) HEV110/2, (14) HEV110/11 and (15) HEV110/12. Bold arrow indicates major band of VLP sample that corresponds to the 54 kDa HEV

CP; thin arrows indicate products of proteolysis.

expression on a total protein basis was reduced four- to
five-fold compared to that in tissue-cultured plantlets. This
is not unexpected, since soil-grown plants in natural light
have higher levels of total leaf protein. Further, it is possible
that the recombinant antigen is less stable in the soil-grown
plants.

3.4. HEV CP expression in potato tubers

Ten independent transgenic lines of HEV101 and six lines
of HEV110 were grown to maturity in the greenhouse and
tubers were harvested and washed. ELISA for HEV CP was
performed on tuber extracts as described for leaf extracts.
Accumulation of HEV CP in tubers varied from about 3 to
30 g/g fresh tuber, depending on the transgenic plant line
(Fig. 2). This compares well with the expression of NVCP in
potato tubers [9] and is better than expression of E. coli LT-B
protein in potato [13). We further compared the expression
levels with the yield of tubers for each line. Tuber yield varied
less than expression levels, and ranged from about 600 to
1000 g per pot. We used these data to select lines HEV101-
16, HEV101-23, HEV110-27, and HEV110-28 for highest
yields of recombinant protein. -

Western blot of transgenic potato leaf extract showed that
most of the recombinant HEV CP accumulated as 54 kDa,
similar to the insect cell-derived antigen (Fig. 3). Some ap-
parent proteolytic products of lower M; were observed in
both insect cell- and potato-derived material. HEV CP in
plants transformed with either HEV101 or HEV110 showed
similar patterns, with no qualitative or quantitative differ-
ences apparent. Failure to detect a larger protein for the
single-truncation HEV101 (AN111) than that observed for
the double truncation HEV110 (AN111/AC52) suggests that
the AC52 truncation may occur in planta via an endogenous
protease.

4. Discussion

HEV CP has been expressed in baculovirus-infected in-
sect cell system and shown to assemble VLP [6,14]. The
VLP have several advantages for the mucosal immunogen
as follows: (1) rtHEV VLP are composed of a single pro-
tein assembled into particles without nucleic acid. (2) tHEV
VLP are easy to prepare and purify in a large quantities, ap-
proximately 1 mg per 2 x 107 insect cells. (3) tHEV VLP are
antigenically similar to the native virion. (4) rHEV VLP are
highly immunogenic in experimental animals when injected
parenterally.

Our goal is to create transgenic plants that express HEV
CP in edible tissues as VLP, in order to obtain an economical
oral vaccine. [tis likely that the success of oral delivery using
VLP from insect cells is due to the particulate structure of the
antigen, which contributed either to enhanced resistance to
degradation in the gut or to enhanced uptake into the gut
immune system.

In our studies with potato expressing HEV CP, we found
very few VLPs, with the great majority of ELISA-positive
antigen remaining near the top of a sucrose gradient (data not
shown). Oral immunization of mice with potatoes express-
ing HEV CP failed to elicit detectable antibody responses in
serum (data not shown). We extracted fecal pellets on day
18 after oral immunization on day 17 to evaluate the content
of ELISA-reactive HEV capsid protein, Substantial antigen
(3-4% of the dose) was present in pellets of mice that were
fed HEV CP potato or gavaged with insect cell-derived VLP.
Thus, the potato cells probably provided some protection to
the soluble HEV CP present in potato tubers, and perhaps
even limited uptake of antigen that may have been present as
VLP. Since orally delivered insect cell-derived VLPs stimu-
lated antibody responses and protected monkeys against HEV
challenge [8], it is likely that poor VLP assembly in potato
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was a major factor in the lack of oral immunogenicity of
potato-derived HEV CP in mice. Future studies should focus
on the optimization of VLP assembly in plant tissues, which
may involve alternative plant host systems, and/or tissue and
subcellular targeting of antigen.
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DNA vaccine-encapsulated virus-like particles derived

from an orally transmissible virus stimulate mucosal
and systemic immune responses by oral
administration

S Takamura', M Niikura? T-C Li?, N Takeda® S Kusagawa®, Y Takebe®, T Miyamura® and Y Yasutomi’
!Department of Bioregulation, Mie University School of Medicine, Mie, Japan; *Department of Virology I, National Institute of Infectious
Diseases, Tokyo, Japan; *Department of Virology I, National Institute of Infectious Diseases, Tokyo, Japan; and *Laboratory of Molecular

Virology and Epidemiology, AIDS Research Center, National Institute of Infectious Disease, Tokyo, Japan

Delivery of foreign genes o the digestive tract mucosa by
oral administration of nonreplicating gene transfer vectors
would be a very useful method for vaccination and gene
therapy. However, there have been few reports on suitable
vectors. in the present study, we found that plasmid DNA can
be packaged in vitro into a virus-like particle (VL.P) composed
of open reading frame 2 of hepaiitis E virus, which is an orally
transmissible virus, and that these VLPs can deliver this
foreign DNA fo the intestinal mucosa in vivo. The delivery of
plasmid DNA to the mucosa of the small intestine was
confirmed by the resuits of immunohistochemical analyses
using an expression plasmid encoding human immunodefi-

ciency virus env (HIV env) go120. After oral administration of
VLPs loaded with HIV env cDNA, significant levels of specific
IgG and IgA to HIV env in fecal extracts and sera were found.
Moreover, mice used in this study exhibited cytotoxic
T-lymphocyte responses specific to HIV env in the spleen,
Payer’s palches and mesenteric lymph nodes. These
findings suggest that VLPs derived from orally transmissible
viruses can be used as vectors for delivery of genes to
mucosal tissue by oral administration for the purpose of DNA
vaccination and gene therapy.

Gene Therapy advance online publication, 19 February 2004;
doi;10.1038/sj.01.3302193

Keywords: VLP; oral DNA vaccine; CTL; HIV; mucosal immunity

Introduction

The successful outcome of novel gene therapies and
DNA vaccinations largely depends on the development
of effective delivery systems.’ In human applications,
both the efficacy and safety of any delivery system used
for gene transfer are major concerns. It has been shown
that tissue-specific gene transfer by a viral vector could
be achieved naturally and effectively through cell
specificity of the virus receptors.? However, there is a
risk of vector toxicity through viral infection of the host
cells. Also, the limited sizes of transgenes often present a
serious obstacle. Nonviral vectors, such as liposomes, are
safer but do not have a cell-specific targeting component
and have limited transduction both in vitre and in vivo.
This limitation has been partly overcome by the devel-
opment of molecular conjugates consisting of cell-
specific ligands that confer cell specificity to nonviral
vectors.>

The development of a system for delivering genes to
or conferring immunity to mucosal tissue by oral
administration would provide a convenient means for
effective treatment or prevention of various human
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diseases, including cancers, infectious diseases and
immunological disorders.® Since many pathogenic
viruses and bacteria establish their initial infections
through the mucosal surface, vaccine strategies that can
stimulate mucosal immunity have been widely studied
(reviewed in Ogra et al®). However, there are several
difficulties in oral immunization with nonreplicating
molecules, such as low pH in the stomach, the presence
of proteolytic enzymes in the digestive tract and the
presence of physical as well as biochemical barriers
associated with the mucosal surface itself.*

Among the various nonreplicating molecules, a virus-
like particle (VLP), an empty particle with a structure
similar to that of an authentic virus particle, offers the
possibility of a new approach for vaccine development.”
It is expected that the VLP structure will provide
resistance to severe environments in the digestive tracts
and enable specific binding to the mucosal surface if an
appropriate VLP is chosen.® However, VLPs can induce
immune responses to themselves, and this is a problem
for using VLPs as a vaccine vector to carry foreign DNA.
A system using polyoma virus VP1 VLPs as a carrier of
DNA by intranasal administration has been reported.?
These VLPs work as an adjuvant, since DNNA vaccine can
induce immune responses by intranasal administration
without VLPs. Hepatitis E virus (HEV} is an unclassified
calicivirus-like, positive-strand RNA virus that causes



