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Abstract

Over 35 years since it was established to make
recombinant proteins, the baculovirus expres-
sion vector system continues to develop and
improve. Early systems for recombinant virus
selection were laborious, but better methods were
rapidly devised that enabled non-virologists to use
baculovirus vectors successfully in a wide range of
applications. These applications include multiple
gene expression for complex molecules, production
of adeno-associated virus-like particles for gene
therapy, the use of baculovirus budded virus for
the same purpose, numerous potential human and
animal vaccines, and for other therapeutic proteins.
Anumber of products for human and veterinary use
are now on the market, which attests to the utility
of the systems. Despite these successes, baculovirus
vectors essentially remain in a relatively primitive
state of development. Many proteins, particularly
membrane-bound or secreted products, continue
to be difficult to produce. Various research groups
are working to identify potential areas of improve-
ment, which if combined into an ideal vector might
offer considerable advances to the system. This
chapter will review some of the most recent reports
and highlight those that might have generic appli-
cation for recombinant protein synthesis in insect
cells. We also summarize parallel developments in
host cells used for baculovirus expression and how
culture conditions can influence protein produc-
tion.
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Introduction

It is more than 30 years since the first papers were
published that described making recombinant
proteins in insect cells using modified baculovirus
genomes (Smith et al., 1983; Pennock et al., 1984).
Since those early days, much progress has been
made in making the baculovirus expression vector
system (BEVS) more amenable for use in a wide
variety of academic and industrial laboratories (van
Oers et al., 2015). This undoubtedly has contrib-
uted to the widespread use of the BEVS, which is
now one of the most popular eukaryotic expression
systems. However, the most commonly used com-
mercially available vector platforms, Bac-to-Bac™
(Luckow et al., 1993), in which foreign genes are
inserted by targeted transposition from an interme-
diary transfer plasmid, has been unchanged since its
launch as a commercial kit by Thermofisher. How-
ever, Mehalko and Esposito (2016) have produced
Bac-2-the-Future, a modified version of the system.
This version is claimed to improve the efficiency
of recombinant virus production by reducing
the number of false positives generated in the
transposition process. For example, a site for Tn7
transposition was removed from the bacterial host
cell used. It has yet to be developed into a commer-
cial kit but clearly has potential. The second most
popular BEVS, in which foreign genes are inserted
into the virus genome by homologous recombina-
tion with a transfer plasmid, has evolved over time.
It has spawned a number of commercially available
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kits such as flashBAC™ (Possee et al., 2008; van
Oers et al, 2015), but the core technology of
homologous recombination has not altered.

That does not mean, however, that there have
been no improvements to the BEVS system in
recent years. Rather it indicates that the consider-
able developments made have largely come from
modifications to the intermediary transfer plasmids,
to the cell lines used to propagate virus or produce
recombinant proteins, or by the incorporation of
new technology such as RNA interference (RNAi).
Two exceptions are firstly, the development of the
MultiBac system used to produce multiple pro-
teins within a single recombinant virus (Berger et
al,, 2004). Secondly, developments exemplified
by the variants of the flashBAC system that have
led to improvements in the yield and/or quality
of particular types of proteins through deletion of
non-essential baculovirus genes or have reduced
the effort required to make recombinant viruses by
removing the need to separate non-recombinant
from recombinant viruses (Possee et al., 2008;
Hitchman et al., 2010).

This chapter, therefore, focuses on recent
improvements that have been made to the BEVS
to either overcome some of the challenges posed
by particularly difficult-to-express proteins or
multi-protein complexes such as virus-like parti-
cles (VLPs). Novel uses of the expression vectors
beyond the confines of insect cells, including
enhancing gene delivery into mammalian cells, gene
therapy and applications in vaccine production, are
also considered. Table 10.1 summarizes what we
consider to be the most significant improvements
applicable across a wide range of applications of the
baculovirus expression system. Those not included
in the table have more specific uses.

Vector development

Multiple expression vectors and
virus-like particle production

Baculovirus expression vectors have often been
used to produce more than one recombinant pro-
tein, which can then interact to form highly complex

Table 10.1 Significant recent advances in baculovirus expression technology

Category Name Company Description Reference
Virus biGBac N/A’ Gibson assembly and MultiBac to insert Weissman et al. (2016);
vectors 25 genes into the baculovirus genome  Weissman and Peters (2018)
Top-Bac® Alegenex  Overexpression of ACMNPV jet, Gomez-Sebastian et al. (2014);
combined with tandem late/very late Lopez-Vidal et al. (2015)
baculovirus gene promoters enhances
recombinant protein production
Vankyrin ParaTechs Incorporating anti-apoptosis vankyrin Steele et al., (2017)
genes into the baculovirus vector
improves virus-infected cell viability
48-72 hours post infection
Synthetic N/A Infectious virus genome assembled Shang et al. (2017)
AcMNPV synthetically
Bac-2-the-Future N/A Updated version of Bac-to-Bac with Mehalko, J.L. and Esposito,
improved efficiency of recombinant D. (2016)
virus production
Cell lines Nodavirus-free N/A Trichoplusia ni cell line free of nodavirus Chen et al. (2013)

Rhabdovirus-free N/A
rhabdovirus

Vankyrin ParaTechs

protein yields
One Bac N/A

Spodoptera frugiperda cell line free of

Incorporating anti-apoptosis vankyrin
genes into insect cell line improves

Stably transformed Sf9 cells to produce
AAV Rep and Cap proteins

Maghodia et al. (2016)

Fath-Goodin et al. (2006);
Steele et al., (2017)

Mietzsch et al. (2014, 2015,
2017)

'Not applicable.
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structures such as virus-like particles (VLPs). One
of the early examples of this application of the tech-
nology was the assembly of bluetongue VLPs (Roy,
1992). More recent studies have made further
developments in multiple gene expression. Weiss-
man ef al. (2016) describe a method for assembling
recombinant baculoviruses that could contain up to
2S5 individual genes of interest within 6 days. The
method is based on the Gibson assembly reaction.
The method is termed biGBac; biG referring to
both the size of the achievable expression construct
and the reverse of Gib from Gibson. Bac is a refer-
ence to the generation of the baculovirus vector,
which is derived from the MultiBac system (Berger
et al., 2004 ). This method was used to generate and
characterize recombinant forms of the anaphase-
promoting complex/cyclosome, cohesin and
kinetochore complexes. It should be noted that the
genes of interest need to be cloned into an initial
plasmid before being usable in the assembly reac-
tion, which can be undertaken using the Gibson
assembly reactions or conventional techniques. A
detailed, recent review of this method is provided
by Weissmann and Peters (2018).

By coincidence, Zhang et al. (2016) also
targeted expression of the multi-subunit anaphase-
promoting complex/cyclosome complex. They
utilized a Uracil-Specific Excision Reagent ligation-
free cloning method to assemble recombinant
MultiBac transfer vectors. Ultimately, 13 proteins
were produced by coinfection of insect cells with
two recombinant viruses with genes inserted at the
polyhedrin gene (polh) or chitinase/cathepsin gene
loci.

The assembly of the transfer vectors required for
such complex expression projects is not a simple
task. The approach builds on the MultiBac system
(Berger et al,, 2004). Increasingly, the baculovirus
expression system is being used to produce multi-
subunit structures that require very careful design
and production of gene constructs using synthetic
biology.

Multiple expression vectors have also been
developed with the goal of improving expression
of individual recombinant proteins, which remain
the most commonly used application of BEVS.
Gomez-Sebastian et al. (2014) described a rear-
ranged baculovirus expression vector cassette in
which they over-produced the AcMNPV IE1/IEQ
transcriptional transactivator using either the polh
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promoter or pB2,, the latter comprising a lower
strength promoter from Trichoplusia ni insects. In
this vector, recombinant gene expression was driven
by one of a number of promoters including some
hybrid sequences formed from late and very late
Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) genes. These modifications resulted
in both enhanced recombinant protein production
and an increase in virus-infected cell viability and
integrity. While this initial study was performed
using green fluorescent protein (GFP) as areporter,
a subsequent study showed that production of
porcine circovirus type 2 and rabbit haemorrhagic
disease calicivirus VLPs could also be enhanced
using this system. A yield increase of 300% was
quoted for each target (Lopez-Vidal ef al., 2015).
The system is known commercially as Top-Bac®.

Steele et al. (2017) described the incorporation
of anti-apoptotic genes (vankyrin) into the baculo-
virus vector to extend the period of recombinant
protein production in baculovirus-infected cells.
Co-expression of vankyrin with a recombinant pro-
tein improved the viability of virus-infected cells at
the critical 48-72 hours post-infection (hpi) period
when most cultures are harvested. Importantly, the
yield of recombinant protein was also higher when
using these vectors. This approach is linked to the
establishment of insect cell lines that have vankyrin
genes inserted into their chromosomes for consti-
tutive production (see below).

Vectors for recombinant
adeno-associated virus production
Adeno-associated virus (AAV) is non-enveloped
with a single-stranded DNA genome and is classi-
fied in the Parvoviridae (Hoggan et al., 1966). AAV
is unable to replicate autonomously and requires
another virus helper, which is usually adenovirus
or herpes simplex virus (HSV), both of which
have large double-stranded DNA genomes. This
dependence on another virus further classifies
AAV as a member of genus Dependovirus. The AAV
genome is 4.7 kb and contains two main open read-
ing frames, rep and cap. The former encodes four
regulatory proteins (Rep78, Rep68, RepS2, and
Rep40) that play important roles in both replica-
tion and the encapsidation of viral DNA. The cap
encodes three capsid proteins (VP1, VP2, and
VP3) and assembly-activating protein (AAP) that
promotes the formation of capsids. Each end of
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the virus genome is flanked by inverted terminal
repeats (ITRs). These contain Rep recognition
sequences important for AAV DNA replication and
also for the packaging of the genome (Samulski and
Muzycska, 2014). The latent state of AAV, where
low numbers of genomes are integrated into the
host chromosome, has led to the use of recombi-
nant (r)AAV as a practical gene therapy vector and
much effort has been made to optimize rAAV pro-
duction (reviewed by Hastie and Samulski, 2015).
In a recent review (Aponte-Ubillus et al., 2018), it
was concluded that use of the baculovirus expres-
sion platform to produce rAAV was one of the most
promising, generating the highest yield of virus
particles on a per cell basis.

In the first use of baculoviruses to produce rAAV
vectors, rep78 and rep72 were placed under the
control of the AcMNPV iel and polh promoters,
respectively. The cap was placed under the control
of another copy of the polh promoter, with the
VP1 translation initiation codon mutated to ACG
to enable synthesis of VP2 and VP3. Finally, the
transgene was linked with a gene promoter active
in human cells, flanked by ITRs and inserted into
a third baculovirus (Urabe et al., 2002). Although
production of rAAV vectors was successful with this
approach, the use of three separate recombinant
baculoviruses was undesirable. The requirement
for coinfection of insect cells with each virus to
achieve AAV formation was impractical for long
term applications. Further developments of the
baculovirus-AAV production system have seen the
number of vectors required reduced to two. The
Rep and Cap components have been incorporated
into a single virus under the control of polh and p10
promoters, with the transgene in the second virus
flanked by ITRs (Chen, 2008; Smith et al., 2009).

Wu et al. (2018) have reported the use of ribo-
some leaky-scanning to express AAV Rep and Cap
proteins downstream of the polh and pI10 promot-
ers, respectively, with the rAAV genome inserted
between the two baculovirus promoters in a single
recombinant virus. The yields of recombinant
serotypes rAAV?2, rAAVS, and rAAV9 derived from
the single recombinant baculovirus-infected Sf9
cells exceeded 10° vector genomes (vg) per cell
and the authors suggest that this system would be
suitable for large-scale rAAV production. The single
virus vector was shown to be stable and showed no
apparent decrease of rAAV yield after at least four
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serial passages (p4). Although a decrease in yield
was observed after the fourth passage, p4 is a work-
able limit for scale-up studies.

When using any rAAV production system, it is
important that capsid stoichiometry is as close to
wild-type as possible; imbalance results in reduced
potency. Bosma et al. (2018) generated a library
of recombinants with varijations in the translation-
initiation region of VP1, which resulted in the
production of a potent rAAV serotype S with a
balanced VP1/VP2/VP3 stoichiometry. They also
demonstrated that excessive incorporation of VP3
had the highest decrease in potency. The authors
suggest that modifications for other serotypes
of VP1 could result in the development of high
potency rAAV with capsid stoichiometry similar to
wild-type virus.

An alternative rAAV production platform in
insect cells, referred to as the OneBac system,
uses a stably transformed Sf9 cell line to express
rep and cap for specific serotypes. Infection with
a single baculovirus containing the AAV vector
backbone is, therefore, sufficient to induce rAAV
production (Aslanidi ef al., 2009; Mietzsch ef al.,
2014, 2015). More recently, Mietzsch et al. (2017)
have developed this system further by removing
the Rep-binding element (RBE) from the rep/cap
expression constructs, which results in a reduc-
tion in the packaging of unwanted foreign DNA
into rAAV particles for four serotypes (AAVI,
AAV2, AAVS and AAVS). The RBE was previously
believed to be essential for efficient rAAV packag-
ing in Sf9 cells, but the authors’ previous studies
demonstrated this not to be the case (Mietzsch et
al., 2015).

Previous work has demonstrated that the use of
truncated I'TRs has had no impact on rAAV vector
production in mammalian cells, hence the baculo-
virus production system has been based on using
truncated ITRs (reviewed by Aponte-Ubillus et al.,
2018). Recent work by Savy et al. (2017) replaced
the truncated ITRs with the wild-type version and
additional wtAAV?2 sequences, which improved the
percentage of rAAV8 full capsids from 10% to 40%
and demonstrated a 10-fold reduction in non-rAAV
encapsidated baculovirus DNA. These factors were
considered to mitigate the slight decrease in the
overall rAAV titres observed with the constructions
containing the wild-type ITRs. The authors also
indicated that the position of the ITRs influences
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encapsulation, an outcome that was confirmed by
the work of Penaud-Budloo et al. (2017).

Glybera was the first baculovirus-derived,
rAAV-based treatment for a medical condition, a
rare familial lipoprotein lipase deficiency (LPLD)
(US National Library of Medicines, 2019). A S-year
authorization to market the drug in the European
Union was granted in 2012. However, near the
expiration of this term, an extension was not sought
by the manufacturers owing to its failure to attract
customers (Senior, 2017). Perhaps this was not
surprising as the cost of the treatment per patient
was estimated at around US$1M, although the
product was never approved for use in the USA.
This example highlights the perils for companies in
producing a technically complex drug intended for
avery limited market.

A further concern for developers of AAV-based
therapies is the potential for contamination of the
final product with protein, nucleic acids or other
components of the respective host system utilized
(Hastie and Samulski, 2015). rAAV particles pro-
duced in mammalian systems contained host cell
and plasmid DNA (Hiiser et al, 2003; Nony et
al., 2003). This was a point raised in the European
Medicines Agency (EMA) assessment report for
Glybera prior to its approval for clinical use. There
was concern about the characterization and elimi-
nation of baculovirus-derived impurities in the
final product. While most studies examining the
purity of AAV particles have focused on the use of
quantitative polymerase chain reaction and Sanger
sequencing, a recent report described the use of
high throughput sequencing based on the Illumina
platform (Penaud-Budloo et al, 2017). These
results showed that 2.1% of the sequence reads
were baculovirus in origin, while Sf9 host cell DNA
matched less than 0.03% of reads. The authors of
this study suggest that their novel method, which
they called single strand virus sequencing (SSV-
seq), should enable effective DNA quality control
for AAV vectors.

The Glybera example also suggests that costs of
production need to be reduced considerably. While
initial development costs have to be recovered, this
has to be done at a rate that is compatible with a
reasonable price for the drug. A very important
factor in the reduction of costs of producing AAV
is the yield of AAV particles. To take into account
that some particles may be devoid of DNA, this is
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usually expressed as vector genomes (vg) per cell.
In the original study (Urabe et al,, 2002) this was
estimated at S x 10* vg/cell. In a more recent study,
the yield had been increased to 5x10° vg/cell
(Mietzsch et al., 2014). For comparison, the host
baculovirus vector produces about 100 infectious
plaque forming units per cell; although total virion
numbers may be higher given that some virus parti-
cles will be non-infectious.

BacMam vectors

Despite their successful use as expression vectors of
foreign genes in insect cells, baculoviruses have also
been developed as efficient vehicles for the delivery
of transgenes into mammalian cells (Hofmann
et al., 1995; Boyce and Butcher, 1996). BacMam
vectors utilize mammalian-specific transcription
signals such as the human cytomegalovirus (CMV)
immediate early gene promoter to drive recom-
binant protein production. Budded baculovirus
particles are able to enter mammalian cells and then
uncoat to release virus DNA in nuclei. However, the
baculovirus cannot accomplish a complete cycle of
replication in mammalian cells to produce progeny
infectious virus. Consequently, the BacMam vector
system is regarded as an inherently safe means of
transducing mammalian, including human, cells. A
recent overview of the system has been presented
by Mansouri and Berger (2018).

One application of BacMam technology that is
showing promise is their potential use as animal
vaccines. Conventional inactivated or attenuated
vaccines against African swine fever virus (AFSV)
were unsuccessful or not practical (Neilan et
al,, 2004). Argilaguet et al. (2013) constructed
BacMam-sHAPQ, a vector expressing a fusion
protein comprising ASFV P54, P30 and secretory
haemagglutinin antigens from the E7S5 virus isolate
using the CMV immediate early gene promoter.
Promisingly, four out of six immunized pigs showed
total protection against sub-lethal ASFV challenge
and there was an induced, specific high T-cell
response after in vivo immunization in surviving
pigs.

Zhang et al. (2014) constructed a dual express-
ing BacMam vector (BV-Dual-s1). This produced
S1 glycoprotein of avian infectious bronchitis
virus (IBV) as a fusion with the ACMNPV GP64
major surface glycoprotein. The hybrid protein was
placed under the control of both the CMV early
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gene promoter and the baculovirus polh promoter.
This resulted in the display of the S1-GP64 on the
budded virus surface when synthesized in insect
cells. However, in avian cells, the S1-GP64 was also
expressed owing to the presence of the CMV gene
promoter. The BV-Dual-s1 virus also encoded the
vesicular stomatitis virus (VSV) G glycoprotein
under the control of the ACMNPV p10 promoter.
This resulted in the display of VSV-G on the surface
of the budded virus, which was proposed to aid
virus uptake into avian cells. Chickens immunized
with BV-Dual-s1 produced a significantly higher
antibody response when compared to the control
groups. Immunized chickens challenged with
virulent IBV showed a similar protection rate with
BV-Dual-S1 BacMam (83%) when compared
to chickens immunized with inactivated vac-
cine (89%). The BV-Dual-sl also induced strong
humoral and cell-mediated immune response.

Both of the above papers highlight stimula-
tion of the cell mediated immune responses in
vaccinated animals, which is often required for
complete protection. This was also noted in a study
by Heinimiki et al. (2017), where monomeric
ovalbumin protein and oligomeric norovirus VLPs
were inoculated into BALB/c mice with and with-
out infectious budded baculovirus particles. Live
baculovirus appeared to act as strong adjuvant for
both humoral and cell-mediate responses. The
response of the immune system appeared to be less
effective if only the proteins or proteins plus inac-
tivated baculovirus were injected. It is suggested
that unmodified baculovirus can be an effective
adjuvant for a subunit vaccine, which has profound
implications for the further development of the
system. Ono et al. (2018) concluded that the anti-
baculoviral responses are induced by recognition of
unmethylated CpG virus DNA in mammalian cells.
This is mediated by the toll-like receptor (TLR) 9/
MyD66/IRF7 in immune cells with the subsequent
production of pro-inflammatory cytokines and
type 1 interferon.

Vectors to optimise secreted and
membrane protein production

The secretion of recombinant proteins by baculovi-
rus expression vectors is often poor, relative to the
total amount of protein synthesized in the cell. This
is an issue that has long been recognized as a prob-
lem (Jarvis et al.,, 1993). There was an encouraging
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report from Tessier et al. (1991) that secretion of
plant propapain from baculovirus-infected insect
cells could be improved by utilizing the signal
peptide from the honey bee prepromellitin instead
of its native sequence. However, this same study
also showed that propapain linked with the Dros-
ophila a-amylase signal peptide, and B-galactosidase
fused with the honey bee prepromellitin signal
peptide, failed to be secreted. Jarvis et al. (1993)
assessed secretion of human tissue plasminogen
activator (tPA) utilizing various signal peptides.
These included those from the major baculovirus
structural glycoprotein (GP64), the insect secre-
tory protein (cecropin B), a luminal protein of
the rough endoplasmic reticulum (GRP78/BiP)
and the honey bee prepromellitin. None of these
improved the secretion of tPA. The lack of secretion
of B-galactosidase (Tessier et al., 1991) emphasizes
the difficulty of simply adding a signal peptide to
another protein and expecting it to be secreted in a
heterologous system. However, it is worth recalling
that two of the first proteins to be produced using
baculovirus vectors, interferon (Smith et al., 1983)
and influenza virus haemagglutinin (Possee, 1986)
were secreted or plasma membrane-bound proteins
that retained their native signal peptides.

Lou et al. (2018) approached the problem
of secreting human thyroid peroxidase (hTPO)
by testing a range of different signal peptides in a
manner similar to Jarvis et al. (1993). Although
hTPO can be produced using baculovirus expres-
sion vectors, it largely adopts an aggregated form in
the cell lysate fraction despite having its own signal
peptide (Fan et al., 1996). Five alternative signal
peptides were tested in conjunction with hTPO by
Lou et al. (2018) using the T. ni High Five™ host
cell for expression. These signal peptides comprised
those from bee melittin, ACMNPV GP64, ecdys-
teroid UDP-glucosyl transferase (EGT), human
peptidyl-glycine alpha-amidating monooxygenase
(PAM) or human azurocidin. While EGT and
azurocidin signal peptides decreased hTPO secre-
tion, compared with the original native protein, the
remaining three served to increase secretion of the
protein. The best performer was the PAM signal
peptide, which enhanced hTPO secretion about
2.5-fold. This modified form of hLTPO in a baculovi-
rus vector was then used in a wave-type bioreactor
for scale-up production of active recombinant pro-
tein in insect cells, achieving a protein purity of
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>95% from the harvested culture medium. While
the increase in hTPO secretion may appear modest,
it can make all the difference when protein purifica-
tion is required. What this study also emphasizes
is that the selection of a suitable signal peptide
sequence is still largely an empirical process. It
requires investment in producing several different
gene constructs to find the best combination of
signal peptide and target protein to achieve optimal
secretion.

Chakraborty et al. (2018) demonstrated that it
is possible to adapt membrane-targeted proteins
for secretion by adding signal peptides to the target
protein extracellular domain. In this case, they
produced secreted versions of Arabidopsis thaliana
TDR and PRK3 plasma membrane receptors by
adding either GP64 or hemolin signal peptide
sequences to the extracellular domains. These
proteins were subsequently purified and used in
X-ray crystallography studies. The authors suggest
that such modifications to recombinant proteins
could be applied to other membrane proteins in the
animal kingdom.

Some studies have attempted to improve
production of secretory proteins by utilizing bacu-
lovirus promoters that are active earlier in the virus
replication cycle, with the expectation that the host
cell secretory apparatus is more effective than in the
very late stages of infection. Early studies showed
promise with this approach, for example, Lawrie
et al. (1995) demonstrated an increased yield of
urokinase using the ACMNPV p6.9 promoter as did
Bonning et al. (1994) for secreted juvenile hormone
esterase. However, almost all recent studies use the
standard polh promoter in combination with dif-
terent approaches to optimize secretion. The vp39
promoter has also been used in BmNPV expression
systems to achieve reduced aggregation of several
foreign proteins (Ishiyama and Ikeda, 2010).

Toth et al. (2011) conducted an extensive study
with Western equine encephalitis virus (WEEV)
glycoproteins comprising complete E1, E1 ecto-
domain, E26KE1 polyprotein precursor and an
E2E1 chimera. These were placed under control
of iel, p6.9 or polh promoters. No glycoprotein
expression was observed using the iel promoter
and equal amounts of soluble, processed material
were produced using the late and very late gene
promoters. Thus, earlier expression did not result in
large amounts of high quality, soluble recombinant
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glycoprotein. This study emphasizes the difficulty
of making general recommendations about the
optimal vector to use for gene expression.

Another approach to improve the secretion
of recombinant proteins is to co-express protein
chaperones. Ailor and Betenbaugh (1998) partially
overcome the problem of insoluble immuno-
globulin produced in baculovirus-infected cells
by co-expressing cytosolic heat shock protein
(hsp) 70 chaperones. The hsp70 was found to
co-precipitate with the immunoglobulin, which
indicated formation of a specific complex. Solubil-
ity of the immunoglobulin in the cell appeared to be
increased by the presence of hsp70. Secretion of the
immunoglobulin also appeared to be improved. Co-
expression of immunoglobulin with BiP (murine
chaperone immunoglobulin heavy chain binding
protein) also increased the solubility of processed
immunoglobulin chains.

More recently, the secretion of a fusion between
enhanced GFP and secretory alkaline phosphatase
(SEAP) was improved in insect cells by co-
expression of the chaperone calreticulin (CALR)
or translation initiation factor eIF4E (Teng et al.,
2013a). Another report showed that a-synuclein
(a-syn) and B-synuclein (B-syn) also enhanced
secreted protein production (Teng et al., 2013b).
When p-syn+CALR+eIF4E were co-expressed
with SEAP, this resulted in a 1.8-fold increase in
reporter protein production (Teng ef al., 2013c).
The authors also noted a prolonged period of
protein secretion, up to 10 days pi, using this com-
bination of chaperones and reporter. It would be
interesting to test this system with proteins that are
poorly secreted when compared with SEAP.

A slightly different approach to studying the
potential role of chaperones in the production of
recombinant proteins in baculovirus-infected cells
was taken by Imai et al. (2015). Bombyx mori cells
were treated with double-stranded RNA specific for
BiP, CNX, CRT, ERp57 and PDI to reduce expres-
sion of the respective protein chaperone via RNAI.
Having demonstrated a reduction in mRNA for
these genes in uninfected cells, other cultures were
subsequently infected with BmNPV recombinant
viruses encoding human erythropoietin (EPO), cat
hepatocyte growth factor (HGF) or mouse wing-
less tumour virus (MMTV) integration site family
of member 3A (Wnt3A). Protein secretion was
assessed four days pi. Depleting BiP reduced the
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secretion of HGF and also decreased the insoluble
fraction of EPO. Reducing CRT decreased soluble
EPO and increased insoluble EPO. HGF soluble
and insoluble forms were decreased by CRT RNA..
The silencing of PDI also reduced the insoluble
levels of EPO and HGFE.

In further experiments, Imai et al. (2015)
produced cell lines overexpressing BiP, CNX and
ERpS7 chaperones. When these cell lines were
used as hosts for the three recombinant viruses
with their reporter genes the protein expression
results when assessed three days pi were mixed.
Secreted and soluble forms of EPO were higher in
all three of the cell lines overproducing chaperone
proteins. Soluble and insoluble forms of HGF were
also higher. Soluble Wnt3A was increased if BiP but
not CNX or ERpS57 were overexpressed. None of
the chaperones were able to increase secretion of
Wnt3A. The authors concluded that although dif-
ferences in expression levels were noted, these were
not significant.

Fath-Goodin et al. (2006) described the benefits
of co-expressing anti-apoptotic genes to extend the
window of protein production and hence increase
yields of proteins, particularly those secreted or
membrane-bound. More recently, Steele et al
(2017) have described the production of several
insect cell lines that incorporate one of these
apoptotic genes, vankyrin. The cell lines included
SfSWT-4 (Mabashi-Asazuma et al., 2013), which
can produce glycoproteins with complex-type
N-glycans (see also ‘Developments in cell lines
to support recombinant protein production’).
Vankyrin levels were further increased by also
incorporating the p-vank-1 gene into the baculo-
virus vector (see also ‘Multiple expression vectors
and virus-like particle production’). Cell lysis was
delayed, and recombinant glycoprotein yield
increased when SESWT-4 cells were infected with
a vankyrin-containing expression vector. A syn-
ergistic effect resulting in increased glycoprotein
levels was observed when the vankyrin gene was
expressed both constitutively in the cell line and
from the incoming virus vector.

Many secreted and membrane-targeted proteins
are glycosylated, and whilst insect cells are capable
of producing biologically active and immunogenic
proteins, the pattern of glycosylation differs from
that in mammalian cells. Glycoproteins synthe-
sized in insect cells produce more uniform and less
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complex glycans that normally terminate in man-
nose residues, in comparison to mammalian cell
glycans that most frequently terminate with sialic
acid (Harrison and Jarvis, 2006). Transformed
insect cell lines, such as SfSWT-4 (Mabashi-
Asazuma et al., 2013) that have been modified to
express mammalian N-glycan processing enzymes
have met with some success, whilst an alternative
approach has been to encode these enzymes along-
side the target glycoprotein using MultiBac vectors
(referred to as SweetBac; Palmberger et al., 2012).
In the latest developments, Moremen ef al. (2018)
describe an elegant modular approach in which
they have created an expression vector library
encoding all known human glycosyltransferases,
glycoside hydrolases and other glycan-modifying
enzymes. The enzymes were expressed as secreted
catalytic domain fusion proteins in insect cells (and
mammalian cells) and a subset were characterized.
This library forms an important future resource for
recombinant enzyme production.

Membrane proteins are still regarded as some
of the most difficult to express in the baculovirus-
insect cell system. Yields tend to be low and
subsequent purification somewhat problematic.
The efficient production of membrane proteins,
particularly those destined for the plasma mem-
brane, shares similar problems to those described
above for secreted proteins. Both must enter the
secretory pathway of the virus-infected cell and be
directed to the plasma membrane. The passage of
the plasma membrane bound protein is then halted
by a hydrophobic domain normally at the carboxyl
end of the sequence. One of the very first proteins
made using the baculovirus expression system was
the influenza virus haemagglutinin (Possee, 1986).
This is moved efficiently to the plasma membrane
and is also incorporated into budded virus particles
as they leave the cells. Hence, baculoviruses can
be used to display plasma membrane proteins (see
Chapter 11).

The plasma membrane is not the only desti-
nation for membrane proteins. While the final
maturation process for influenza and baculovirus
virus particles is very similar, requiring the transit
of ribonucleoprotein structures or capsids respec-
tively to the plasma membrane and subsequent
budding from the cell, others such as HSV are more
complex. The molecular basis for the assembly of
HSV particles is only beginning to be understood.
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Virus capsids leave the nucleus via budding at the
inner nuclear membrane to form primary envel-
oped virions in the perinuclear space. The outer
leaflet of the nuclear membrane then fuses with
the virion primary envelope to allow their release
into the cytoplasm. More than 15 tegument and 10
envelope glycoproteins are added as the virus buds
into Golgi-derived vesicles. The mature virions are
released when the vesicle membrane fuses with the
cell plasma membrane (Mettenleiter, 2006). One
of the virus envelope components is the membrane
fusion factor glycoprotein B (gB). This is a target for
development as an HSV vaccine owing to its role
in the fusion of the virus envelope with the host
cell during virion uptake (Atanasiu et al, 2010).
Human cytomegalovirus (HCMV) is one of the
herpesviruses currently targeted for the production
of an effective vaccine.

HCMV gBis synthesized as a precursor polypep-
tide, which is cleaved by furin into the N-terminal
surface (SU) and the C-terminal membrane-
anchored (TM) domains. These are linked by a
disulphide bridge (Heldwein et al., 2006), and
anchored to membranes by the hydrophobic helix
of the TM chain. The protein is heavily glycosylated.
It has 18 potential N-glycosides resulting in about
40% of its mass being comprised of sugars when
expressed in human cells (Britt and Vugler, 1989).
The structure of gB is a trimer of 360-420kDa. This
complex molecule has been difficult to produce in a
recombinant form with particular regard to its use
as a vaccine. An HCMYV vaccine candidate based
on a secreted, truncated form of gB produced in
Chinese hamster ovary cells was reported to reduce
by 50% the infection risk in a Phase II clinical trial
(Pass et al, 2009). This has stimulated further
efforts to develop a vaccine.

Patrone et al. (2014) were able to produce a
tull-length form of HCMV gB using the baculovirus-
insect cell system. Yields of gB were 4—6-fold higher
in High Five™ cells compared with Sf9 cultures.
The authors noted that the latter cells were less
able to tolerate high densities at the time of virus
infection when compared with High Five™ cells.
The addition of rapamycin was found to inhibit
baculovirus-induced swelling that is commonly
observed with this system. The drug also prolonged
the intracellular accumulation of gB in the insect
cells. Furthermore, the inhibition of cell swell-
ing did not appear to interfere with budded virus
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assembly and infectivity. Supplementing the culture
medium with cysteine further improved the gB
yields by increasing the detergent-soluble protein
fraction. This was compatible with the enhance-
ments achieved with use of rapamycin. Overall,
the use of rapamycin in combination with cysteine
supplementation resulted in the production of gB at
a milligram scale. The gB was purified in its trimeric
post-fusion conformation and is likely a good can-
didate for use as a vaccine, more closely resembling
the native protein. This study also illustrates how
even very complex proteins may be expressed and
purified using the baculovirus system.

Incorporating RNAi technologies

to improve protein production

RNA interference (RNAi) has transformed the
way we study gene function (Liu and Paroo, 2010).
Although originally intended as a tool to study bio-
logical processes (Fire et al., 1998), in recent years it
has also been used to improve the yield and quality
of recombinant proteins across different expres-
sion platforms including CHO (Herbert et al,
2009) and insect cells (Chavez-Pena and Kamen,
2018). In insect virology, instead of making time-
consuming deletions to study gene function, RNAi
can be used to silence gene expression through
targeted destruction of the relevant mRNA. For
example, Terenius et al. (2011) used this approach
to study the different processes involved in virus
infection. Baculovirus expression vectors have also
been used to deliver dsRNA into mammalian cells
(Suzuki et al., 2008).

The limiting factor in the application of RNAi
technology in insect cells is the uptake of dsRNA
from the culture medium into the cell cytoplasm
(Yu et al, 2013). Efforts are ongoing to make
this step more efficient, for example, by making a
transformed cell line expressing the Caenorhab-
ditis elegans sid-1 that facilities dsRNA uptake
through transmembrane channel formation (Xu
et al., 2013a,b) without the need for transfection
reagents. Others have examined insect cells for the
presence of RNAI associated factors, which helped
with understanding of some of the inconsisten-
cies reported when silencing genes in insect cell
lines. This also led to transformed cell lines with
enhanced RNAi capabilities including the B. mori
and Sf9 cell lines described by Xu et al. (2013a,b)
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and B. mori larvae and derived cell lines expressing
Bm-ago2 (Liet al., 2015).

In terms of using RNAi technology to improve
recombinant protein production, there are several
advantages in deploying a system that is transient
so that specific host or viral genes can be targeted
at defined time points in the production process,
especially where the gene to be silenced is essential
for cell growth or virus vector replication. A good
example of the use of RNAi technology to improve
protein production is the silencing of apoptosis-
related genes. Apoptosis, induced by nutrient
limitation, shear or oxidative stress, or simply bacu-
lovirus infection, can lower the proportion of viable
cells, leading to reduced yield and/or quality of
target proteins. Although baculovirus-encoded
anti-apoptotic genes like p35 can inhibit the cellu-
lar response early in infection (Rohrmann, 2013),
at later times it has been shown to be less effective
(Lin et al., 2007). Kim et al. (2007) showed that
transfecting Sf9 cells with dsRNA against caspase-1
significantly decreased caspase-1 activity and since
then others have produced transformed Sf9 (Lai et
al., 2012), T. ni High Five™ (Herbert et al., 2009)
and B. mori BmN (Wang et al., 2016) cells that can
stably down-regulate caspase-1 activity through
RNAIi. These studies reported that the cell lines
were more resistant to apoptosis than the untrans-
formed parental cell lines, enabling an extended
window for protein production leading to higher
yields — as much as 400% in some cases (Wang et
al,, 2016).

When producing recombinant VLPs for early-
stage vaccine studies, a common challenge is the
unwanted co-purification of baculovirus particles
that contaminate the final product. This is of con-
cern to regulatory bodies that require VLPs to be
free from contaminating proteins and/or nucleic
acids. Lee et al. (2015) used RNAi to silence the
baculovirus gp64 that expresses the major virus
glycoprotein GP64, which resulted in a significant,
although not total, reduction in baculovirus parti-
cle formation. RNAI has also been used to silence
viral cathepsin, whose presence may degrade
recombinant proteins containing the appropriate
target motif (Kim et al., 2007); although use of an
expression vector with v-cath (and viral chitinase)
deleted from the virus genome (Hitchman et al,,
2010) is a more fool proof way of reducing proteo-
lytic activity.
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Engineering of insect cells to improve glyco-
sylation of recombinant therapeutic proteins is
an ongoing area of development for the baculo-
virus expression system. One approach has been to
modify cell lines to express human glycosyltrans-
ferases, as described above. However, when these
cells are inoculated with a virus expression vector,
the shut-off of host cell genes means that as infec-
tion progresses, the supply of the required enzymes
is reduced. An alternative approach, first described
by Geisler et al. (2008), involves silencing of the
gene (fdl) encoding N-acetylglucosaminidase,
which very efficiently removes the terminal
N-acetylglucosamine from the core oligosaccha-
ride, thus preventing further elongation to form
complex N-glycans. Whilst Geisler et al. (2008)
used plasmids encoding an inverted repeat to
down-regulate N-acetylglucosaminidase, more
recent studies (Nagata et al., 2013) have used RNAi
to deplete the mRNA levels of the Bmfdl gene. In
the latter study, almost all of the glycans synthesized
were of the complex type.

Developments in cell lines to

support recombinant protein
production

Improvements and modifications to expression vec-
tors involve just one half of the baculovirus-insect
cell expression system. The other half comprises
the host cell line, which in the past has received less
attention than the virus vector. The most commonly
used insect cell lines are derived from T. ni, the cab-
bage looper, or S. frugiperda, the fall armyworm.
Most commercial products manufactured using the
BEVS are made using the latter. The original cell
line, IPLB-SF-21 (Sf21), was derived from pupal
ovaries (Vaughan ef al,, 1977) and the popular Sf9
cell line is a subclone of IPLB-SF-21. As discussed
above, novel cell lines have been produced that have
been engineered to improve recombinant protein
quality and yield by either incorporating additional
beneficial genes or deleting/silencing genes that
may adversely affect protein production.

For recombinant products to be realized as com-
mercial vaccines or therapeutic proteins, however,
regulatory authorities require that the host cell is
thoroughly characterized and, as far as is possible,
shown to be free from adventitious agents that may
contaminate the final product. Such studies led to
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the discovery of a novel rhabdovirus in S. frugiperda
cell lines (Ma et al., 2014). This has raised potential
safety concerns with the commercial production
of proteins in insect cells, which led Maghodia et
al. (2016) to develop an Sf cell line that was dem-
onstrated to be rhabdovirus-negative (Sf-RVN).
Sf-RVN has similar properties to Sf9 cells in terms
of doubling time, diameter and morphology. Fur-
ther, three different recombinant proteins were
produced using both Sf9 and Sf-RVN and yields
were indistinguishable between the two cell lines.
Interestingly, titres of recombinant viruses reached
higher levels (5- to 10-fold) in the rhabdovirus-free
cell line and thus this cell line may prove to be an
attractive alternative to S9 cells for the commercial
manufacture of proteins.

Similarly, T. ni-derived High Five™ cells have
been shown to contain a latent infection of a newly
described alphanodavirus, which was discovered
when the cells were being used to produce hepatitis
Evirus-like particles, which were contaminated with
nodavirus particles (Li et al., 2007). The sequence
of the genome of the nodavirus was identical to
that of the natural latent infection. Subsequently, a
nodavirus-free cell line (Tnms42) was derived from
T.ni High Five™ cells (Chen et al., 2013).

While mammalian stable cell lines used for
protein production have generally been well char-
acterized regarding their transcriptional regulatory
or secretory bottlenecks, relatively little is known
about the stress and metabolic loads in insect cells.
Using the alphanodavirus-free cell line Tnms42,
Koczka et al. (2018) undertook a transcriptome
analysis after infection with viruses expressing
the recombinant proteins mCherry or influenza
HA. Their analysis suggests that the main cellular
response is to the stress caused by viral infection
and secreted protein production (HA), which
results in the up-regulation of host factors responsi-
ble for correct folding, disulphide bridge formation
and glycosylation of proteins. Due to the class of
proteins that were upregulated during cell stress,
the authors suggest that these proteins are promis-
ing targets to be used in molecular engineering of
insect cell lines to improve yields and overcome
the problems of secreted protein production (as
described above).

Linked with the development of new insect cell
lines for recombinant protein synthesis by bacu-
loviruses is the role that modifications to growth
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can play in determining productivity. The use of
rapamycin and cysteine to enhance production of
HCMYV gB (Patrone et al., 2014) has already been
described. Monteiro et al. (2016) investigated the
addition of different supplements to the insect cell
medium to improve infectious BV and influenza
VLP vyields. Overall, the addition of cholesterol
provided the main increase to both BV (2.5-fold)
and VLP (6-fold) cell-specific yields. Other sup-
plements such as reduced glutathione, antioxidants
and polyamines increased the cell-specific yields
of baculovirus particles up to 3-fold. The addition
of both polyamines and cholesterol improved
infectious BV production by preventing the accu-
mulation of non-infectious particles. What these
studies emphasize is that significant improve-
ments to recombinant protein production may be
achieved using simple modifications to the produc-
tion process.

Future developments
The two original publications on the use of bacu-
loviruses as expression vectors were significant
milestones in demonstrating that both secreted
eukaryotic proteins as well as bacterial products
could be synthesized in insect cells (Smith et al,,
1983; Pennock et al, 1984). These were later
followed by the use of the silkworm baculovirus
(BmNPV) as a convenient vehicle for protein pro-
duction in whole insect larvae (Maeda et al., 1985).
The complete genome sequences of both AcCMNPV
and BmNPV were subsequently published and
have provided valuable information on virus gene
function for further development of baculovirus
expression vectors (Ayres et al., 1994; Gomi et al.,
1999, respectively). However, to date such modifi-
cations made to baculovirus expression have been
relatively minor in their scope. The deletion or
silencing of a few virus genes have helped improve
protein production in some cases. Conversely, the
addition of various genes that encode ‘helper’ func-
tions such as chaperones have also been beneficial.
Another very significant milestone was the
production of a synthetic baculovirus genome
based on AcMNPV (Shang et al., 2017). This virus
(AcMNPV-WIV-Synl) was assembled using a
combination of PCR and transformation-associated
recombination in yeast. It was fully infectious for
both cell cultures and insect larvae. This technically
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difficult feat opens the way to the design of minimal
baculovirus replicons that might offer improved
features as expression vectors. Baculovirus genes
could be omitted or other genes added to optimize
the synthesis of different recombinant proteins.

In this review, we have shown the advantages
associated with various strategies for improvement
of baculovirus expression vectors. What is apparent
is how difficult it is to extrapolate results from one
system to another. The challenge now is to draw
the baculovirus expression vector modifications
together in a rational way as well as paying attention
to how these might be integrated with improve-
ments in the host cells currently used for protein
production.

References

Ailor, E., and Betenbaugh, M.J. (1998). Overexpression of a
cytosolic chaperone to improve solubility and secretion
of a recombinant IgG protein in insect cells. Biotechnol.
Bioeng. 58, 196-203. https://doi.org/10.1002/
(SICI)1097-0290(19980420)58:2/3<196:: AID-
BIT12>3.0.CO;2-B

Aponte-Ubillus, J.J., Barajas, D., Peltier, J., Bardliving, C.,
Shamlou, P, and Gold, D. (2018). Molecular design
for recombinant adeno-associated virus (rAAV) vector
production. Appl. Microbiol. Biotechnol. 102, 1045-
1054. https://doi.org/10.1007/s00253-017-8670-1

Argilaguet, J.M., Pérez-Martin, E., Lopez, S., Goethe, M.,
Escribano, .M., Giesow, K., Keil, G.M., and Rodriguez,
F. (2013). BacMam immunization partially protects
pigs against sublethal challenge with African swine
fever virus. Antiviral Res. 98, 61-6S. https://doi.
org/10.1016/j.antiviral.2013.02.005

Aslanidi, G., Lamb, K., and Zolotukhin, S. (2009). An
inducible system for highly efficient production of
recombinant adeno-associated virus (rAAV) vectors in
insect Sf9 cells. Proc. Natl. Acad. Sci. U.S.A. 106, 5059—
5064 https://doi.org/10.1073/pnas.0810614106

Atanasiu, D., Saw, WT., Cohen, G.H., and Eisenberg, R.]J.
(2010). Cascade of events governing cell-cell fusion
induced by herpes simplex virus glycoproteins gD, gH/
gL, and gB. J. Virol. 84, 12292-12299. https://doi.
org/10.1128/JV1.01700-10

Ayres, M.D., Howard, S.C., Kuzio, J., Lopez-Ferber, M.,
and Possee, R.D. (1994). The complete DNA sequence
of Autographa californica nuclear polyhedrosis virus.
Virology 202, 586-60S. https://doi.org/10.1006/
viro.1994.1380

Berger, I, Fitzgerald, DJ,, and Richmond, TJ. (2004).
Baculovirus expression system for heterologous
multiprotein complexes. Nat. Biotechnol. 22, 1583-
1587. https://doi.org/10.1038/nbt1036

Bonning, B.C., Roelvinck, PW,, Vlak, .M., Possee, R.D., and
Hammock, B.D. (1994). Superior expression of juvenile
hormone esterase and beta-galactosidase from the basic
protein gene promoter of Autographa californica nuclear
polyhedrosis virus compared to the p10 and polyhedrin

Curr. Issues Mol. Biol. (2020) Vol. 34

gene promoters. J. Gen. Virol. 75, 1551-1556. https://
doi.org/10.1099/0022-1317-75-7-1551

Bosma, B., du Plessis, F., Ehlert, E., Nijmeijer, B., de Haan,
M., Petry, H., and Lubelski, J. (2018). Optimization of
viral protein ratios for production of rAAV serotype
S in the baculovirus system. Gene Ther. 25, 415-424.
https://doi.org/10.1038/s41434-018-0034-7

Boyce, E.M.,and Bucher,N.L. (1996). Baculovirus-mediated
gene transfer into mammalian cells. Proc. Natl. Acad.
Sci. US.A. 93, 2348-2352. https://doi.org/10.1073/
pnas.93.6.2348

Britt, WJ,, and Vugler, L.G. (1989). Processing of the
gpS5-116 envelope glycoprotein complex (gB) of
human cytomegalovirus. J. Virol. 63, 403-410.

Chakraborty, S., Trihemasava, K., and Xu, G. (2018).
Modifying baculovirus expression vectors to produce
secreted plant proteins in insect cells. J. Vis. Exp. 138.
https://doi.org/10.3791/58283

Chavez-Pena,C.,and Kamen,A.A. (2018). RNA interference
technology to improve the baculovirus-insect cell
expression system. Biotechnol. Adv. 36, 443-451.
https://doi.org/10.1016/j.biotechadv.2018.01.008

Chen, H. (2008). Intron splicing-mediated expression of
AAV Rep and Cap genes and production of AAV vectors
in insect cells. Mol. Ther. 16, 924-930. https://doi.
org/10.1038/mt.2008.35

Chen, YR., Zhong, S., Fei, Z., Hashimoto, Y., Xiang, J.Z.,
Zhang, S., and Blissard, G.W. (2013). The transcriptome
of the baculovirus Autographa californica multiple
nucleopolyhedrovirus in Trichoplusia ni cells. J. Virol. 87,
6391-640S. https://doi.org/10.1128/JV1.00194-13

European Medicines Agency. Assessment report: Glybera.
Available  online:  http://www.ema.europa.eu/en/
documents/assessment-report/glybera-epar-public-
assessment-report_en.pdf. Accessed 10 March 2019.

Fan, J.L., Patibandla, S.A., Kimura, S., Rao, T.N., Desai,
R.K., Seetharamaiah, G.S., Kurosky, A., and Prabhakar,
B.S. (1996). Purification and characterization of a
recombinant human thyroid peroxidase expressed in
insect cells. J. Autoimmun. 9, 529-536. https://doi.
org/10.1006/jaut.1996.0071

Fath-Goodin, A., Kroemer, J., Martin, S., Reeves, K., and
Webb, B.A. (2006). Polydnavirus genes that enhance
the baculovirus expression vector system. Adv. Virus
Res. 68, 75-90. https://doiorg/10.1016/S0065-
3527(06)68002-0

Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver,
S.E., and Mello, C.C. (1998). Potent and specific
genetic interference by double-stranded RNA in
Caenorhabditis elegans. Nature 391, 806-811. https://
doi.org/10.1038/35888

Geisler, C., Aumiller, JJ, and Jarvis, D.L. (2008).
A fused lobes gene encodes the processing
beta-N-acetylglucosaminidase in Sf9 cells. J. Biol. Chem.
283, 11330-11339. https://doi.org/10.1074/jbc.
M710279200

Gomez-Sebastian, S., Lopez-Vidal, J., and Escribano, J.M.
(2014). Significant productivity improvement of the
baculovirus expression vector system by engineering
a novel expression cassette. PLOS ONE 9, €96562.
https://doi.org/10.1371/journal.pone.0096562

Gomi, S, Majima, K, and Maeda, S. (1999).
Sequence analysis of the genome of Bombyx mori

caister.com/cimb


https://doi.org/10.1007/s00253-017-8670-1
https://doi.org/10.1016/j.antiviral.2013.02.005
https://doi.org/10.1016/j.antiviral.2013.02.005
https://doi.org/10.1073/pnas.0810614106
https://doi.org/10.1128/JVI.01700-10
https://doi.org/10.1128/JVI.01700-10
https://doi.org/10.1006/viro.1994.1380
https://doi.org/10.1006/viro.1994.1380
https://doi.org/10.1038/nbt1036
https://doi.org/10.1099/0022-1317-75-7-1551
https://doi.org/10.1099/0022-1317-75-7-1551
https://doi.org/10.1038/s41434-018-0034-7
https://doi.org/10.1073/pnas.93.6.2348
https://doi.org/10.1073/pnas.93.6.2348
https://doi.org/10.3791/58283
https://doi.org/10.1016/j.biotechadv.2018.01.008
https://doi.org/10.1038/mt.2008.35
https://doi.org/10.1038/mt.2008.35
https://doi.org/10.1128/JVI.00194-13
http://www.ema.europa.eu/en/documents/assessment-report/glybera-epar-public-assessment-report_en.pdf
http://www.ema.europa.eu/en/documents/assessment-report/glybera-epar-public-assessment-report_en.pdf
http://www.ema.europa.eu/en/documents/assessment-report/glybera-epar-public-assessment-report_en.pdf
https://doi.org/10.1006/jaut.1996.0071
https://doi.org/10.1006/jaut.1996.0071
https://doi.org/10.1016/S0065-3527(06)68002-0
https://doi.org/10.1016/S0065-3527(06)68002-0
https://doi.org/10.1038/35888
https://doi.org/10.1038/35888
https://doi.org/10.1074/jbc.M710279200
https://doi.org/10.1074/jbc.M710279200
https://doi.org/10.1371/journal.pone.0096562

nucleopolyhedrovirus. J. Gen. Virol. 80, 1323-1337.
https://doi.org/10.1099/0022-1317-80-5-1323

Harrison, R.L., and Jarvis, D.L. (2006). Protein
N-glycosylation in the baculovirus-insect cell expression
system and engineering of insect cells to produce
‘mammalianized’ recombinant glycoproteins. Adv. Virus
Res. 68, 159-191. https://doi.org/10.1016/S0065-
3527(06)68005-6

Hastie, E., and Samulski, R.J. (2015). Adeno-associated
virus at 50: A golden anniversary of discovery, research,
and gene therapy success—a personal perspective. Hum.
Gene. Ther. 26, 257-265. https://doi.org/10.1089/
hum.2015.025

Heinimiki, S., Tamminen, K., Malm, M., Vesikari, T., and
Blazevic, V. (2017). Live baculovirus acts as a strong
B and T cell adjuvant for monomeric and oligomeric
protein antigens. Virology 511, 114-122. https://doi.
org/10.1016/jvirol.2017.08.023

Heldwein, E.E., Lou, H., Bender, EC., Cohen, G.H,,
Eisenberg, RJ, and Harrison, S.C. (2006). Crystal
structure of glycoprotein B from herpes simplex virus
1. Science 313, 217-220. https://doi.org/10.1126/
science.1126548

Hebert, C.G., Valdes, J.J., and Bentley, W.E. (2009). In vitro
and in vivo RNA interference mediated suppression
of Tn-caspase-1 for improved recombinant protein
production in High Five cell culture with the baculovirus
expression vector system. Biotechnol. Bioeng. 104,
390-399. https://doi.org/10.1002/bit.22411

Hitchman, R.B.,, Possee, R.D., Crombie, AT., Chambers,
A., Ho, K, Siaterli, E., Lissina, O., Sternard, H., Novy,
R., Loomis, K., et al. (2010). Genetic modification
of a baculovirus vector for increased expression in
insect cells. Cell Biol. Toxicol. 26, 57-68. https://doi.
0rg/10.1007/510565-009-9133-y

Hofmann, C,, Sandig, V., Jennings, G., Rudolph, M., Schlag,
P, and Strauss, M. (1995). Efficient gene transfer into
human hepatocytes by baculovirus vectors. Proc. Natl.
Acad. Sci. U.S.A. 92,10099-10103.

Hoggan, M.D,, Blacklow, N.R., and Rowe, W.P. (1966).
Studies of small DNA viruses found in various
adenovirus preparations: physical, biological, and
immunological characteristics. Proc. Natl. Acad. Sci.
US.A. 55, 1467-1474.

Hiiser, D., Weger, S., and Heilbronn, R. (2003). Packaging
of human chromosome 19-specific adeno-associated
virus (AAV) integration sites in AAV virions during AAV
wild-type and recombinant AAV vector production.
J. Virol. 77, 4881-4887. https://doi.org/10.1128/
JV1.77.8.4881-4887.2003

Imai, S., Kusakabe, T., Xu, J,, Li, Z., Shirai, S., Mon, H.,
Morokuma, D., and Lee, .M. (2015). Roles of silkworm
endoplasmic reticulum chaperones in the secretion
of recombinant proteins expressed by baculovirus
system. Mol. Cell. Biochem. 409, 255-262. https://doi.
org/10.1007/s11010-015-2529-5

Ishiyama, S., and Ikeda, M. (2010). High-level expression
and improved folding of proteins by using the vp39
late promoter enhanced with homologous DNA
regions. Biotechnol. Lett. 32, 1637-1647. https://doi.
org/10.1007/s10529-010-0340-7

Jarvis, D.L., Summers, M.D., Garcia, A., and Bohlmeyer,
D.A. (1993). Influence of different signal peptides and

Curr. Issues Mol. Biol. (2020) Vol. 34

Advances in Baculovirus Expression | 227

prosequences on expression and secretion of human
tissue plasminogen activator in the baculovirus system.
J. Biol. Chem. 268, 16754-16762.

Kim, E.J, Kramer, S.F, Herbert, C.G., Valdes, J.J., and
Bentley, W.E. (2007). Metabolic engineering of the
baculovirus-expression vector system via inverse
shotgun genomic analysis and RNAinterference
(dsRNA) increases product yield and cell longevity.
Biotechnol. Bioeng. 98, 645-654. https://doi.
org/10.1002/bit.21353

Koczka, K., Peters, P., Ernst, W., Himmelbauer, H., Nika, L.,
and Grabherr, R. (2018). Comparative transcriptome
analysis of a Trichoplusia ni cell line reveals distinct
host responses to intracellular and secreted protein
products expressed by recombinant baculoviruses. J.
Biotechnol. 270, 61-69. https://doi.org/10.1016/j.
jbiotec.2018.02.001

Lai, YX., Hsu, J.T,, Chu, C.C,, Chang, TY,, Pan, K.L., and
Lin, C.C. (2012). Enhanced recombinant protein
production and differential expression of molecular
chaperones in sf-caspase-1-repressed stable cells after
baculovirus infection. BMC Biotechnol. 12, 83. https://
doi.org/10.1186/1472-6750-12-83

Lawrie, A.M,, King, L.A., and Ogden, J.E. (1995). High level
synthesis and secretion of human urokinase using a late
gene promoter of the Autographa californica nuclear
polyhedrosis virus. J. Biotechnol. 39, 1-8. https://doi.
org/10.1016/0168-1656(94)00140-8.

Lee, H.S., Lee, HY,, Kim, YJ., Jung, H.D., Choi, K.J,, Yang,
JM,, Kim, S.S., and Kim, K. (2015). Small interfering
(Si) RNA mediated baculovirus replication reduction
without affecting target gene expression. Virus Res. 199,
68-76. https://doi.org/10.1016/jvirusres.2015.01.015

Li, T.C,, Scotti, P.D., Miyamura, T, and Takeda, N. (2007).
Latent infection of a new alphanodavirus in an insect
cell line. J. Virol. 81, 10890-10896. https://doi.
org/10.1128/JV1.00807-07

Li, Z., Zeng, B., Ling, L., Xu, J,, You, L., Aslam, A.F,, Tan,
A, and Huang, Y. (201S5). Enhancement of larval
RNAI efficiency by over-expressing Argonaute2 in
Bombyx mori. Int. J. Biol. Sci. 11, 176-18S. https://doi.
org/10.7150/ijbs.10235

Lin, C.-C, Hus, JT, Huang, K.L, Tang, H.-K., Shu,
C.-W, and Lai, Y.-K. (2007). Sf-caspase-1-repressed
stable cells: resistance to apoptosis and augmentation
of recombinant of recombinant protein production.
Biotechnol. Appl. Biochem. 48, 11-19. https://doi.
org/10.1042/BA20070044

Liu, Q, and Paroo, Z. (2010). Biochemical principles
of small RNA pathways. Annu. Rev. Biochem.
79, 295-319. https://doi.org/10.1146/annurev.
biochem.052208.151733

Lépez-Vidal, J., Gomez-Sebastién, S., Barcena, J., Nuiez,
M.d.el.C., Martinez-Alonso, D., Dudognon, B., Guijarro,
E., and Escribano, J.M. (2015). Improved production
efficiency of virus-like particles by the baculovirus
expression vector system. PLOS ONE 10, e0140039.
https://doi.org/10.1371/journal.pone.0140039

Lou, Y, Ji, G, Liu, Q, Wang, P,, Zhang, R., Zhang, Y, and
Liu, X. (2018). Secretory expression and scale-up
production of recombinant human thyroid peroxidase
via baculovirus/insect cell system in a wave-type

caister.com/cimb


https://doi.org/10.1099/0022-1317-80-5-1323
https://doi.org/10.1016/S0065-3527(06)68005-6
https://doi.org/10.1016/S0065-3527(06)68005-6
https://doi.org/10.1089/hum.2015.025
https://doi.org/10.1089/hum.2015.025
https://doi.org/10.1016/j.virol.2017.08.023
https://doi.org/10.1016/j.virol.2017.08.023
https://doi.org/10.1126/science.1126548
https://doi.org/10.1126/science.1126548
https://doi.org/10.1002/bit.22411
https://doi.org/10.1007/s10565-009-9133-y
https://doi.org/10.1007/s10565-009-9133-y
https://doi.org/10.1128/JVI.77.8.4881-4887.2003
https://doi.org/10.1128/JVI.77.8.4881-4887.2003
https://doi.org/10.1007/s11010-015-2529-5
https://doi.org/10.1007/s11010-015-2529-5
https://doi.org/10.1007/s10529-010-0340-7
https://doi.org/10.1007/s10529-010-0340-7
https://doi.org/10.1002/bit.21353
https://doi.org/10.1002/bit.21353
https://doi.org/10.1016/j.jbiotec.2018.02.001
https://doi.org/10.1016/j.jbiotec.2018.02.001
https://doi.org/10.1186/1472-6750-12-83
https://doi.org/10.1186/1472-6750-12-83
https://doi.org/10.1016/0168-1656(94)00140-8
https://doi.org/10.1016/0168-1656(94)00140-8
https://doi.org/10.1016/j.virusres.2015.01.015
https://doi.org/10.1128/JVI.00807-07
https://doi.org/10.1128/JVI.00807-07
https://doi.org/10.7150/ijbs.10235
https://doi.org/10.7150/ijbs.10235
https://doi.org/10.1042/BA20070044
https://doi.org/10.1042/BA20070044
https://doi.org/10.1146/annurev.biochem.052208.151733
https://doi.org/10.1146/annurev.biochem.052208.151733
https://doi.org/10.1371/journal.pone.0140039

228 |

Possee et al.

bioreactor. Protein Expr. Purif. 149, 7-12. https://doi.
org/10.1016/j.pep.2018.04.005

Luckow, V.A, Lee, S.C, Barry, G.F, and Olins, P.O.
(1993). Efficient generation of infectious recombinant
baculoviruses by site-specific transposon-mediated
insertion of foreign genes into a baculovirus genome
propagated in Escherichia coli. J. Virol. 67, 4566-4579.

Ma, H,, Galvin, T.A., Glasner, D.R., Shaheduzzaman, S., and
Khan, A.S. (2014). Identification of a novel rhabdovirus
in Spodoptera frugiperda cell lines. J. Virol. 88, 6576
6585. https://doi.org/10.1128/JVI1.00780-14

Mabashi-Asazuma, H., Shi, X., Geisler, C.,, Kuo, CW,,
Khoo, K.H., and Jarvis, D.L. (2013). Impact of a
human CMP-sialic acid transporter on recombinant
glycoprotein sialylation in glycoengineered insect cells.
Glycobiology 23, 199-210. https://doi.org/10.1093/
glycob/cws143

Maeda, S., Kawai, T., Obinata, M., Fujiwara, H., Horiuchi,
T, Saeki, Y, Sato, Y, and Furusawa, M. (1985a).
Production of human alpha-interferon in silkworm using
a baculovirus vector. Nature 315, 592-594. https://doi.
org/10.1038/315592a0

Maghodia, AB., Geisler, C., and Jarvis, D.L. (2016).
Characterization of an  Sf-rhabdovirus-negative
Spodoptera frugiperda cell line as an alternative
host for recombinant protein production in the
baculovirus-insect cell system. Protein Expr. Purif. 122,
45-5S. https://doi.org/10.1016/j.pep.2016.02.014

Mansouri, M., and Berger, P. (2018). Baculovirus for
gene delivery to mammalian cells: Past, present and
future. Plasmid 98, 1-7. https://doi.org/10.1016/j.
plasmid.2018.05.002

Mehalko, J.L., and Esposito, D. (2016). Engineering the
transposition-based baculovirus expression vector
system for higher efficiency protein production from
insect cells. J. Biotechnol. 238, 1-8. https://doi.
org/10.1016/j.jbiotec.2016.09.002

Mettenleiter, T.C. (2006). Intriguing interplay between viral
proteins during herpesvirus assembly or: the herpesvirus
assembly puzzle. Vet. Microbiol. 113, 163-169. https://
doi.org/10.1016/jvetmic.2005.11.040

Mietzsch, M., Grasse, S., Zurawski, C., Weger, S., Bennett,
A., Agbandje-McKenna, M., Muzyczka, N., Zolotukhin,
S., and Heilbronn, R. (2014). OneBac: platform for
scalable and high-titer production of adeno-associated
virus serotype 1-12 vectors for gene therapy. Hum.
Gene Ther. 25, 212-222. https://doi.org/10.1089/
hum.2013.184

Mietzsch, M., Casteleyn, V., Weger, S., Zolotukhin, S., and
Heilbronn, R. (2015). OneBac 2.0: sf9 cell lines for
production of AAVS vectors with enhanced infectivity
and minimal encapsidation of foreign DNA. Hum.
Gene Ther. 26, 688-697. https://doi.org/10.1089/
hum.2015.050

Mietzsch, M.,  Hering, H, Hammer, E.M,
Agbandje-McKenna, M., Zolotukhin, S, and
Heilbronn, R. (2017). OneBac 2.0: Sf9 cell lines for
production of AAV1, AAV2, and AAVS vectors with
minimal encapsidation of foreign DNA. Hum. Gene
Ther. Methods 28, 15-22. https://doi.org/10.1089/
hgth.2016.164

Curr. Issues Mol. Biol. (2020) Vol. 34

Monteiro, F,, Bernal, V., Chaillet, M., Berger, I, and Alves,
PM. (2016). Targeted supplementation design for
improved production and quality of enveloped viral
particles in insect cell-baculovirus expression system.
J. Biotechnol. 233, 34-41. https://doi.org/10.1016/j.
jbiotec.2016.06.029

Moremen, KW,, Ramiah, A., Stuart, M., Steel, J., Meng, L.,
Forouhar, F, Moniz, H.A., Gahlay, G., Gao, Z., Chapla,
D, et al. (2018). Expression system for structural and
functional studies of human glycosylation enzymes. Nat.
Chem. Biol. 14, 156-162. https://doi.org/10.1038/
nchembio.2539

Nagata, Y., Lee, J M., Mon, H., Imanishi, S., Hong, S.M.,,
Komatsu, S., Oshima, Y., and Kusakabe, T. (2013). RNAi
suppression of B-N-acetylglucosaminidase (BmFDL)
for complex-type N-linked glycan synthesis in cultured
silkworm cells. Biotechnol. Lett. 35, 1009-1016.
https://doi.org/10.1007/s10529-013-1183-9

Neilan, J.G., Zsak, L., Lu, Z., Burrage, T.G., Kutish, G.E,
and Rock, D.L. (2004). Neutralizing antibodies to
African swine fever virus proteins p30, pS4, and p72
are not sufficient for antibody-mediated protection.
Virology 319, 337-342. https://doi.org/10.1016/j.
virol.2003.11.011

Nony, P., Chadeuf, G., Tessier, J., Moullier, P,, and Salvetti,
A. (2003). Evidence for packaging of rep-cap sequences
into adeno-associated virus (AAV) type 2 capsids in
the absence of inverted terminal repeats: a model for
generation of rep-positive AAV particles. J. Virol. 77,
776-781. https://doi.org/10.1128/JV1.77.1.776-
781.2003

Ono, C., Okamoto, T, Abe, T, and Matsuura, Y. (2018).
Baculovirus as a Tool for Gene Delivery and Gene
Therapy. Viruses 10, E510. https://doi.org/10.3390/
v10090510

Palmberger, D., Wilson, LB., Berger, 1., Grabherr, R., and
Rendic, D. (2012). SweetBac: a new approach for the
production of mammalianised glycoproteins in insect
cells. PLOS ONE 7, e34226. https://doi.org/10.1371/
journal.pone.0034226

Pass, R.F, Zhang, C., Evans, A., Simpson, T., Andrews,
W,, Huang, M.L., Corey, L., Hill, J., Davis, E., Flanigan,
C., et al. (2009). Vaccine prevention of maternal
cytomegalovirus infection. N. Engl. J. Med. 360, 1191-
1199. https://doi.org/10.1056/NEJM0a0804749

Patrone, M., Carinhas, N., Sousa, M.Q.,, Peixoto, C,,
Ciferri, C., Carfi, A., and Alves, P.M. (2014). Enhanced
expression of full-length human cytomegalovirus fusion
protein in non-swelling baculovirus-infected cells with
a minimal fed-batch strategy. PLOS ONE 9, €90753.
https://doi.org/10.1371/journal.pone.0090753

Penaud-Budloo, M., Lecomte, E., Guy-Duché, A, Saleun, S,,
Roulet, A., Lopez-Roques, C., Tournaire, B., Cogné, B.,
Léger, A., Blouin, V., et al. (2017). Accurate Identification
and Quantification of DNA Species by Next-Generation
Sequencing in Adeno-Associated Viral Vectors Produced
in Insect Cells. Hum. Gene Ther. Methods 28, 148-162.
https://doi.org/10.1089/hgtb.2016.185

Pennock, G.D., Shoemaker, C., and Miller, L.K. (1984).
Strong and regulated expression of Escherichia coli
beta-galactosidase in insect cells with a baculovirus

caister.com/cimb


https://doi.org/10.1016/j.pep.2018.04.005
https://doi.org/10.1016/j.pep.2018.04.005
https://doi.org/10.1128/JVI.00780-14
https://doi.org/10.1093/glycob/cws143
https://doi.org/10.1093/glycob/cws143
https://doi.org/10.1038/315592a0
https://doi.org/10.1038/315592a0
https://doi.org/10.1016/j.pep.2016.02.014
https://doi.org/10.1016/j.plasmid.2018.05.002
https://doi.org/10.1016/j.plasmid.2018.05.002
https://doi.org/10.1016/j.jbiotec.2016.09.002
https://doi.org/10.1016/j.jbiotec.2016.09.002
https://doi.org/10.1016/j.vetmic.2005.11.040
https://doi.org/10.1016/j.vetmic.2005.11.040
https://doi.org/10.1089/hum.2013.184
https://doi.org/10.1089/hum.2013.184
https://doi.org/10.1089/hum.2015.050
https://doi.org/10.1089/hum.2015.050
https://doi.org/10.1089/hgtb.2016.164
https://doi.org/10.1089/hgtb.2016.164
https://doi.org/10.1016/j.jbiotec.2016.06.029
https://doi.org/10.1016/j.jbiotec.2016.06.029
https://doi.org/10.1038/nchembio.2539
https://doi.org/10.1038/nchembio.2539
https://doi.org/10.1007/s10529-013-1183-9
https://doi.org/10.1016/j.virol.2003.11.011
https://doi.org/10.1016/j.virol.2003.11.011
https://doi.org/10.1128/JVI.77.1.776-781.2003
https://doi.org/10.1128/JVI.77.1.776-781.2003
https://doi.org/10.3390/v10090510
https://doi.org/10.3390/v10090510
https://doi.org/10.1371/journal.pone.0034226
https://doi.org/10.1371/journal.pone.0034226
https://doi.org/10.1056/NEJMoa0804749
https://doi.org/10.1371/journal.pone.0090753
https://doi.org/10.1089/hgtb.2016.185

vector. Mol. Cell. Biol. 4, 399-406. https://doi.
org/10.1128/MCB.4.3.399

Possee, R.D. (1986). Cell-surface expression of influenza
virus haemagglutinin in insect cells using a baculovirus
vector. Virus Res. 5, 43-59.

Possee, R.D., Hitchman, R.B., Richards, K.S., Mann, S.G,,
Siaterli, E., Nixon, C.P, Irving, H., Assenberg, R.,,
Alderton, D., Owens, R.]., et al. (2008). Generation of
baculovirus vectors for the high-throughput production
of proteins in insect cells. Biotechnol. Bioeng. 101,
1115-1122. https://doi.org/10.1002/bit.22002

Rohrmann, G. (2013). Baculovirus Molecular Biology, 3rd
Edition. (National Centre for Biotechnology, Bethesda,
MD).

Roy, P. (1992). Bluetongue virus proteins. J. Gen. Virol. 73,
3051-3064. hittps://doi.org/10.1099/0022-1317-73-
12-3051

Samulski, RJ.,, and Muzyczka, N. (2014). AAV-mediated
gene therapy for research and therapeutic purposes.
Annu. Rev. Virol. 1,427-451. https://doi.org/10.1146/
annurev-virology-031413-085355

Savy, A., Dickx, Y., Nauwynck, L., Bonnin, D., Merten,
OW, and Galibert, L. (2017). Impact of Inverted
Terminal Repeat Integrity on rAAV8 Production Using
the Baculovirus/Sf9 Cells System. Hum. Gene Ther.
Methods 28, 277-289. hittps://doi.org/10.1089/
hgth.2016.133

Senior, M. (2017). After Glybera’s withdrawal, what’s next
for gene therapy? Nat. Biotechnol. 35,491-492. https://
doi.org/10.1038/nbt0617-491

Shang, Y.,, Wang, M., Xiao, G., Wang, X., Hou, D., Pan,
K, Liu, S, Li, J, Wang, J,, Arif, BM,, et al. (2017).
Construction and Rescue of a Functional Synthetic
Baculovirus. ACS Synth. Biol. 6, 1393-1402. https://
doi.org/10.1021/acssynbio.7b00028

Smith, G.E., Summers, M.D., and Fraser, M,J. (1983).
Production of human beta interferon in insect cells
infected with a baculovirus expression vector. Mol.
Cell. Biol. 3, 2156-216S. https://doi.org/10.1128/
MCB.3.12.2156

Smith, R.H., Levy,J.R., and Kotin, R. M. (2009). A simplified
baculovirus-AAV  expression vector system coupled
with one-step affinity purification yields high-titer rAAV
stocks from insect cells. Mol. Ther. 17, 1888-1896.
https://doi.org/10.1038/mt.2009.128

Steele, K.H., Stone, B.J., Franklin, K.M., Fath-Goodin, A.,
Zhang, X., Jiang, H., Webb, B.A., and Geisler, C. (2017).
Improving the baculovirus expression vector system
with vankyrin-enhanced technology. Biotechnol. Prog.
33, 1496-1507. https://doi.org/10.1002/btpr.2516

Suzuki, H., Tamai, N., Habu, Y., Chang, M.O., and Takaku,
H. (2008). Suppression of hepatitis C virus replication
by baculovirus vector-mediated short-hairpin RNA
expression. FEBS Lett. 582, 3085-3089. https://doi.
org/10.1016/j.febslet.2008.07.056

Teng, CY,, Chang, SL., van Oers, M.M., and Wu, TY.
(2013a). Enhanced protein secretion from insect cells
by co-expression of the chaperone calreticulin and
translation initiation factor eIF4E. Mol. Biotechnol. 54,
68-78. https://doi.org/10.1007/s12033-012-9545-4

Teng, CY, Chang, S.L., Tsai, M.F, and Wu, TY. (2013b)
a-Synuclein and B-synuclein enhance secretion protein

Curr. Issues Mol. Biol. (2020) Vol. 34

Advances in Baculovirus Expression | 229

production in baculovirus expression vector system.
Appl. Microbiol. Biotechnol. 97, 3875-3884. https://
doi.org/10.1007/s00253-012-4679-7

Teng, CY., van Oers, M.M., and Wu, TYY. (2013c). Additive
effect of calreticulin and translation initiation factor
eIF4E on secreted protein production in the baculovirus
expression system Appl. Microbiol. Biotechnol. 97,
8508S. https://doi.org/10.1007/s00253-013-5098-0.

Terenius, O., Papanicolaou, A., Garbutt, J.S., Eleftherianos,
I, Huvenne, H. Kanginakudru, S., Albrechtsen,
M., An, C., Aymeric, J.L., Barthel, A., et al. (2011).
RNA interference in Lepidoptera: an overview of
successful and unsuccessful studies and implications
for experimental design. J. Insect Physiol. 57, 231-245.
https://doi.org/10.1016/jjinsphys.2010.11.006

Tessier, D.C., Thomas, D.., Khouri, H.E., Laliberté, E,
and Vernet, T. (1991). Enhanced secretion from
insect cells of a foreign protein fused to the honeybee
melittin signal peptide. Gene 98, 177-183. https://doi.
org/10.1016/0378-1119(91)90171-7

Toth, AM., Geisler, C., Aumiller, JJ.,, and Jarvis, D.L.
(2011). Factors affecting recombinant Western equine
encephalitis virus glycoprotein production in the
baculovirus system. Protein Expr. Purif. 80, 274-282.
https://doi.org/10.1016/j.pep.2011.08.002

Urabe, M., Ding, C., and Kotin, R.M. (2002). Insect cells
as a factory to produce adeno-associated virus type 2
vectors. Hum. Gene Ther. 13, 1935-1943. https://doi.
org/10.1089/10430340260355347

US National Library of Medicines. (2019). Familial
lipoprotein lipase deficiency. Available online: https://
ghr.nlm.nih.gov/condition/familial-lipoprotein-lipase-
deficiency. Accessed 10 March 2019.

van Oers, M.M,, Pijlman, G.P, and Vlak, JM. (2015).
Thirty-years of baculovirus-insect cell expression: from
dark horse to mainstream technology. J. Gen. Virol. 96,
6-23. https://doi.org/10.1099/vir.0.067108-0

Vaughn, J.L., Goodwin, R.H., Tompkins, GJ, and
McCawley, P. (1977). The establishment of two cell lines
from the insect Spodoptera frugiperda (Lepidoptera;
Noctuidae). In Vitro 13,213-217.

Wang, Q., Zhou, Y, Chen, K., and Ju, X. (2016). Suppression
of Bm-Caspase-1 expression in BmN Cells enhances
recombinant protein production in a baculovirus
expression vector system. Mol. Biotechnol. §8,319-327.
https://doi.org/10.1007/s12033-016-9931-4

Weissmann, F, and Peters, JM. (2018). Expressing
Multi-subunit Complexes Using biGBac. Methods Mol.
Biol. 1764, 329-343. https://doi.org/10.1007/978-1-
4939-7759-8_21

Weissmann, E., Petzold, G., VanderLinden, R., Huis In ‘t
Veld, PJ, Brown, N.G.,, Lampert, F., Westermann, S.,
Stark, H., Schulman, B.A., and Peters, J.M. (2016).
biGBac enables rapid gene assembly for the expression of
large multisubunit protein complexes. Proc. Natl. Acad.
Sci. US.A. 113, E2564-9. https://doi.org/10.1073/
pnas.1604935113

Wu, Y, Jiang, L., Geng, H,, Yang, T., Han, Z., He, X,, Lin,
K. and Xu, FE (2018). A Recombinant Baculovirus
efficiently generates recombinant adeno-associated
virus vectors in cultured insect cells and larvae. Mol.

caister.com/cimb



230 | Possee et al.

Ther. Methods Clin. Dev. 10, 38-47. https://doi.
org/10.1016/j.0mtm.2018.05.005

Xu, J, Mon, H,, Kusakabe, T, Li, Z.,, Zhu, L., liyama,
K, Masuda, A. Mitsudome, T, and Lee, J.M.
(2013a).  Establishment of a soaking RNA
interference and Bombyx mori nucleopolyhedrovirus
(BmNPV)-hypersensitive cell line using Bme21 cell.
Appl. Microbiol. Biotechnol. 97, 10435-10444. https://
doi.org/10.1007/500253-013-5279-x

Xu, J, Nagata, Y, Mon, H, Li, Z, Zhu, L., Iiyama,
K., Kusakabe, T, and Lee, JM. (2013b). Soaking
RNAi-mediated modification of Sf9 cells for
baculovirus expression system by ectopic expression
of Caenorhabditis elegans SID-1. Appl. Microbiol.
Biotechnol. 97, 5§921-5931. https://doi.org/10.1007/
s00253-013-4785-1

Curr. Issues Mol. Biol. (2020) Vol. 34

Yu, N,, Christiaens, O., Liu, J., Niu, J., Cappelle, K., Caccia,
S., Huvenne, H., and Smagghe, G. (2013). Delivery
of dsRNA for RNAi in insects: an overview and
future directions. Insect Sci. 20, 4-14. https://doi.
org/10.1111/j.1744-7917.2012.01534.x

Zhang, J., Chen, XW.,, Tong, T.Z.,, Ye, Y,, Liao, M., and Fan,
HY. (2014). BacMam virus-based surface display of
the infectious bronchitis virus (IBV) S1 glycoprotein
confers strong protection against virulent IBV challenge
in chickens. Vaccine 32, 664-670. https://doi.
org/10.1016/jvaccine.2013.12.006

Zhang, Z., Yang, J., and Barford, D. (2016). Recombinant
expression and reconstitution of multiprotein
complexes by the USER cloning method in the insect
cell-baculovirus expression system. Methods 95, 13-25.
https://doi.org/10.1016/j.ymeth.2015.10.003

caister.com/cimb



	10: Recent Developments in the Use of Baculovirus Expression Vectors
	Introduction
	Vector development
	Incorporating RNAi technologies to improve protein production
	Developments in cell lines to support recombinant protein production
	Future developments


