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FIG. 3. Immunoelectron mictoscopy of HCV core protein. 293T cells expressing the full-length core protein (A) and nonexpressing cells
(B) fixed 2 days after transfection. Immuncelectron microscopic analysis was performed with a mouse anticore antibody and a secondary
anti-mouse 1gG conjugated with gold particles. The arrows indicate the core protein localized in the nucleus (Nu). Bar, 500 nm.

- calregulin, and a merged image, respectively). The pattern of
subcellular localization of the core protein (Fig. 1d) was com-
pared to the distribution of mitochondria, as revealed by Mi-
toTracker staining (Fig. 1e). Although distribution of the core
protein was not completely identical with that of the mitochon-
drion-selective dye, overlapping staining was observed, partic-
ularly in the perinuclear region (Fig. 1f).

Intracellular localization of the core protein was further
examined in 293T cells by subcellular fractionation and West-
ern blotting. The core protein was present in both the ER and
mitochondrial fractions (Fig. 2), while it was not detected in
the cytosol fraction (data not shown). The purity of the ER and
mitochondrial fractions was confirmed with antibodies against
ribophorin I as an ER marker and prohibitin as a mitochon-
drial marker.

It is generally difficult to identify the nuclear distribution of
proteins of interest due to contamination of the nuclear prep-
aration with unbroken, intact cells. Thus, to investigate
whether the core protein localizes to the nucleus, we examined
transfected cells by immunoelectron microscopy. Although
gold particles were primarily observed within cytoplasmic
membranes, perhaps highlighting the ER, immunoreactivity to
anticore antibody was also observed in the nucleus (Fig. 3A,
arrows). In contrast, no antibody labeling was observed in cells
transfected with an empty vector (Fig. 3B).

Thus, HCV core protein predominates in the cytoplasm in a
membrane-associated form(s) with ER and mitochondria, but
nuclear localization is also observed.

Regions responsible for directing core protein to the ER and
mitochondria. Given the tendency of the core protein to lo-
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is indicated on the right. ER and mitochondrial {Mt) fractions as well as whole-cell lysates (Total) were subjected to immunoblotting with an

anti-GFP antibody.

calize to the ER and to mitochondria, we next investigated
whether specific sequences might be responsible for transport-
ing the core protein to these organelies. Fusion proteins be-
tween different regions of the core protein and GFP were
developed, with specific emphasis on the region downstream of
amino acid 72 because this region contains clusters of hydro-
phobic amino acids and the N-terminal 71 residues of the core
are known to play a role in nuclear targeting (6, 48).

Western blotting of subcellular fractions with anti-GFP an-
tibody revealed the localization of a core (72-173)-GFP fusion
protein to the ER and to mitochondria (Fig. 4). Fusion pro-
teins containing GFP and core proteins with N- or C-terminal
deletions (72-152-GFP and 112-152-GFP) were likewise iden-
tified within the ER and mitochondrial fractions. In contrast,
the ER and mitochondrial fractions did not contain GFP fu-
sion proteins containing core protein amino acids 124 to 152,
124 to 173, 152 to 173, or 72 to 111. These fusion proteins
demonstrated distribution profiles similar to that of GFP
alone. We also tested GFP-core-E1 fusions, which are pro-
cessed at the C terminus of the core by signal peptidase and
signal peptide peptidase (19, 30). GFPore fusions expressed
from pGFP/72-382 and pGFP/112-382 were detected in the
ER and mitochondrial fractions. The fusion expressed from
pGFP/152-382 was not identified in these fractions.

We further analyzed subcellular localization of the fusion
proteins by confocal immunofluorescence microscopy (Fig. 5).
As expected, fusions of (72-173)-GFP and (112-152)-GFP ex-
hibited localization to the ER and mitochondria. The patterns
of subcellular localization of these fusions are indistinguishable
from that of the full-length core protein, as shown in Fig. 1.
Expression of (124-152)-GFP or (112-123)-GFP resulted in
widespread diffusion of the fusion in the cell. Thus, these

results indicate that the region spanning amino acids 112 to
152 can mediate association of the core protein not only to the
ER but also to the mitochondria.

We subsequently examined the submitochondrial localiza-
tion of the core protein with a protease protection assay. As
shown in Fig. 6A, HCV core protein localized in the mitochon-
dria was completely digested upon treatment with proteinase K
for 30 min at 0°C. Under identical conditions, a marker specific
for the mitochondrial outer membrane, Tom20, was also ob-
served to disappear, whereas digestion of a mitochondrial in-
ner membrane marker, Tim17, was not observed. These find-
ings confirm that HCV core protein is localized to the
mitochondrial outer membrane.

The predicted secondary structure of the region, amino acids
72 to 173, is shown in Fig. 6B. The presence of a long helical
segment, lying between amino acids 116 and 134, and two short
a-helices (amino acids 146 to 152 and amino acids 155 to 159)
were predicted. The results of the cell fractionation assay and
confocal microscopy with a series of deletion mutants shown in
Fig. 4 and 5 suggest that an a-helix between amino acids 116
and 134 may be required for associating the core protein with
the ER and the mitochondrial outer membrane. When amino
acids 117 to 134 are portrayed as a helica! wheel, we found an
amphipathic structure with hydrophobic residues on one side
and polar residues on the other side of the a-helix (Fig. 6C),
which is often observed in membrane-associated proteins. This
helical conformation might be important for directing the core
protein to the ER and mitochondrial outer membranes.

Nuclear localization of the HCV core protein is mediated by
a bipartite NLS, possibly via an importin-dependent pathway.
Although HCV core protein is mainly localized within the
cytoplasm, it is also found in the nucleus, as shown in Fig. 3.
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FIG. 5. Confocal analysis of double staining for core-GFP fusion protein and ER or mitochondria. 293T cells transfected with core-GFP
expression plasmids (72-173, 112-152, 124-152, and 112-123) were allowed to express the plasmid for 2 days. Transfected cells were fixed directly
{atoc, gtoi, mtoo,and s to u) or fixed after loading with Mitotracker (d tof, j to 1, p to r, and v to x). After permeabilization with Triton X-100,
a goat anticalregulin antibody was used for ER staining. The red signals corresponding to the ER were obtained with a rhodamine-conjugated
rabbit anti-goat IgG secondary antibody (b, h, n, and t). Mitochondria were stained with the mitochondrion-selective dye Mitotracker (e, k, g, and
w). Overlay resulted in yellow signals indicative of colocalization (c, f, i, ], 0, r, u, and x).

The results of previous studies demonstrate that the N-termi-
nal region of the core protein is responsible for nuclear tar-
geting. It contains three clusters of basic amino acid residues
that represent putative consensus motifs for NLS sequences
PKPQRKTKR (amino acids 5 to 13), PRRGPR (amino acids
38 to 43), and PRGRRQPIPKARRP (amino acids 58 to 71) (6,
48). Nuclear targeting is generally governed by a family of
transporters or cytosolic receptor proteins, known as importins
or karyopherins, which function in concert with a guanine
nucleotide-binding protein named Ran and other regulatory
proteins such as NTF2/p10. Conventional NLS-dependent nu-
clear targeting occurs when importin-o recognizes the NLS
sequence, mediating binding to importin-g1, after which the
trimeric complex translocates to the nucleus (12).

In order to determine whether the putative NLS motifs
identified within the core protein sequence are capable of
binding to importin-a, we examined the in vitro interaction
between bacterially expressed GST-fused core protein and **S-
labeled importin-a with a GST pulldown assay. We then sub-
stituted lysine and arginine residues of one or more of the
putative NLS motifs of the core protein (all contained within
the first 71 amino acids of the N terminus) with alanine and
fused the resultant constructs with GST, as shown schemati-
cally in Fig. 7A. As shown in Fig. 7B (upper panel), importin-a
was pulled down by a GST fusion protein containing wild-type
core {amino acids 1 to 71) protein but not with GST alone,

suggesting that direct binding occurs between the core protein
and importin-a.. Importin-a was aiso pulled down by GST-core
fusion proteins containing substitutions in one or two NLS
motifs (NLS/m1, NLS/m2, NLS/m3, NLS/m4, NLS/mS, and
NLS/m6). However, importin-a was not pulled down by GST-
core fusion proteins containing alanine substitutions in all
three NLS motifs (NLS/m7). It should be noted that similar
amounts of GST fusion proteins were used for each of the in
vitro pulldown assays, followed by SDS-PAGE and Coomassie
brilliant blue staining (Fig. 7B, lower panel). These results
demonstrated that all three putative NLS motifs of the N-
terminal region of the core protein can mediate binding to
importin-a, which suggests that nuclear translocation of the
core protein occurs via an importin-dependent pathway (12).

The interaction between the core and importin-o was fur-
ther analyzed by a colocalization assay (Fig. 7C). The GFP
fusion containing the wild-type core (amino acids 1 to 71) was
well colocalized with HA-importin-a; distribution of the two
proteins showed similar nuclear staining patterns, confirming
the presence of a functional NLS sequence(s) within the core
protein. In contrast, NLS/m4, with substitutions in two NLS
motifs, was partly colocalized with HA-importin-a near or
around the nuclear membrane, suggesting that NLS motif dou-
ble mutants bind to importin-a but their binding efficiency is
lower than that of wild-type core protein.

Finally, we examined the subcellular localization of core
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FIG. 6. (A) Protease protection assay. A mitochondrial fraction isolated from cells expressing the core protein was treated with proteinase K
(+) as described in Materials and methods. The sample as well as the nontreated fraction (—) were subjected to immunoblotting with a monoclonal
antibody against either HCV core, Tom?20, or Tim17. (B) Protein sequence and predicted secondary structure of HCV core, amino acids 72 to 173.
The secondary structure prediction was obtained with the self-optimized prediction method, a computer program on the internet (http://npsa-pbit
.ibep.fr/cgi-bin/npsa_automat.pl?page = /NPSA/apsa_sopm.html). H, a-helix; t, turn; e, extension. (C) a-Helical plot of amino acids 117 to 134 of
the core protein. In the helical wheel plots, the gray shading represents apolar and hydrophobic residues; and the white represents polar residues.

protein expressed by the wild-type and NLS mutants (Fig. 7D).
As expected, a fusion protein containing wild-type core protein
(amino acids 1 to 71) and GFP was localized exclusively to the
nucleus. Core proteins from three fusion proteins containing
substitutions in each NLS motif (NLS/m1, NLS/m2, and NLS/
m3) were detected primarily in the nucleus. Weak fluorescence
was also observed in the cytoplasm, suggesting that these mu-
tations caused a slight reduction in the efficiency of nuclear
translocation. On the other hand, two or three NLS motif
substitution mutations (NLS/m4, NLS/m5, NLS/m6, and NLS/
m7) completely abolished nuclear translocation, resulting in a
diffuse distribution of core protein, similar to that of GFP
alone. Although it is likely that all three putative NLS motifs
play a role, the above results suggest that at least two of the
three putative NLS motifs are prerequisite for efficient nuclear
translocation of the core protein.

DISCUSSION

HCV core protein is released from the viral polyprotein by
a host protease(s) within the ER membrane at a signal peptide
sequence lying between the core and envelope (E1) proteins
{16, 41). Subsequently, the signal peptide is further processed
by an intramembranous protease called signal peptide pepti-
dase (38, 53). This mature form of the core protein is then
released and undergoes subcellular trafficking (30, 53). The
core protein localizes mainly to the ER, mitochondria, and

lipid droplets. Some reports also describe localization of the
core protein to the nuclei of hepatocytes in HCV-infected
patients (10), transgenic mice (34), and cultured cells express-
ing viral polyproteins (56). Although it has been reported
which sequence motifs are responsible for localization of the
HCYV core protein to lipid droplets and nuclei, it is uncertain
which sequences target the core protein to the ER and to
mitochondria. In this study, we identified sequences related to
localization of the mature core protein to the ER and to
mitochondria.

Through heterologous expression of core-GFP fusion pro-
teins containing a series of deletions, we determined that a
sequence extending from amino acids 112 to 152 of the core
protein is required for its localization at the mitochondrial
outer membrane. Translocation of nucleus-encoded mitochon-
drial proteins is usually dependent on N-terminal sequences,
referred to as mitochondrial targeting sequences (37). How-
ever, it is also true that a significant proportion of mitochon-
drial proteins lack these N-terminal mitochondrial targeting
sequences. Specifically, a number of outer membrane proteins
do not have cleavable sequences at their N termini; rather, they
are targeted to mitochondria by means of internal or C-termi-
nal signals (31).

Since it has been reported that amino acid sequences re-
quired for targeting to the outer mitochondrial membrane
form a highly hydrophobic a-helical wheel, as seen in A-kinase
associated protein 84/12 (4) and NADH-cytochrome b reduc-
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FIG. 7. Mutational analyses of NLS motifs in HCV core protein. (A) Schematic structures of fusion proteins and amino acid sequences
corresponding to putative NLS motifs, three basic clusters (underlined) in the core protein. Two series of constructs fused with either GFP or GST
were created. The mutated basic residues are indicated with outline letters. (B) GST pulldown assay. Equal amounts of GST fusions as described
in A or GST alone was immobilized on glutathione-Sepharose 4B beads and incubated with in vitro-translated, [**S}jmethionine-labeled importin-a.
Bound material was separated by SDS-PAGE, and the amount of importin-a bound was detected by autoradiography. Direct electrophoretic
separation of in vitro translation products served as a control (input). Coomassie brilliant blue staining of GST fusions and GST alone are shown
in the bottom panel. (C) Confocal analysis of double staining for core-GFP fusion protein and HA-importin-a. 293T cells transfected with the
wild-type core (1-71)-GFP (a to c) or NLS/m4 (d to f) expression plasmid and pCAG-HA-imp were allowed to express for 2 days. After the cells
were fixed and permeabilized, they were incubated with a mouse anti-HA antibody. The red signals corresponding to HA-importin-a were obtained
with a rhodamine-conjugated goat anti-mouse 1gG secondary antibody (b and e). Overlay resuited in yellow signals indicative of colocalization (c

and f). (D) Subcellular localization of GFP fusion proteins. GFP fusions with and without substitution mutations in the NLS motifs of the core
protein as described in A were expressed in 293T cells. GFP images of the fixed cells were recorded.

tase (14), a predicted structure of an amphipathic a-helix
present between amino acids 116 and 134 (Fig. 6B and C)
possibly plays a role in directing the core protein to the mito-
chondrial outer membrane. Sequence comparisons demon-
strate conservation of the amino acid sequence and secondary
structure of the region, amino acids 112 to 152, among a variety
of HCYV isolates, including the infectious H77¢c clone (55), as
well as a full-length adaptive replicon (3). To gain insight into

the significance of the secondary structure of the region in
targeting to the mitochondria, further structural and biochem-
ical analyses are needed.

The association of HCV core protein with the mitochondrial
membrane suggests that the core protein has the ability to
modulate mitochondrial function, possibly by altering the per-
meability of the mitochondrial membrane. The core protein
induces the production of cellular reactive oxygen species in
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the livers of core-transgenic mice and in core-expressing cell
lines (35). Reactive oxygen species, predominantly generated
in mitochondria, induce genetic mutations and act as second-
ary messengers to regulate a variety of cellular functions, in-
cluding gene expression and proliferation (1). Although the
molecular mechanism by which core protein induces reactive
oxygen species production is still unclear, HCV core protein is
known to impair the mitochondrial electron transfer system
{35). The core protein may also modulate apoptosis, since
mitochondria play a major role in regulating programmed cell
death. Expression of HCV proteins, including the core protein,
suppresses the release of cytochrome ¢ from mitochondria to
the cytoplasm in HCV-transgenic mice, thus inhibiting Fas-
mediated apoptosis (27).

Okamoto et al. recently reported that not only the C-termi-
nal signal sequence but also amino acids 128 to 151 are re-
quiredfor ER retention of the core protein by using a series of
N-terminally truncated core protein constructs (38). Here, in
this study, we further showed that amino acids 112 to 152
mediate association of the core protein with the ER in the
absence of the C-terminal signal sequence. Hope and
McLauchlan demonstrated that the central domain of the core
protein, amino acids 119 to 174, is important for association
with lipid droplets (17). They also showed that this correspond-
ing domain is shared with GB virus B, which is most closely
related to HCV, but not with either pestiviruses or flaviviruses

(18). 1t appears that the 41 residues identified as the sequence
mediating association with the ER membrane in the present
study are crucial for directing the core protein to lipid droplets,
since the surface of lipid droplets must derive from the cyto-
plasmic side of the ER membrane.

The HCV core protein contains NLS sequences which are
composed of three stretches of sequences rich in basic resi-
dues. These sequences were originally identified by experi-
ments with fused forms of wild-type and mutated core proteins
with B-galactosidase (6, 48). C-terminally truncated versions of
the core protein localize exclusively to the nucleus (48). A
fraction of the core protein is detected in the nucleus even
when full-length HCV core gene is expressed (Fig. 2) and as
described (34, 56). However, it is difficult to demonstrate
clearly the nuclear localization of the core protein by immu-
nofluorescence, presumably because of the instability of nucle-
arly localized core protein (49, 33). We only observed a nuclear
staining pattern of the matured core protein after adding pro-
teasome inhibitors to the culture (33).

Generally, NLS sequences fall into two categories; (i) mono-
partite NLSs, which contain a single cluster of basic residues, |
and (ii) bipartite NLSs, which contain two clusters of basic
residues separated by an unconserved linker sequence of vari-
able length (reviewed in reference 12). Nuclear translocation
of an NLS-containing cargo protein is initiated when the sol-
uble import receptor (importin) recognizes the NLS-contain-
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ing protein within the cytoplasm. Importin-o contains an NLS-
binding site(s), and importin-B docks importin-cargo
complexes to the cytoplasmic filaments of a nuclear pore com-
plex, after which translocation occurs through the nuclear
pore. Thus, importin-a functions as an adaptor between the
bona fide import receptor and the NLS-containing protein.

We further characterized the NLS of the core protein and
found that each of the NLS motifs of the core protein is able
to bind to importin-a and that at least two NLS motifs are
required for efficient nuclear distribution of the core protein in
cells. It appears that double mutations among three NLS mo-
tifs decrease the ability of the core protein to bind importin-a.
These observations suggest that the binding of the double
mutants with importin-a leads to no or little active transloca-
tion of the core protein into the nucleus. The double mutations
may also block subsequent interactions with importin-g1,
GTPase Ran, and/or NTF2/p10, which are required for trans-
location through the nuclear pore complexes.

The findings obtained in this study suggest that HCV core
protein NLS motifs have a bipartite function. Crystallographic
studies of monopartite (e.g., simian virus 40 large T antigen)
and bipartite (e.g., nucleoplasmin) NLSs show that the basic
residue clusters of bipartite NLSs occupy separate binding sites
on importin-a. In contrast, while monopartite NLSs can bind
to the same sites as bipartate NLSs on importin-a, they mainly
bind to the N-terminal binding site, which is referred to as the
major binding site on importin-o (9, 11). A recent report de-
scribes an importin-o variant with a mutation in the major site
which results in decreased ability to bind both monopartite and
bipartite NLSs. Another variant with a mutation in the minor
site exhibits decreased binding only to bipartite NLS-contain-
ing proteins, making importin-a nonfunctional in vivo (22).
Thus, we favor a model in which the core protein bipartite
NLS, composed of any two of the three basic clusters, occupies
both major and minor binding sites on importin-u, resulting in
efficient nuclear translocation. Importin-o may be equally ac-
cessible to all clusters, given their close proximity to one an-
other, as well as the distinct conformational flexibility of the
~70-residue N-terminal region of the core protein.

With regard to the molecular mechanisms participating in
nuclear localization of the core protein, Moriishi et al. found
that PA28y is involved in nuclear localization of the core pro-
tein. Interaction of the core protein with PA28y plays an im-
portant role in retention of the core protein in the nucleus
(33). Furthermore, in yeast cells, nuclear transport of the core
protein requires the activity of the small GTPase Ran/Gsplp
and is mediated by Kap123p, but neither importin-a nor im-
portin-B is involved (20). Differences in nucleocytoplasmic
transport between yeast and mammalian cells might explain
the inconsistencies observed in the present study. Further ex-
periments are required to characterize the exact nature of the
interaction between the core protein and components of the
nuclear import machinery, particularly in cells where HCV is
replicating.

In conclusion, the mature HCV core protein has an internal
41-amino-acid sequence mediating association of the viral pro-
tein with the ER and mitochondria. We also provide evidence
for a novel class of bipartite NLS contained within the core
protein, which comprises two of three basic motifs, thus en-
abling efficient nuclear targeting. Multiple functional domains

J. VirOL.

influence the subcellular localization of the core protein, which
ultimately depends on the balance of the respective signals.
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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 AcMNPV envelope, is involved in viral entry into
cells by receptor-mediated endocytosis 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 baculovirus
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 gp64-
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 califormica multiple nucleopoly-
hedrovirus (AcMNPV) is an insect virus possessing a 134-kb
double-stranded circular DNA genome (3). Due to the strong
polyhedrin and p10 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 variety of mammalian cells to facilitate the expression of
foreign genes under the contro! 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 iead 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 vivo
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 ACMNPYV also induces a strong innate im-
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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
(1gG) 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. Pseudotype 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 (S19) cells were grown in TC-100 medium (Sigma,
St. Louis, Mo.) supplemented with 0.26% tryptose phosphate broth (Difco,
Derroit, Mich.) and 10% (volfvol) fetal bovine serum (FBS) (Sigma) (66). To
establish a cell line constitutively expressing gp64, ST cells were transfected with
pAFgp64 (see below) and pIB/V5-His (Invitrogen, Carlsbad, Calif.) using Uni-
Fector reagent (B-Bridge, Sunnyvale, Calif.). Thirty-six hours after transfection,
SE cells were selected in TC-100 medium containing blasticidin (50 pg/my;
Invitrogen). Resistant cells were stained with anti-gp64 antibodies (AcV1)
(kindly provided by P. Faulkner) (22); positive cells were sorted using a FACS-
Calibur (Becton Dickinson, Franklin Lakes, N.J.) 1o 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 BHK, purchased from the American Type
Culture Collection, were maintained in Dulbecco’s modified Eagle’s medium
(Sigma) containing 2 mM L-glutamine, penicillin (50 1U/ml), streptomycin (50
pg/ml), and 10% FBS (66).

Construction of plasmids. We constructed two expression plasmids, pAF-
MCS1 and pAF-MCS2, harboring the A3 actin promoter, a multiple cloning site,
and the polyadenylation signal derived from the Bombyx mori 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 gpéd gene was excised from pFBgpé64 (see below) by digestion with
Sall and HindIIl. This fragment was then inserted into the Sall-HindIII site of
PAF-MCS]. Recombinant baculoviruses were constructed using the transfer vector
pFASTBACI (lavitrogen). 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 BamHl and
inserted into the SnaBl-BamHI site of pFASTBACI.

pUCgpbalocus was generated by cloning the EcoRI-Smal fragment from
AcMNPV genomic DNA (corresponding to 107,325 10 112,041 nt) (3) into the
EcoR1I-Smal site of pUC18. To generate pUCgp64, a fragment encoding the
gp64 gene was excised from pUCgpé4locus by digestion with Spel and Bglll and
then cloned into the Xbal-BamHI site of pUC18. The gp64 gene was excised
from pUCgp64 by digestion with Sall and Kpnl and inserted into the Sall-Kpni
site of pFASTBACTI. The resulting plasmid was designated pFBgp64. To gener-
atc pFBgp64CAluc, the cassette including the polyhedrin promoter and the gp6d
gene was excised from pFBgp64 by digestion with SnaBl and Kpnl and cloned
into pFBCAluc, which was digested with Sall, 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
pFASTBACI to create pFBVSVG. 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 pFASTBACI. To generate
pFBVSVGCAluc and pFBGFPCAluc, the DNA fragment encoding the poly-
hedrin promoter and cither the VSVG or GFP gene was excised from pFBVSVG
or pFBGFP, respectively, by digestion with SnaBl and Xhol and cloned into
pFBCAluc, which was digested with Sall, extended with Klenow enzyme, and
redigested with Xhol.

J. VIROL.

cDNAs encoding human CD46 and sigraling lymphocyte activation molecule
(SLAM; also known as CDw150) were amplified from the genomic DNAs of
CHO/CD46 (kindly provided by T. Seya) (25) and CHO.SLAM (kindly provided
by Y. Yanagi) (67) celis, respectively, by PCR. The CD46-Fw (1st) (5'-TTT
CCTCCGGAGAAATAACAGC-3') and CD46-Ry (1st) (5'-CTAAGCCAC
AGTTGCACTCATG-3') primers were used to amplify CD46 cDNA, and the
SLAM-Fw (1st) (5'-TGACACGAAGCTTGCTTCTG-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-Hindll (5'-OCCCAAGCTTCCGCGCCGCG
CATGGG-3') and CD46-Rv-Safl (5'-TTTTGTCGACTCAGCCTCTCTGCTC
TGCTG-3') to amplify CD46 cDNA and SLAM-Fw-HindIll (5'-CCCCAAGC
TTCCTCATTGGCTGATGGATC-3) and SLAM-Rv-Safl (5'-AAAAGTCGA
CTCAGCTCTCTGGAAGTGTCA-3') 10 amplify SLAM cDNA. The amplified
CD46 and SLAM cDNAs were digested with HindIIl and Sall and then cloned
into the HindlIIl-Sall sites of pAF-MCS2 1o create pAFCD46 and pAFSLAM,
respectively. The CD46 and SLAM cDNAs were excised from pAFCD46 and
PAFSLAM, respectively, by digestion with HindlIll, extension with Klenow en-
zyme, and redigestion with Xbal and cloned into pFASTBAC). To generate
PFBCD46CAluc and pFBSLAMCAluc, the DNA fragments encoding the poly-
hedrin promoter and cither the CD46 gene or the SLAM gene were excised from
pFBCDM46 or pFBSLAM, respectively, by digestion with SnaBI and Pvul and
cloned into pFBCAluc. A mutant SLAM gene, SLAMcy107, possessing a trun-
cated cytoplasmic domain of 7 amino acids, was generated by PCR with the
primers SLAM-Fw-Smal (5'-COOCCCGGGCCTCATTGGCTGATGGATC-
3’) and SLAM-Taa-stop-Rv-Sall (5'-GGGGGGTCGACTCAGTTCGTTTT
ACCTCTTCTTCTCAAC-3'). This PCR product was digested with Smal
and Sall and then cloned into the Smal-Sall sites of pAF-MCS! to create
PAFSLAMCcyto7. To construct pFBSLAMcyto7CAluc, the SLAMcy1o07 gene was
excised from pAFSLAMCcyto? and substitated for the full-length SLAM gene of
PFBSLAMCAIuC. 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 psendotype baculoviruses. The gp64 genc of the AcCMNPV-
bacmid (bMON14272; Invitrogen) was replaced with the chloramphenicol acetyl-
transferase (CAT) gene as described previously with slight modifications (3, 33).
Briefiy, the CAT gene was amplified by PCR with the Chl-Pw-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
Bgltl, the amplified CAT gene replaced the gp64 gene of pUCgp6dlocus to
create p64locusicat. To construct a gp64-null ACMNPV-bacmid, bMONAG4/cat,
the p64locus/cat plasmid was linearized by digestion with Ndel and cotransfected
with bMON14272 into Sf9 cells. Forty-eight hours posttransfection, the celis
were washed with cold phosphate-buffered saline and lysed in proteinase K
buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA, and 0.5% sodium
dodecyl sulfate {SDS]). DNA was purified from cell lysates by phenol-chloroform
extraction and then transformed into Escherichia coli DH10B competent cells
(Invitrogen) by electroporation using a Gene Pulser (Bio-Rad, Hercules, Calif.).
Resistant colonies were selected in kanamycin and chloramphenicol. Disruption
of the gp64 gene was confimmed by PCR in a bMON14272-transformed colony
that was resistant to kanamycin and chloramphenicol (Fig. 1A). To generate
DH10BacA64/cat, we cotransfected bMONAG4/cat and the helper plasmid
pMONT7124 into DH10B cells. To construct recombinant bacmids, DH10BacA64/
cat was transformed with transfer vectors and selected according to the manu-
facturer’s instructions. To separate recombinant bacmids from the pMON7124
belper plasmid, miniprep bacmid DNA was transformed into DH10B cells by
electroporation. To generate pseudotype baculoviruses, bacmids lacking the
gp64 gene and possessing both an exogenous ligand gene and the luciferase gene
under the polyhedrin and CAG promoters, respectively, were transfected into
S cells. Fifteen micrograms of the bacmid DNA was used to transfect 5§ X 105
Sf9 cells in a 10-cm-diameter dish by using 30 ul of UniFector reagent (B-
Bridge). Four days after transfection, 500 ml of culture supematants (50
dishes) was harvested. The resulting pseudotype baculoviruses, AcA64/gp64/
CAluc, AcA64/VSVG/CAluc, AcA64/CD46/CAluc, AcA64/SLAM/CAluc, 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 ACMNPV (bMON14272) and gp64-null ACMNPV (bMONAG64/cat) bacmids. The
gp64 gene (BglIl/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
bMONAG64/ligand/CAluc. The gp64 gene in bMON14272 was replaced with the CAT gene. The desired ligand and luciferase genes were inserted
under the controi 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/gp64locus, and pé4locus/cat (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 ACMNPV 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 bMONA64/GFP/CAluc. GFP expression was examined by fluorescence microscopy 4 days posttransfection.
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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
protein vp39 by semiquantitative Western blot analysis. The infectious titer
determined by plaque assay in Sf9 cells correlated weil with the intensity of the
vp39 signal obtained by Western blotting for both AcA64/gp64/CAluc and
AcAb64/VSVG/CAluc (data not shown). Pseudotype baculovirus titers are ex-
pressed as relative infectious units (RIU) 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,
8p64-Fw (Bgl) (5'-AAAGATCTACCATGGTAAGCGCTATTGTTT-3') and
gpb4-Ry (Sal) (§'-TTGTCGACTTAATATTGTCTATTACGGTTT-3'); for the
gpbalocus, gpbdlocus-Fw (5'-GCACGGATTGGGGAGAGGACGGATTTT-3")
and gpédlocus-Rv (5'-AGCTCGTTATTCAAGTGTCOCGCGTAC-3'); and for
vp39, vp39-Fw (5'-ATATGGCGCTAGTGCCCGTGGGTATGG-3') and vp39-
Rv (5'-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. Culture
supernatants from Sfgp64 cells transfected with recombinant bacmids were har-
vested 4 days after transfection. After serial passage in Sfgp64 cells for 4 days,
each Sfgp64 cell supernatant was inoculated into Sf9 cells. The culture superna-
tants were further inoculated into Si9 cells to examine the generation of repli-
cation-competent revertants during the replication in Sfgp64 cells. The presence
of replication-competent virus in the culture supernatants was assessed by the
appearance of cytopathic effect and GFP expression in S cells. GFP expression
in insect cells was observed by fluorescence microscopy (UFX-1I; Nikon, Tokyo,
Japan). The gencration of replication-competent viruses incorporating gp64 was
examined by PCR using the viral DNA as a template. The supernatants of S{gp64
cells were concentrated by centrifugation at 18,000 x g for 45 min at 4°C. Viral
DNA, purified from replication-competent revertants by phenol-chloroform ex-
traction, was examined by Southern blot analysis. DNA was digested with Bglil
or Pstl, separated by electrophoresis on a 0.6% agarose gel, and transferred to a
Hybond N+ nylon membrane (Amersham Biosciences, Piscataway, N.J.). PCR
primers [gp64-Fw (Bgl) and gp64-Rv (Sal) for the gp64 gene or vp39-Fw and
vp39-Rv for the vp39 gene] were used to amplify the arget fragments for use as
hybridization probes. PCR products were purified and labeled using the ECL
direct nucleic acid labeling and detection system (Amersham Biosciences) ac-
cording to the manufacturer’s instructions. Fragments containing the gp64 or
vp39 gene were visualized using image analyzer LAS-3000 (Fujifilm, Tokyo,
Japan).

Incorporation of ligands into psendotype 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 gel electrophoresis and electroblotted onto Hybond-P polyvinyli-
dene difluoride 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-294; 1:200) (Santa Cruz, Santa Cruz,
Calif.) or one of the following mouse monoctonal antibodies: anti-gp64 (AcVS;
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
1gG or anti-rabbit 1gG antibodies at room temperature for 1 h. Inmunoreactive
bands were visualized using enhanced-chemiluminescence Super Signal West
Femto substrate (Pierce, Rockford, 111.) (47).

Reporter gene expression by pseudotype baculoviruses. AcA64/gp64/CAluc
and AcA64/VSVG/CAluc baculoviruses were inoculated into 3.0 x 10? 293T and
BHK cells. Twenty-four hours after infection, the cells were lysed in Bright-Glo
luciferase substrate (Promega, Madison, Wis.) according to the manufactuser’s
instructions. Relative light units were measured using a luminometer (AB-2200;
ATTO Co. Ltd., Tokyo, Japan). To demonstrate ligand-directed gene targeting
by AcA64/CD46/CAluc, AcA64/SLAMCAIuc, and AcA64/SLAMcyto?/CAluc
baculoviruses, 3.0 x 10* BHK cells were cotransfected with cither pCA-EdF and
pCA-EdH or pCA-IcF and pCA-IcH and then infected with 5.0 x 10° RIU of
pseudotype baculoviruses at 24 h posttransfection. Luciferase expression was
determined after a 24-h incubation.

Inhibition 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 (I1) (kindly provided by M. A. Whitt) (30), anti-CD46
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(M75) (Seikagaku Co. Ltd., Tokyo, Japan), or anti-SLAM (IPO-3) (Biodesign
International, Saco, Maine) antibodies were preincubated with each virus (106
RIU) at 37°C for 60 min and then inoculated into the appropriate target cells.
After incubation at 37°C for 24 b, we determined the neutralization by the
included antibodies from the reduction of luciferase expression.

Entry of pseudotype baculovirus into target cefls. BHK cells expressing hem-
agglutinin and fusion proteins derived from the Edmonston strain of meastes
virus were preincubated with either ammonium chloride (2, 10, or 50 mM)
(Wako Pure Chemical Industries, Osaka, Japan) or chloroquine (20, 100, or 500
pM) (Sigma) for 1 h. The cells were then inoculated with 1.0 x 10 RIU of
AcAB64/CDM6/CAluc, AcAb4/gp64/CAluc, or AcA64/VSVG/CAluc in the pres-
ence of the ahove-mentioned reagenis. The effects of ammonium choloride and
chloroquine on gene transduction by pseudotype baculoviruses were determined
by the changes in luciferase expression.

Electron microscopy. Viral particles purified by ultracentrifugation 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% (wt/vol) nranyl acetate and examined using a Hitachi (Tokyo,
Japan) H-7100 electron microscope at 75 kV. For immunoelectron micrascopy,
virus particles put onto grids were incubated with murine monoclonal antibodies
specific for VSVG (I1) or CD46 (E4.3) (Sana Cruz) and then treated with a gold
particle-conjugated anti-mouse IgG antibody (British Biocell International, Lid.,
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 SO
cells. DNA, extracted from the celis 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, bMONAG4/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
bMONA64/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 bMONA64/
GFP/CAluc and parent bMON14272 bacmids. The gp64 gene
(1,558 bp) was amplified from bMON14272 and pUC/64locus,
but not 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 bMONAG4/GFP/CAluc and pé4locus/cat
(Fig. 1A and C). These data indicate that the gp64 gene was
replaced with the cat gene in bMONA64/GFP/CAluc. Previous
studies demonstrated that gp64-null AcCMNPV could propa-
gate in SPOOF6 or SPOPID cell 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 ACMNPYV 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
gp64-null ACMNPV (AcA64/GFP/CAluc), Sfgp64 and Sf9 cells
were transfected with b MONA64/GFP/CAluc. We assessed the
propagation of infectious virus by measuring GFP expression
by fluorescence microscopy. Forty-eight hours posttransfec-
tion, ~10% of the Sfgp64 and Sf9 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 SfO cells.

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 Sfgp64 cells. Culture su-
pernatants of Sfgp64 cells collected 4 days after transfection
with bMONAS4/GFP/CAluc (passage 1) were inoculated into
Sfgp64 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 Sf9
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
S9 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 gp64 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 gpb4 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 Ac14272, 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
S9 cells (71). To determine if gp64 genes intei;rated 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, bMONA64/GFP/CAluc. The
gp64 locus primers amplified the mutant 2,143-bp fragment
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from all revertant viruses and the parental bMONAG4/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 Bglll or Pstl, which do not digest
sequences within the gp64 or vp39 genes, and hybridized to
gp64- or vp39-specific probes (Fig. 3B). If the gp64 gene inte-
grated into the viral genome by nonhomologous recombina-
tion, the digested fragments containing 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
gpb64 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 Bglll and 29,009 bp when di-
gested with Pstl) 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 a gp64-null pseudotype virus, AcA64/VSVG/
CAluc, by the transfection of bMONA64/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 Sf9 cells (Fig. 1B). 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. Sf9 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° R1U/ml).
To examine the expression and incorporation of the glycopro-
teins into virions, we transfected these bacmid constructs into
Sf9 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 intervais. Each culture supernatant from Sfgp64 cells was passaged two more times in Sf9 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 sugematant 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
AcA64/VSVG/CAluc and AcA64/gp64/CAluc viruses, respec-
tively, but not in AcA64/GFP/CAluc.

To assess the efficacy of mammatian cell gene transduction
by the pseudotype baculoviruses, 293T and BHK cells were
inoculated with various amounts of pseudotype viruses (Fig.

in a dose-dependent manner in both cell lines following
infection with AcA64/gp64/CAluc and AcA64/VSVG/CAluc.
AcA64/GFP/CAluc, however, was unable to infect either cell
line. To confirm the role of gp64- or VSVG-mediated gene
transduction into mammalian cells by the pseudotype baculo-
viruses, we attempted to neutralize 293T cell infection using
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FIG. 3. Incorporation of the gp64 gene into gp64-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 bMONAG64/GFP/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/
gp64/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 pseudotype 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
bMONA64/gp64/CAluc, bMONAG4/VSVG/CAluc, bMONA64/GFP/CAluc, or bMON14272 bacmid were examined by Western blot analysis using
monoclonal antibodies specific for VSVG (P5D4) and gp64 (AcVS) (left). The incorporation of gp64 and VSVG into pseudotype particles,
AcA64/gp64/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 particie ligands. AcA64/gp64/CAluc or AcA64/VSVG/CAluc (10° RIU) was preincubated
with the indicated dilutions of monoclonal antibodies specific for gp64 (AcV1) or VSVG (I1), 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.
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protein. The receptor usage of measles virus has been well
characterized; while laboratory strains of measles 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 Sf9 cells transfected with the bMONAG64/
CD46/CAluc or bMONA64/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. SA).
CD46 was detected in cells transfected with b MONA64/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 1 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 a 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 bMONA64/
SLAMCcyto7/CAluc and subsequently incorporated into AcA64/
SLAMcyto7/CAluc particles at levels similar to those seen for
CD46 inclusion into AcA64/CD46/CAluc (Fig. S5A).

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 IcF) strain. These cells
were inoculated with pseudotype baculoviruses (Fig. SB). 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, AcA64/SLAMcyto7/CAluc could also
deliver a reporter gene to cells expressing the Edmonston and
Ichinose strain glycoproteins but not to control cells. While
AcA64/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/SLAMcyto7/
CAluc, 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 AcCMNPV and VSV, in which envelope glycoproteins
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undergo 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/CAluc, and
AcA64/CD46/CAluc to BHK cells expressing EdH and EdF in
the presence or absence of ammonium chloride or chloroguine
(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-
nium 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 Ac MNPV, AcA64/VSVG/CAluc, and AcA64/CD46/CAluc
virus particles by transmission efectron microscopy (Fig. 7A to
C). All of the pseudotype baculoviruses exhibited rod shapes
and similar sizes, indistinguishable from the wild-type bacuto-
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
CD4a6 (Fig. 7E and F). In both pseudotype viruses, gold par-
ticles were detected on the virion surface from the staik 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 Sf9 cells
transfected with the bMONA64/gp64/CAluc, bMONAG4/CD46/CAluc, bBMONA64/SLAM/CAluc, bMONAG4/SLAMcyto7/CAluc, or b MON14272
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 SLAMcyto? into pseudotype particles, AcA64/gp64/CAluc, AcA64/CD46/CAluc,
AcA64/SLAM/CAluc, AcA64/SLAMcyto7/CAluc, or ACMNPYV, was examined by Western blot analysis using monoclonal antibodies specific for £p64,
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 (EdH and EdF) or Ichinose (IcH and IcF)
strain or with an empty vector and then inoculated with 5 X 10° RIU of AcA64/gp64/CAluc, AcA64/VSVG/CAluc, AcA64/CD46/CAluc, AcAG/SLAM/
CAluc, or AcA64/SLAMCcyto7/CAluc 24 h after transfection. Luciferase expression was determined 24 h after infection. The resuits 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/CD46/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. 3648
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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 EJF) 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, AcA64/VSVG/CAluc, or
AcA64/CD46/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).

FIG. 7. Electron micrographs of pseudotype baculoviruses. Purified virus particles of wild-type AcCMNPV (A), AcA64/VSVG/CAluc (B), and

AcA64/CD46/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 immunoelectron microscopy using
specific monoclonal antibodies against VSVG and CD46, respectively. ACMNPV 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 ] 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 phosphatidyiserine (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
Sfgp64, a replication-competent cell line stably expressing
gp64. After three rounds of passage of the pseudotype virus in
Sfgp64 cells, however, replication-competent revertant viruses
that had incorporated the gp64 gene were generated. Sfgp64
cells were established by transfection of Sf9 with a plasmid
encoding the gp64 gene lacking any flanking 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
AcMNPYV 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
SHOPID cell 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 leve! of gp64 on the cell surface, the expression level of
gp64 might be lower than that of the SO°P'P 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 Sf9
cells instead of amplification of pseudotype baculoviruses in
Sfgp64. 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 $f9 cells expressing gp64 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 AcA64/gp64/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



