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Baculovirus as versatile vectors for protein
expression in insect and mammalian cells

Thomas A Kost!, J Patrick Condreay' & Donald L Jarvis?

Today, many thousands of recombinant proteins, ranging from cytosolic enzymes to membrane-bound proteins, have been
successfully produced in baculovirus-infected insect cells. Yet, in addition to its value in producing recombinant proteins in
insect cells and larvae, this viral vector system continues to evolve in new and unexpected ways. This is exemplified by the
development of engineered insect cell lines to mimic mammalian cell glycosylation of expressed proteins, baculovirus display
strategies and the application of the virus as a mammalian-cell gene delivery vector. Novel vector design and cell engineering
approaches will serve to further enhance the value of baculovirus technology.

Over the past 20 years the baculovirus—insect cell expression system has
become one of the most widely used systems for routine production
of recombinant proteins' . A number of technological improvements
have eliminated the original tedious procedures required to identify and
isolate recombinant viruses, increasing the popularity of the system.
These include development of a wide variety of transfer vectors, simpli-
fied recombinant virus isolation and quantification methods, advances
in cell culture technology and the commercial availability of reagents.
These enhancements have resulted in a virus-based expression system
that is safe, easy to use and readily amenable to scale-up.

In addition, biotechnology now uses baculoviruses in applications
beyond the production of proteins in insect cells and larvae. These

Vo), include the development of strategies for displaying foreign peptides

and proteins on virus particles and the insertion of mammalian cell-
active expression cassettes in baculoviruses to express genes efficiently
into many different mammalian cell types. Baculoviruses engineered to
display foreign peptides and proteins on the viral surface have proven
particularly useful as immunogens and both surface display and capsid
fusions may provide further opportunities for enhancing and targeting
baculovirus-mediated transduction of mammalian cells.

Here, we review recent advances in baculovirus—insect cell protein
production, baculovirus display and the development and application
of baculoviruses as mammalian-cell gene-delivery vectors (Fig. 1).

Isolation and quantification of recombinant baculoviruses

Recombinant baculovirus expression vectors were initially isolated
using a highly inefficient homologous recombination process. Insect
cells cotransfected with baculovirus and transfer plasmid DNA pro-
duced a mixture of parental and recombinant viruses, with a recombi-
nation frequency of only about 0.1%. Progeny were usually resolved by
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plaque assay and recombinant clones identified microscopically by their
distinctive occlusion-negative plaque phenotypes. This was tedious as
recombinant plaques, surrounded by a sea of occlusion-positive paren-
tal virus plaques, were difficult to identify. A huge improvement came
with the development of baculovirus DNA that could be linearized at a
unique Bsu36I site in the polyhedrin locus’. When used together with
a transfer plasmid to cotransfect insect cells, the linearized viral DNA
gave rise to recombinants at a higher frequency, typically around 25%.
Later, baculovirus DNAs were engineered to have multiple Bsu36I sites,
one within an essential viral gene®. Bsu36I digestion created a large
deletion that functionally inactivated the essential gene, thus precluding
replication of parental virus and increasing the frequency of recombi-
nant virus production to over 90%. This approach was commercialized
and the use of predigested viral DNAs became status quo for recombi-
nant baculovirus production. Still, baculovirus plaque assays remained
an essential part of the technology, as recombinant baculoviruses were
most frequently cloned using this approach.

Efforts to eliminate the requirement for a plaque assay in virus isola-
tion led to development of an in vivo bacterial transposition method,
first described in 1993 and later commercialized as the Bac-to-Bac sys-
tem’. This method involves site-specific transposition of a foreign gene
from a donor plasmid to a cloned baculoviral DNA, or ‘bacmid’ such
that the foreign gene is controlled by the polyhedrin promoter. Since
Escherichia coli clones containing recombinant bacmid DNA acquire
an antibiotic resistance marker and lose a lacZ marker, they can be
easily selected and identified. One simply isolates viral DNA from
positive bacterial clones and uses this bacmid DNA to transfect insect
cells and produce recombinant virus. Theoretically this method does
not require a plaque assay to resolve parental from recombinant virus
progeny; however, the virus stock may be, nevertheless, polyclonal. A
recent improvement in the frequency of recombinant viruses produced
using Tn7-mediated transposition has been described, which may allow
for the efficient generation of baculoviral libraries!®!!. It is important
to note that recent reports have shown that BAC vector sequences can
be spontaneously excised from bacmid-derived vectors upon passage in
insect cells!'>!3. In our experience, this has not posed a major problem
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Figure 1 Versatility of baculovirus expression vectors. Baculovirus vectors
can be used for a variety of applications. These include producing proteins in
insect larvae, insect cells and mammalian cells. The insect and mammalian
cells in the photomigrographs were treated with baculoviruses expressing
GFP. Viruses can also be produced that display peptides or proteins on the
surface of viral particles. The red circles on the schematic virus particle
represent displayed gp64 fusion proteins.

for routine protein production using bacmid-derived viruses, but could
hinder large-scale production systems.

Recently two additional approaches have been described for gen-
erating recombinant baculoviruses. An in vitro transposition system,
adapted from Bac-to-Bac, commercially known as BaculoDirect, uses
a purified transposase to move a foreign gene from a donor plasmid
to a viral DNA acceptor, placing the foreign gene under the control of
the polyhedrin promoter. The parental viral DNA has a herpes virus
thymidine kinase gene, which serves as a negative selection marker that
is eliminated upon transposition. Thus, insect cells are transfected with
the mixture of parental and recombinant viral DNA created in the test
tube and parental viruses are eliminated by gancyclovir treatment. As
with Bac-to-Bac, plaque isolation is not required, but the virus stock
may be polyclonal and an experienced virologist would probably under-
take plaque purification. An alternative method uses a baculovirus with
a lethal mutation in orf1629, which encodes an essential gene product
required for virus replication. Viral DNA is maintained as a bacmid in
E. coli. In this system cotransfection of insect cells with a transfer vec-
tor containing the gene of interest and the engineered viral DNA yields
100% recombinant viruses'.

Studies have also been undertaken to develop rapid and facile
methods for virus quantification. These efforts have been driven
by the use of automated platforms for baculovirus production and
expression'>"!7 and the need to rapidly titrate baculovirus stocks
destined for the production of multi-subunit protein complexes
and mammalian cell transduction studies. A commercially available
immunocytochemical assay using a monoclonal antibody against
the baculovirus gp64 protein provides virus titers within 48 h!8, Two
additional antibody-based assays have been developed that provide
rapid virus titrations'*2%, Quantification of baculovirus particles by
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flow cytometry?! and real-time PCR?? has been described. Several
assays that use reporter proteins such as green fluorescent protein
(GFP) or B-galactosidase have also been described; however, an
inherent drawback of these methods is the need for expression of
an additional protein.

Protein glycosylation in the baculovirus—insect cell system

It is often stated that the baculovirus—insect cell system has eukaryotic
protein processing capabilities. It is generally true that insect cells can
fold, modify, traffic and assemble newly synthesized polypeptides to pro-
duce highly authentic, soluble end products’>23. However, it is equally
true that insect protein processing pathways are not necessarily equivalent
to those of higher eukaryotes. One of the best examples of a similar, but
distinct processing pathway is the protein N-glycosylation pathway.

Early research on dipteran insect cells, which has been reviewed
in detail elsewhere?»?>, established a model of the insect protein
N-glycosylation pathway which, with a few caveats, is still valid today.
These studies indicated that insect cells could assemble N-glycans,
transfer them to nascent polypeptides and trim the N-glycan precur-
sors to produce high mannose or paucimannose end products (Fig. 2).
However, the cells failed to elongate the trimmed N-glycans to pro-
duce complex products containing terminal galactose and/or sialic
acid residues. As recombinant glycoproteins began to be produced,
it was recognized that the lepidopteran insect cell lines used as hosts
for baculovirus expression vectors followed this general paradigm. In
addition, enzyme assays showed that these cell lines had little or none
of the galactosyltransferase and sialyltransferase activities involved in
N-glycan elongation (Fig. 2). Moreover, it was found that many of these
cell lines have an unusual processing activity that converts an inter-
mediate common to both the insect and mammalian pathways to the
insect-specific paucimannose end product?® (Fig. 2).

Today, it is generally recognized that most baculovirus-expressed
recombinant glycoproteins will acquire authentic N-glycans only at
sites occupied by high mannose structures on the native mammalian
products. In contrast, they are most likely to acquire paucimannose N-
glycans at sites occupied by complex, terminally galactosylated and/or
sialylated N-glycans on the native product. This latter fact is a clear limi-
tation of the baculovirus—insect cell expression system because N-gly-
cans, and particularly terminal sialic acids, contribute to glycoprotein
functions in many different ways. For some clinical applications, such
as in vivo administration of a therapeutic recombinant glycoprotein,
the absence of terminal sialic acids would be unacceptable.

Recent trends in the development of the baculovirus—insect cell system
include extensive efforts to address this problem, the details of which have
been reviewed elsewhere?’—3!. However, an overview of selected devel-
opments will be of interest to investigators using the baculovirus—insect
cell system for recombinant glycoprotein production. An early step was
the development of expression plasmids and methods for transforming
lepidopteran insect cell lines containing stably integrated, constitutively
expressed foreign genes®>33. These studies set the stage for the creation
of transgenic lepidopteran insect cell lines containing mammalian genes
encoding N-glycan processing activities that were absent in the paren-
tal cell lines. The first transgenic insect cell line of this type was pro-
duced by transformation with a bovine 1,4-galactosyltransferase gene.
Baculovirus infection of this cell line, but not the parental Sf9 cell line, led
to the production of a foreign protein with terminally 3-galactosylated
N-glycans®. Subsequently, a transgenic Sf9 line encoding both bovine
[1,4-galactosyltransferase and rat 0.2,6-sialyltransferase was isolated that
supported the production of terminally 0:2,6-sialylated N-glycans. This
was a surprising result because the donor substrate required by the rat
sialyltransferase, CMP-sialic acid, is not found at detectable levels in Sf9
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cells®®37. A possible explanation was obtained
with the finding that Sf9 cells have a sialic acid
scavenging pathway that can support de novo
glycoprotein sialylation in transgenic cells
expressing the sialyltransferase®®. However,
detailed structural analyses revealed that only
the lower (a1,3) branch of the N-glycans pro-

duced by these transgenic insect cells had been s
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elongated. Because monoantennary N-glycans
are rarely found on mammalian glycoproteins,
another transgenic insect cell line was designed
to express five mammalian glycosyltransferases,
including one that initiates elongation of the
upper (01,6) N-glycan branch®. These cells,
designated SSSWT-1 cells produced biantennary,
terminally monosialylated N-glycans. Finally,
because a sialic acid scavenging pathway might
be an inefficient way to produce CMP-sialic acid
for de novo glycoprotein sialylation, a transgenic
line designated SESWT-3 was produced. These
cells encode the same five glycosyltransferases
of SESSWT-1, plus two murine enzymes that
convert the sialic acid precursor, N-acetylman-
nosamine, to CMP-sialic acid’. When cultured
in the presence of N-acetylmannosamine, this
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Figure 2 Overview of processing pathways and major N-glycans produced by insect and mammalian cell
systems. The processing pathways in both systems yield a common intermediate. The major insect-cell
end product (paucimannose) is produced by further trimming of this intermediate (left-hand branch),
whereas the major mammalian-cell end products (including sialylated complex) are produced by
elongation of this intermediate (right-hand branch).

new cell line produced high levels of intra-

cellular CMP-sialic acid and a recombinant

N-glycoprotein with a highly homogeneous, biantennary, monosialylated
side chain.

The transgenic insect cell line approach has begun to address the
inability of the baculovirus—insect cell system to produce authentic
recombinant N-glycoproteins; however, the humanization of protein
processing pathways in insect cells is a work in progress, with many
additional developments needed and yet to come.

Enhancing protein expression in insect cells
In many instances sufficient quantities of functional protein for

e experimental needs can be readily obtained from baculovirus-infected

insect cells. However, this is not always true and for numerous rea-
sons increased yields of functional protein are often desirable. Various
approaches to increasing production of properly processed proteins
were covered in an earlier review on this topic*!. A number of studies
have documented enhanced protein production following cotrans-
fection with baculoviruses expressing chaperone proteins, which are
known to aid in the folding and modification of newly synthesized
proteins. The expression of correctly assembled Shaker potassium chan-
nels in Sf9 cells was enhanced by coexpression of the calcium-binding,
lectin-chaperone calnexin together with substitution of the polyhedrin
promoter with the weaker basic protein promoter to drive expression
of the ion channel*?. Coexpression of calreticulin promoted the pro-
duction of properly folded human lipoprotein lipase** and HLA-DR4
tetramers*4, Another approach has been to coexpress the chaperone
Hsp70 and its cofactors Hsdj and Hsp40. Such coinfections have
resulted in increased yields of soluble Epstein-Barr virus replication
protein, BZLF1> and functionally active tumor suppression protein
LKB14°. These studies demonstrate the potential value of coexpressing
chaperones to enhance functional protein production.

Significant increases in expression levels have also been reported by the
addition of various DNA elements to the virus. The addition of baculovi-
rus homology region 1 (hr1)*” and hr3 (ref. 48) sequence regions to the
virus genome resulted in increased luciferase production. Incorporation
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of a 21-base-pair (bp) element derived from a 5" untranslated leader
sequence of a lobster tropomyosin ¢cDNA that contains the Kozak
sequence and A-rich sequence found in the polyhedrin leader sequence
into a recombinant virus enhanced the expression of tropomyosin and
luciferase 20- and sevenfold, respectively*®. As with the addition of hr
elements, the effect of this 21-bp element will require further evaluation
with additional proteins to determine the general applicability of this
approach for enhancing protein yield.

Baculovirus infection of insect cells results in microscopically observ-
able cell lysis within 3-5 d after infection. Cell disruption may lead to
increased proteolytic activity and other environmental factors that can
result in degradation of recombinant protein. In an attempt to over-
come this difficulty, a baculovirus with reduced capability for initiating
cell lysis was isolated by random mutagenesis and the application of a
novel fluorescence resonance energy transfer (FRET)-based assay for
selecting the desired mutant®’. At 5 d after infection the mutant virus
showed only 7% lysis of infected Sf21 cells, whereas the parent virus
showed 60% lysis. Using this virus the authors demonstrated that a
higher level of compactly folded, engineered luciferase protein could
be produced with less degradation as compared to the parental virus.
Another approach to reducing protein degradation is the develop-
ment of a chitinase and v-cathepsin negative bacmid. Generation of
a recombinant virus designed to express the cattle parasite Theileria
parva sporozoite surface protein p67 with this bacmid protected the
secreted recombinant protein from degradation®!

The baculovirus—insect cell system has been used successfully for
the expression of thousands of diverse types of proteins. It has proven
particularly valuable for the expression of G protein—coupled receptors
(GPCRs)*>°? and coexpression with G proteins has proved valuable
for studying receptor—-G protein interactions>*. The system has also
proven very useful for expression of cytochrome p450 enzymes>>=>7.
Irrespective of the protein being produced, a major advantage of the
baculovirus—insect cell expression system is the ease of scale-up from
the laboratory to a large-scale production system>®
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Production of virus-like particles (VLPs) and protein complexes
The baculovirus—insect cell system has been used extensively for the
production of VLPs to study viral assembly processes in the absence of
infectious virus, produce antigens for immunization and proteins for
diagnostic assays and for gene transfer>*-%2, This approach is particu-
larly valuable in those cases where cell culture—based viral replication
systems are not available, such as human papilloma virus (HPV) and
hepatitis C virus (HCV). The baculovirus—insect cell system allows one
to deliver individual viral structural proteins via coinfection with mul-
tiple baculoviruses, each expressing a single protein, or via a single virus
designed to express multiple proteins®?. By varying the multiplicity of
infection and by using various promoters, one can attempt to control
the amount of expressed proteins to optimize VLP production.

A striking example of the application of this technology is the develop-
ment of HPV VLP-based vaccines®%>, VLPs composed of the HPV types
16/18 L1 structural proteins produced in baculovirus-infected insect cells
have been shown in clinical trials to be efficacious in preventing cervical
infections with HPV-16 and HPV-18, together with the associated cyto-
logical abnormalities and lesions®. HCV VLPs have also been successfully
produced using the baculovirus—insect cell system®”~71. VLPs containing
the core, E1 and E2 proteins of HCV resemble putative HCV virions and
have been shown to effectively induce HCV-specific humoral and cel-
lular immune responses in baboons’!. Recently the assembly of human
severe acute respiratory syndrome (SARS) coronavirus—like particles in
baculovirus-infected insect cells expressing the S, E and M structural pro-
teins has been described’>73. Budded VLPs could only be detected in the
culture medium when the genes encoding the three proteins were carried
by a single recombinant baculovirus’>. These results provide impetus for
further studies into the assembly and development of candidate VLP-
based vaccines against this important disease.

Insect cells infected with recombinant baculoviruses have also been
used to produce infectious adeno-associated virus (AAV) type 2 vec-
tors”4. Insect cells were coinfected with three recombinant baculoviruses,
one expressing the AAV replication proteins, a second expressing the
AAV structural proteins and a third expressing GFP under the control
of a cytomegalovirus (CMV) promoter bounded by the AAV inverted
terminal repeat sequences. The yield of functional genome-containing

'. I AAV particles per SP cell produced in this system approached 5 x 10*
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demonstrating the system can produce large quantities of AAV vectors.

Baculovirus display

A variety of strategies have been developed for displaying heterolo-
gous peptides or proteins on the surface of baculovirus particles by
fusing the peptide or protein to the baculovirus surface glycoprotein,
gp647>7%, Tn most instances the vector is designed so that baculovirus
particles contain both wild-type gp64 and gp64 molecules containing
the heterologous protein sequence. Baculoviruses displaying gp64-
fusion proteins have proven to be very effective immunogens. Since
this approach was first used to raise monoclonal antibodies against the
nuclear receptors LXRB and FXR”7, it has been used successfully to elicit
antibody responses to a variety of displayed proteins. These include
human peroxisome proliferator-activated receptor’8, Plasmodium ber-
ghei circumsporozoite protein’?, hemagglutinin protein of Rinderpest
virus®, Theila parva sporozoite surface antigen p67%! and foot-and-
mouth disease virus proteins®2. Baculovirus display strategies have also
been used for modification of the viral surface to influence baculovi-
rus-mediated transduction of mammalian cells. These studies will be
discussed further below. In addition to gp64 fusions, GFP was recently
fused to the baculovirus vp39 capsid protein®®. Capsid modifications
may allow novel approaches for enhancing baculovirus mediated gene
delivery into mammalian cells.
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It has also been shown that membrane proteins produced in infected
insect cells can be incorporated into baculovirus particles in a functional
form. This was first observed for the B-2-adrenergic receptor, which was
recovered in a functional form complexed with heterotrimeric G pro-
teins® and more recently for the human leukotriene B4 receptor®®. This
approach has been used successfully to produce a functional y-secretase
complex on the surface of baculovirus particles®®. Coinfection of Sf9
cells with viruses expressing the four putative y-secretase components
resulted in the production of virus particles with y-secretase activity
that was concentrated ~2.5-fold higher in the budded virus particles as
compared to Sf9 cell membranes. These studies show that baculovirus
particles can provide a unique scaffold for the assembly and enrichment
of functional membrane bound protein complexes.

Recombinant protein production in insect larvae

The use of baculovirus-infected insect cell larvae as hosts for protein
production was first described for the production of o-interferon in
1985 (ref. 87). Since that time larvae have been used successfully to
produce a variety of recombinant proteins®®-2. This approach has been
more widely adopted in Asian countries, including China, Japan and
India, where silkworms are abundantly available and more laboratories
have experience in growing and maintaining larvae. In most studies
the expression vectors were based on Bombyx mori nucleopolyhedrosis
virus (BmNPV), which infects the silkworm Bombyx mori. However,
there is at least some industrial interest in the larvae of the cabbage
looper moth, Trichoplusia ni, as host for recombinant protein produc-
tion by Autographa californica nuclear polyhedrosis virus (AcMNPV)-
based recombinant baculovirus vectors in the United States, as well.
Protein expression levels in baculovirus-infected larvae can be very
high, reducing costs for large-scale production. Nevertheless, due to a
general unfamiliarity with larval systems and ready access to cell culture
facilities, this approach has not gained widespread popularity in most
molecular biology laboratories in North America and Europe.

Baculovirus-mediated gene delivery in mammalian cells

The successful use of recombinant baculoviruses to direct gene expres-
sion in mammalian cells was first reported ten years ago®>4. Since we
reviewed this subject® there has been a remarkable increase in pub-
lished reports of the use of this system. A number of publications have
focused on improvements and demonstration of new cell types suscep-
tible to baculovirus transduction, but most have described applications
of this technology in areas such as genomics, pharmaceutical screening
assays and in vivo applications such as gene therapy. In this section, we
discuss advances that have been reported in the past few years.

Host cells and transduction parameters. The use of recombinant
baculoviruses containing mammalian cell-active expression cas-
settes, commonly referred to as BacMam viruses, for gene delivery to
mammalian cells was first demonstrated in cells of liver origin®>%,
Subsequently, a number of labs reported gene delivery to a broad range
of nonhepatic cell lines and primary cells®*=°%. Our 2002 review®>
contains a table of reported susceptible cells; however, there have
been many recent additions. Primary rat chondrocytes are efficiently
transduced by baculovirus® and the transduced cells retain their
differentiated state. Mouse primary kidney cells can express genes
delivered by baculovirus for up to 20 d'°°, Hepatic stellate cells from
rat and human are transduced at greater than 90% efficiency when the
cells are activated by culturing on plastic surfaces, although transduc-
tion of fresh cultures is quite low (<20%)!°!. Human osteosarcoma
cell lines have been shown to be extremely good hosts for BacMam-
mediated gene delivery!02-10% surpassing even hepatoma cell lines in
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the observed level of gene expression. The efficient transduction of
human mesenchymal stem cells has recently been demonstrated!?.
Though not mammalian, a number of fish cell lines also can be trans-
duced at a low level that is improved by the addition of butyrate!%.
Furthermore, virus can be injected into the embryos of zebrafish to
direct gene expression in vivo!'%7.

One major advantage of the BacMam system is that gene delivery
can be accomplished in many different cell types by simply adding a
viral inoculum (Fig. 3). However, certain cell types that are not effi-
ciently transduced can no doubt benefit by optimization of transduc-
tion conditions. Several parameters have been explored to improve
transduction of HeLa cells'*8. Dilution of the virus inoculum with
phosphate buffered saline rather than mammalian cell growth media
as well as prolonged incubation of cells with the virus at low tempera-
ture (25 °C rather than 37 °C) led to increases in gene expression. The
addition of virus to HeLa cells in mid-log phase, followed by further
additions of virus after several days allowed recombinant gene expres-
sion to be prolonged for over 10 d'%°. The addition of butyrate, a non-
specific inhibitor of histone deacetylase, has been shown to increase
BacMam-mediated gene expression in a number of cell types®®!10,
Butyrate addition and incubation of cells at lower temperatures (34 °C
rather than 37 °C) were used to increase protein yields in transduced
Chinese hamster ovary (CHO) cells grown in suspension culture!!°.
These investigators employed a modified CHO cell line that expresses
the adenovirus E1A gene to further activate the CMV immediate early
promoter and found that yields of micrograms of protein per ml
of culture could be achieved. Enhancement of expression in trans-
fected cells was observed using plasmids containing either the CMV
or Drosophila melanogaster hsp70 gene promoter together with the
baculoviral hrl sequence!!'!. A modest two- to threefold improvement
in expression was observed in baculovirus transduction of mamma-
lian cells when the hrl sequence was added to the hsp70 promoter. A
comparison of BacMam gene delivery efficiency using four different
promoters and four cell lines, in the presence and absence of the
histone deacetylase inhibitor trichostatin A, demonstrated the cell
line—dependent nature of the transduction process'!2.

Ye) Baculovirus entry. The entry mechanism and fate of baculovirus in

mammalian cells are not well understood®?, although some insights

~ have been gained in recent years. When rat hepatocytes were cultured

on collagen in medium containing DMSO to produce tight islands of
cells, only cells on the periphery were transduced with baculovirus'!'3.
EGTA treatment disrupts the tight junctions, causes internalization of
tight junction proteins, and allows the virus to transduce internal cells
in these islands'!4. These findings imply that baculoviruses access the
hepatocytes through the basolateral surface, which has implications for
in vivo gene delivery to polarized epithelia. The fate of the virus after cell
entry has been probed with a novel capsid protein-GFP fusion virus®?.
In cells that are transduced efficiently, the labeled viral nucleocapsid
can be visualized in the nucleus by 4 h after transduction. However, in
cells that are not transduced, the capsids do not travel to the nucleus
suggesting that in certain cell types a defect in nuclear transport may
block efficient baculovirus-mediated gene delivery.

The ability of the baculovirus envelope protein gp64 to accept fusions
of other proteins and display them on the virion surface, as discussed
above, has been exploited in attempts to target BacMam transduction
of particular cells’%. In general these attempts have led to increased
binding of virus to cells, but no increased gene expression as compared
to unmodified virions. However, a virus containing a fusion of avidin
to gp64 has been shown to provide a higher transduction frequency in
some cells!!>. A combination approach to improved transduction is
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Figure 3 Photomicrograph of mammalian cells transduced with a BacMam
virus expressing GFP. Virus as described in Condreay et al.®8. The cells
were transduced with 100 plaque-forming units of virus per cell and
photographed 24 hrs after virus addition. U-2 OS, human osteosarcoma,
BHK, baby hamster kidney, HEK 293, human embryonic kidney and
Saos-2, human osteosarcoma cells. Transduction frequency of these

cell types is routinely greater than 90% as measured by the number of
fluorescent green cells.

suggested by these viral protein fusion technologies’®. Fusions to the
viral surface protein can be used to target virus to certain cell types,
whereas fusion of nuclear targeting sequences to the capsid protein
might facilitate nuclear delivery of the viral DNA.

In vivo gene delivery. BacMam viruses would appear to be ideal vec-
tors for in vivo applications because they cannot replicate in mam-
malian cells, but can efficiently deliver genes into many cells types.
Unfortunately, theory runs headlong into the reality that baculovi-
ruses are rapidly inactivated by human serum complement!'°, A num-
ber of methods have been demonstrated to overcome this limitation
and allow systemic delivery of virus in vivo!l”. After it was observed
that a soluble form of complement receptor type 1 (sCR1) would
protect baculovirus from complement inactivation in vitro''$, sCR1
and virus were injected into the portal vein of mice, resulting in trans-
gene expression in the livers of treated animals!!®. In these studies
significant toxicity associated with viral delivery was attributed to the
possible induction of inflammatory cytokines produced in response
to the virus. It has been suggested that baculovirus particles pseudo-
typed with the vesicular stomatitis virus (VSV)-G protein are more
resistant to complement than unmodified virus'2’. Viruses containing
VSV-G were, in fact, more resistant to inactivation by human, rabbit,
guinea pig, hamster and mouse serum, but not rat!2!. This modified
virus could be used for in vivo gene transfer to cells in the cerebrum
and testis, though no comparisons were made with the unmodified
virus to assess improvements in efficiency. Another method used to
accomplish in vivo gene delivery by baculovirus is to evade the com-
plement system by careful choice of the route of administration!!”.
Stereotaxic injection of virus into the striatum and vitreous body of
rats resulted in transgene expression in neuronal cells distant from
the injection site demonstrating that the virus can be transported
through the axons of neurons'?2. A comparison of transgene delivery
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Figure 4 Production of BacMam viruses expressing G protein—coupled
receptor (GPCR), ion channel (IC) and nuclear receptor (NR) target proteins
and transduction of mammalian cells in microtiter plate-based high-
throughput assay formats. The system allows for a high level of flexibility

in terms of target proteins, cell types and assay formats.

by baculovirus and adenovirus after injection into rat brain revealed
that BacMam vectors targeted the choroid plexus, while adenovirus
delivered genes to glial cells'?3.

Baculoviruses as immunizing reagents

The use of baculoviruses to express antigens under the control of mam-
malian cell-active promoters and elicit immune responses in vivo was
first demonstrated by Aoki and colleagues'?*. Intramuscular inocula-
tion with virus that expressed the pseudorabies gB protein elicited an
anti-gB antibody response in mice. Similarly, antigen-specific immune
responses were elicited with viruses expressing the HCV E2 protein

Yoy and carcinoembryonic antigen as immunogens'?>. A VSV-G pseudo-

typed virus gave a similar response with tenfold less virus. A baculo-
virus that expresses the influenza hemagglutinin protein elicited an
immune response when delivered by intramuscular or interperitoneal
injection!2°, When either the hemagglutinin virus or wild-type virus
were delivered intranasally, immunity was induced in the animals
that protected them from a lethal challenge of influenza virus. This
phenomenon was reported previously!?’. Treatment with baculovirus
preparations could induce interferon production in cultured cells thus
protecting the cells from infection by VSV. Similarly, mice injected with
baculovirus became protected from a lethal challenge with encepha-
lomyocarditis virus.

Gene function studies. The broad range of host cells susceptible to
BacMam transduction, including primary cell cultures®>, make the
BacMam approach an excellent choice for in vitro studies of gene
function. Baculovirus gene delivery has been used to deliver herpes
virus genes to cells to elucidate their function!?$12°, Gene products
can be studied in isolation from the parental herpes virus to determine
their contribution to processes that happen during a normal infec-
tion, such as the mechanism behind the herpes virus Ug3-mediated
block of apoptosis!3?. Baculoviruses delivering truncated forms!'*! or
mutant forms'?? of glycoprotein D have been used to complement
glycoprotein D—defective herpes viruses and dissect domains of the
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glycoprotein D protein that are involved in different events in infec-
tion. Delivery of the CMV IE2 gene with a recombinant baculovirus
facilitated studies on the role of this gene product in regulating viral
gene expression'3? and cellular gene expression that might be involved
in viral pathogenicity!34.

The in vitro study of hepatitis B virus (HBV) and HCV virus is hin-
dered by the lack of cell culture systems to propagate these viruses.
For HBV this problem was overcome by using a baculovirus to deliver
the HBV genome to hepatoma cells and launch a productive HBV
infection!3>. This approach has been used to investigate the action of
anti-viral compounds on HBV infection!3®, probe the characteristics
of drug-resistant mutants of HBV'37 and characterize the reinitiation
of viral infection after anti-viral treatment'3$, Analogous to HBV deliv-
ery, baculoviruses have been used to deliver a cDNA copy of the HCV
genome to cells'3*. Although HCV RNA replication or virions were not
detected, the HCV polyprotein was produced and properly processed.
McCormick and colleagues have extended this observation and pro-
duced baculoviruses with inducible expression of HCV genomes to
study viral replication40-141,

The discovery that BacMam viruses could be used to deliver genes
to specific regions of the developing zebrafish has made it possible to
elucidate gene function by observing the effects of misexpressing pro-
teins in the whole animal!9”142, When virus is injected into early-stage
embryos, transgene expression is disseminated, but when it is injected
at later stages, expression is limited to the injection site!%7.

RNA interference has become a widely used tool to study the effects
of reducing the expression of targeted gene products. A prerequisite for
successful RNA interference is efficient delivery of the interfering RNA.
Recently a baculovirus engineered to express short hairpin RNA from
the U6 promoter has been used to reduce expression of lamin A/C RNA
and protein in human cell lines (Saos2, HepG2 and Huh7) and primary
hepatic stellate cells'*>. These results indicate that baculoviruses provide
another useful delivery approach for delivering interfering RNAs.

Cell-based assays. The development of cell-based assays for high-
throughput screening of chemical libraries has traditionally involved
using stable cell lines producing the target protein(s). In some instances
developing and culturing these cell lines is problematic due to the del-
eterious effects of the target gene product(s). There are a number of
recent reports illustrating how BacMam-mediated transient expression
can be used to overcome this difficulty for cell-based assay development
in automated facilities. Assays to screen for modulators of protein activ-
ity have been described for ion channels'#4, nuclear receptors!%414> and
GPCRs!'#®147, We have previously mentioned viral replication assays
suitable for this purpose!?°. Jenkinson et al.!*8, have described a novel
assay using BacMam-delivered human immunodeficiency virus gene
products to mimic the receptor-mediated membrane fusion event
required for viral infection that is amenable to a high-throughput
screening format. Another interesting application involves using fixed
monolayers of BacMam-GCPR—transduced cells to screen for antibod-
ies destined for immunohistochemistry studies'#°. The versatility of the
BacMam system for pharmaceutical screening assays is illustrated in
Figure 4. Large libraries of these viral reagents can be easily generated
making gene delivery to the proper cell type for assay a simple liquid
delivery step that can be performed on automated platforms.

Conclusions and future developments

The baculovirus-insect cell expression system has proven to be an
extremely valuable tool for recombinant protein production. Ongoing
improvements in vector design and simplification of recombinant
virus isolation techniques, combined with the relative ease of small
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and large scale culture of insect cells, have resulted in widespread use
of this system. Many laboratories are beginning to automate the pro-
duction of large numbers of viruses and protein production schemes
using advanced cloning methods, robotic liquid handling and protein
purification instruments. Genetic transformation has been used to
create transgenic insect cells with humanized protein glycosylation
pathways, which can be used as improved hosts for baculovirus
expression vectors, enabling the production of more authentic mam-
malian N-glycoproteins. In the future, we can expect to see analogous
transgenic insect cell lines engineered in other ways to improve their
protein processing capabilities and enhance their ability to produce
properly folded and modified recombinant proteins. In addition, the
application of the baculovirus—insect cell system for the production
of VLPs and functional multi-subunit complexes will continue to
provide reagents that are difficult to produce in any other way.

Perhaps the most unexpected development discussed in this review
is the increasing use of recombinant baculoviruses as gene delivery
vectors for mammalian cells. We believe this application will ultimately
become as commonplace as the use of recombinant baculoviruses for
recombinant protein production. This relatively new gene delivery
approach offers a number of advantages including: the inability of the
virus to replicate in mammalian cells, the absence or virtual absence
of cytotoxicity, technical simplicity and a superior biosafety profile!>
as compared to mammalian cell-derived viral vectors. The character-
ization of this gene delivery application is in its infancy and it will be
especially important to gain additional understanding of the mecha-
nisms involved in viral transduction. An increased knowledge of the
baculovirus-cell interactions that result in efficient gene transfer will
direct future efforts to enhance vector design and/or engineer cells to
increase transduction efficiency. Finally, the application of baculodis-
play technologies may also prove useful to improve and extend the
variety of host cells that can be efficiently transduced.
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