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Abstract

Baculoviruses are arthropod-specific large circular double-stranded DNA viruses successfully used for the control of multiple
insect pests. In addition to their application in pest control, baculoviruses have become a versatile and powerful eukaryotic vector
for the production of large quantities of recombinant proteins for research and biomedical purposes. Since the first recombinant
protein was expressed in 1983 using the baculovirus expression system (BEVS), different strategies have been developed for the
generation of recombinant viruses and to increase the stability, yield, and posttranslational modifications of recombinant proteins.
In this review, we summarize the main methods and elements playing a role in the BEVS emphasizing recent progresses and

future developments with respect to the main aspects involved in protein production using the BEVS.
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Introduction

Baculoviruses, also referred as nucleopolyhedrovirus (NPVs)
due to the typical inclusions they make in the nucleus of in-
fected cells, are among the most important viral
entomopathogens used in pest control. So far, more than
1000 species have been described infecting different species
of insects, mainly from the order Lepidoptera (Jehle et al.
2006). In addition to their application in pest control, genetic
engineering of baculoviruses have promoted their use as a
versatile and powerful vector for the production of large quan-
tities of recombinant proteins in research laboratories and bio-
pharmaceutical companies throughout the world.
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In nature, baculoviruses virions are found embedded in a
paracrystalline protein matrix mainly formed by a single pro-
tein called polyhedrin. Once ingested by the susceptible cat-
erpillars, the matrix is dissolved in the gut of the insect and the
virions (ODVs; occluded derived viruses) will merge to the
epithelial cells, then nucleocapsids will migrate into the nu-
cleus establishing the primary infection. As part of their bi-
phasic replication, the infected cells produce another type of
virion (BV; budded virus) that facilitates viral entrance by
endocytosis into other cell types, and the establishment of a
systemic infection of the insect larvae (Rohrmann 2013).

The Baculovirus Expression Vector System (BEVS) was
originally developed in the early 1980s in the laboratories of
Dr. Summer (Smith et al. 1983b) and Dr. Miller (Miller 1981).
Recombinant viruses were initially obtained by replacement
of the polyhedrin gene from Autographa californica
nucleopolyhedrovirus (AcMNPV) by co-transfection of Sf21
cells with a mixture of the viral DNA and the donor vector and
further isolation of the recombinant BVs from the viral
plaques (Smith et al. 1983b). Since then, different changes
have been introduced to improve the methods for the genera-
tion and selection of recombinant viruses, and to increase the
yield and quality of the expressed proteins. Although the
methods for the generation of recombinant viruses have been
optimized, and recombinant viruses can be generated in only a
few working days, there is still room for improvement in the
production of recombinant proteins at an industrial scale that
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competes in a cost-effective manner with other available pro-
tein production systems. In addition, to increase protein pro-
duction yields by improving protein expression and stability,
baculovirus engineering has also been addressed to improve
the introduction of complex N-glycan structures that occur in
mammals.

In this review, we aim to summarize the main methods and
elements playing a role in the BEVS, emphasizing recent
progress and future developments in the three main aspects
that regulate protein production using the BEVS: (i) the viral
properties, (ii) the cellular host, and (iii) the bioprocesses in-
volved in protein production.

Engineering of the viral vector

Methods for the generation of recombinant
baculoviruses

Initially, recombinant baculoviruses were obtained by homol-
ogous recombination between the viral genome and a donor
plasmid into the insect cells (Smith et al. 1983b). However,
this approach is not very efficient and the rates of recombinant
baculoviruses were lower than 0.1% of the total viruses, ne-
cessitating several rounds of plaque assays for the isolation of
recombinant viruses. The first improvement was provided by
Kitts el al. (Kitts et al. 1990) with a linearized viral genome at
the gene insertion site, increasing the percentage of recombi-
nant baculoviruses up to 30%. Shortly after, a vector which
interrupted an essential gene (orf1629) during the linearization
was constructed, and recombination rates in the recovered
viruses were close to 100% (Kitts and Possee 1993). The
original vector containing these improvements was named as
BacPAK6™, and currently, there are other commercially
available vectors based on the same principle, such as the
BaculoGold™ baculovirus expression system (BD
Biosciences).

An important breakthrough was the development of the
first bacmid, a vector containing the whole AcMNPV genome
that can be propagated in E. coli cells (Luckow et al. 1993)
and commercialized by Invitrogen as the Bac-to-Bac® sys-
tem. The introduction of the gene of interest into the bacmid
occurs in the bacterial host and is based on the transposition of
a shuttle vector containing the gene of interest into the
baculovirus genome mediated by Tn7-recombinase. This sys-
tem has been broadly adopted because it simplifies the gener-
ation, selection, and isolation of recombinant bacmids, which
are subsequently used for transfection of insect cells, produc-
ing recombinant baculoviruses at a rate of 100%. Bacmid
systems have also been developed for other viral species such
as the Spodoptera exigua multiple nucleopolyhedrovirus
(SeMNPV) (Choi et al. 1999) and the Bombyx mori
nucleopolyhedrovirus (BmNPV) (Motohashi et al. 2005).
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One of the advantages of the baculovirus system is the
possibility to express more than one protein simultaneously.
Initially, expression of multiple proteins was achieved by co-
infection with multiple recombinant viruses, each of them
expressing a single protein (Angelo et al. 1987; Dodson
et al. 1989). However, co-infections on a large scale are usu-
ally inefficient because it is not guaranteed that the simulta-
neous infection with all viral vectors will occur in the same
cell (van Oers et al. 2015). This limitation was partially solved
with the development of shuttle vectors that accept more than
one heterologous gene into the genome for the expression of
different recombinant proteins simultaneously. Some exam-
ples of commercially available vectors are the pFastBacDual
(Invitrogen), for the expression of two different proteins, or
the MultiBac system (Sari et al. 2016), which allows the ex-
pression of multi-protein subunit complexes.

In recent years, other systems have been developed with
different improvements and/or applicabilities. The
flashBAC™ gystem (Possee et al. 2008) (Oxford Expression
Technologies) combines bacmid technology with homolo-
gous recombination in insect cells to generate recombinant
baculoviruses. In 2014, Thimiri Govinda Raj et al. (2014)
designed OmniBac transfer vectors which can be used to gen-
erate recombinant baculoviruses, both using bacmid technol-
ogy as well as homologous recombination, using the same
DNA elements. A second generation of the Tn-7-based sys-
tem, named as Bac-2-the-Future, has been developed to gen-
erate recombinant baculoviruses with reduced time and labor
in comparison with the Bac-to-Bac system (Mehalko and
Esposito 2016). In addition, a method known as biGBac
(Weissmann et al. 2016) has been developed to generate re-
combinant baculoviruses based on the assembly of several
linear DNA fragments, using Gibson assembly methodology
(Gibson et al. 2009).

Cis and trans DNA elements improving protein
expression

Expression of recombinant proteins can be modulated by
DNA regulatory sequences located at regions neighboring
the gene of interest (cis elements), promoters and enhancers
being the most common. Both types of regulatory sequences
have been explored to improve the quantity and quality of
recombinant proteins in the BEVS.

Since its inception, the viral polh and p10 promoters are
routinely used to drive the expression of recombinant proteins
in the BEVS. They are strong and very late promoters that
control the expression of two structural proteins (polyhedrin
and p10, respectively) which are not needed for the in vitro
replication of the virus in insect culture cells (Smith et al.
1983a; Williams et al. 1989). Although these promoters pro-
vide high transcription levels, they act at very late stages of the
infection, when the ability of the cells to express proteins is
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already compromised. For that reason, other promoters have
been tested to enhance the expression in baculovirus vectors.
Late viral promoters, such as p6.9 or vp39, were demonstrated
to express different recombinant proteins (Hill-Perkins and
Possee 1990; Thiem and Miller 1990; Bonning et al. 1994;
Ishiyama and lkeda 2010), even increasing the expression
levels obtained with the standard p/0 and polh promoters.
More recently, a viral promoter derived from the Se MNPV,
pSelL, has been proposed as an alternative to the polh promoter
to increase the expression of recombinant proteins in different
insect cell lines (Martinez-Solis et al. 2016). All these pro-
moters naturally drive the expression of structural proteins,
and their combination with the standard p/0 and polh pro-
moters generally results in higher expression yields. For in-
stance, the combination of the polh promoter with the vp39or
pSeL promoters improves the recombinant expression levels
obtained with each individual promoter (Thiem and Miller
1990; Martinez-Solis et al. 2016). An alternative strategy to
solve the problems related with the use of late promoters has
been the introduction of earlier promoters such as ie/, 39, or
gp64 (Jarvis et al. 1996; Grabherr et al. 1997; Regev et al.
20006) to express high levels of recombinant proteins in the
early stages of cell infection. Although the tested promoters
are usually derived from baculoviral sequences, Choi et al.
(Choi et al. 2009) also reported the use of bracovirus-
derived promoters to improve the expression of recombinant
proteins in the BEVS. In addition, a Lepidoptera-derived pro-
moter, named pB2, has shown higher expression levels than
the polh promoter at early post-infection stages (Lopez-Vidal
et al. 2013).

Enhancers are DNA elements which are able to increase the
expression of certain genes and can be combined with the
standard promoters to enhance their activity. Baculovirus ge-
nomes are characterized by the presence of homologous re-
gions (Ar) distributed along the genome (Cochran and
Faulkner 1983). These non-coding regions act as the origin
of viral DNA replication as well as enhancers of gene tran-
scription. It has been reported that the introduction of 47/ from
AcMNPV into different locations of recombinant viruses re-
sults in increased production of different recombinant proteins
(Lo et al. 2002; Venkaiah et al. 2004; Tiwari et al. 2010). The
hr3 sequence from BmNPV also has been introduced to in-
crease the expression of recombinant proteins and improve the
stability of the expressed proteins (Lu and Miller 1997; Chen
et al. 2004; Ishiyama and Ikeda 2010). The introduction of an
element derived from the 5'-end of the polyhedrin gene, the
partial polyhedrin homology sequence (PPHS), into the re-
combinant baculovirus, is also able to improve the expression
of foreign genes in cell culture as well as in insect larvae
(Gong et al. 2006; Romero et al. 2011). More recently, an
improvement in the pFastBac™ vectors has been described
that allows similar expression levels of recombinant proteins
to those obtained by the wild-type AcMNPV (Shang et al.

2017). The modification consists of the introduction of an
80 pb cis element upstream of the polh promoter, and the
substitution of the polyadenylation signal (pA) SV40 by the
polhpA.

In addition to the inclusion of regulatory sequences en-
hancing the expression of neighboring genes, other strategies
to increase protein expression have been focused on the ex-
pression of trans elements, alone or in combination with cis-
acting regulatory sequences. Gomez-Sebastian et al. (2014)
developed an expression cassette containing the Arl of
AcMNPYV, and also the transactivation factors IE1 and IEOQ.
The use of this new cassette in recombinant baculoviruses
increases the cell viability and integrity of infected cells,
which finally results in improved yields of the recombinant
proteins. It is known that binding of the transcriptional factor
VLF-1 to the burst sequence (BS) enhances the activity of the
polh promoter. Manohar et al. (2010) increased the level of
recombinant gene expression in Hi5 cells and 7. ni larvae by
increasing the number of BS between the polh promoter and
the target gene, and co-expressing VLF-1. Liu and Zhang
(2015) introduced the 3'-untranslated region PIOUTR and a
synthetic AT-rich 21-bp sequence (Syn21), increasing the
yield of the porcine circovirus type 2 (PCV2) VLPs when
compared to the original baculovirus vector. In another type
of approach, it has been shown that the overexpression of the
lef5 gene from SeMNPYV in recombinant AcMNPV
baculoviruses results in an increased stability of the transgene,
and therefore in an improved expression of recombinant pro-
tein after successive replication passages in cultured cells
(Martinez-Solis et al. 2017).

Baculoviral genome engineering

The facility to modify the baculovirus genome has allowed
the removal of non-essential genes for in vitro viral replica-
tion, which has negative effects on the production of recom-
binant proteins as a strategy to improve expression using the
BEVS. The first attempts were focused on deletion of the v-
cath and chiA genes. These genes encode for enzymes re-
sponsible for the liquefaction of infected larvae, and its pro-
teolytic action has a negative effect on the production of
recombinant proteins. Different studies have shown that de-
letion of these viral genes increases the stability and expres-
sion of the secreted recombinant proteins (Suzuki et al. 1997,
Kaba et al. 2004; Hiyoshi et al. 2007; Hitchman et al. 2010b).
This new viral genome was later improved with the deletion
of other non-essential genes for in vitro replication.
Removing the p26, p10, and p74 genes from the ACMNPV
genome enhanced the expression of recombinant proteins
(Hitchman et al. 2010a). Nevertheless, not only protein-
coding genes can be removed to improve recombinant ex-
pression. Pijlman et al. observed the accumulation of non-
hr ori sequences in the genome of SeMNPV (2002) and
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AcMNPV (2003) after several viral multiplication passages
in insect cells. Removal of these non-hr ori sequences from
the recombinant viral genome resulted in an enhanced genetic
stability of the viral genome upon passaging, and therefore
increased the expression of the recombinant proteins.

Another strategy to enhance the production of recombi-
nant proteins in the BEVS has been the addition of certain
genes into the viral genome with beneficial properties for
protein production. An example is the introduction of
vankyrin genes from the insect virus Campoletis
sonorensis ichnovirus. The function of these genes is relat-
ed with the suppression of the host cell immune system.
Accordingly, their introduction in the system results in de-
layed lysis of the infected cells, and an increased time for
the expression of recombinant proteins (Fath-Goodin et al.
20006). In a similar way, non-lytic vectors have been ob-
tained by random mutagenesis of viral genomes, along
with selection of those producing recombinant proteins
for a greater period of time and increasing the final yield
(Ho et al. 2004). Enhancement of the stability of recombi-
nant protein production has also been reported with the use
of bicistronic cassettes, which express in a single transcript
the gene of interest coupled to a viral essential gene (gp64)
using an IRES (internal ribosome entry site) sequence be-
tween them (Pijlman et al. 2006).

The secretory pathway is generally affected by the virus
infection, resulting, in certain cases, in the production of
insoluble proteins. A strategy to overcome this issue and
improve the recombinant protein expression has been the
introduction of sequences coding for chaperones into the
viral vector. Thus, Teng et al. (2013) showed that the se-
creted alkaline phosphatase (SEAP) activity was increased
when it was co-expressed with the calreticulin chaperon in
Sf21 cells.

Engineering of the cellular host

The production of recombinant proteins in classical insect
cell lines presents two principal limitations. The first is that
they produce less complex N-glycan structure than mam-
mals, resulting in a loss of stability, solubility, and bioac-
tivity of therapeutic mammalian recombinant protein (Kato
et al. 2017). The second limitation is that cell death and
lysis are natural processes that are triggered by baculovirus
infection, resulting in the production of immature proteins
and increasing the activity of proteases and caspases that
negatively affect recombinant protein integrity and yield
(Steele et al. 2017). To address these limitations, several
new cell lines have been developed, and genetically mod-
ified insect cells have been engineered, to produce mam-
malian recombinant glycoproteins and delay insect cell
death after infection.
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Cell lines for the BEVS

The most common cell lines susceptible to AcMNPV infec-
tion and used in the BEVS for academic or commercial pur-
pose are the IPLB-SF21-AE (marketed as Sf21) (Vaughn et al.
1977) and its subclone Sf9, and the BT1-Tn5B1-4 (marketed
as High Five™, HiS)(Wickham et al. 1992). These cells are
derived from pupal ovarian tissue of the fall armyworm
Spodoptera frugiperda and from the adult ovarian tissue of
the cabbage looper Trichoplusia ni, respectively. There are
substantial differences among the different cells lines that
must be considered according to the type of protein and pur-
pose. For instance, Sf21 and Sf9 are comparable in their char-
acteristics. They are highly susceptible to virus infection, can
be grown as a monolayer at 27 °C without CO,, and are
adaptable to growth in suspension culture and in a serum-
free medium. In addition, these cells also achieve high cell
densities, increasing the yield and virus titers (Granados
et al. 2007). The Sf9 clone was selected based on the faster
growth rate and higher cell densities with respect to Sf21
(Ejiofor 2016), and are also more tolerant to osmotic, pH,
and sheer stress (Agathos 2010) than Sf21 cells. On the other
hand, Hi5 can also be multiplied as a monolayer as well as a
suspension at 27 °C without CO,. In general, Hi5 cells pro-
duce a better expression level of recombinant proteins than
Sf9 and Sf21, partially due to its larger size. In contrast, Hi5
cells release three times more proteases than Sf21 and S9
cells, which could cause degradation of the target protein
(Kwon et al. 2003). Different approaches have been taken to
overcome some of the limitations of these cell lines and im-
prove their performance in the BEVS. Cell lines derived from
the Hi5 cells, such as Tn-H5CL-B and Tn-H5CL-F, which
show more resistance to nutrient stress and higher expression
of 3-galactosidase and secretory alkaline phosphatase (SEAP)
have been developed (Li et al. 2003). Also, a cell line derived
from S9 cells and marketed under the name of express SF+
(Protein Sciences Corp) was obtained after selection in a
serum-free medium supplemented with human insulin and
was established to optimize protein production in the BEVS
(Granados et al. 2007). Currently, porcine circovirus type 2
(PCV-2) and Influenza (Flublok®) vaccines are produced in
these cells (van Oers et al. 2015).Other common cell lines
used in combination with BmNPV are Bm5 and BmN4.
They were established from ovarian tissue from
Bombyx mori larvae (Grace 1967; Maeda 1989). The produc-
tion of viruses and the expression of recombinant proteins in
these cell lines seem less effective than in Sf9 and Sf21 (Lee
et al. 2012). Other alternative cell lines derived from B. mori
embryos with better performance such as Bme21 have been
developed (Lee et al. 2012), although they are used less ex-
tensively than traditional Bm5 and BmN4 cells. Other non-
conventional Lepidoptera cell lines have been established
such as A7S and DpNI1, from Pseudaletia unipuncta and
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Danaus plexipus larvae, respectively. Those cell lines were
capable of producing recombinant proteins with complex N-
glycosylation sites, although the expression levels achieved
were less than in the Hi5 cell line (Palomares et al. 2003).

Improvement of the glycosylation patterns

The baculovirus-insect cell system produces mostly recombi-
nant proteins with paucimannose structure (Geisler et al.
2008). In general, these cells are unable to add terminal galac-
tose and sialic acid residues like mammalian cells, mainly due
to the absence or poor expression of glycogen and the great
activity of glycosidase (Chavez-Pena and Kamen 2018). In
addition, Hi5 cells express glycoprotein with oc1-3 fucose,
and patients treated with biopharmaceuticals produced in
these cells can develop hypersensitivity. Due to that, Sf9 cells
are a better host to produce recombinant proteins with thera-
peutic purposes (Palomares et al. 2018). The first effort to
improve the N-glycosylation profile in insect cells involved
co-infection ofSfO cells with two recombinant baculovirus,
one encoding for a human-glycosyltransferase and the other
encoding for a foreign gene (Wagner et al. 1996). Afterwards,
due to the reduced efficiency of co-infection, Palmberger and
co-workers (Palmberger et al. 2012) developed, based on
MultiBac Technology, the SweetBac system for the simulta-
neous expression of two glycosyltransferases and a target gene
using a single virus (Palmberger et al. 2012, 2013). In addi-
tion, using the same technology, it has been possible to
minimize the fucosylation in Hi5 cells by coexpression of an
inhibitor of the GDP-L-fucose de novo synthesis pathway
along with the protein of interest (Palmberger et al. 2014).
Also, efficient strategies involving the modification of the
cellular host have been developed. Several insect cell lines
expressing recombinant mammalian glycosyltransferases, or
enzymes that are involved in sialic acid and CMP-sialic acid
biosynthesis and transport, have been established with the aim
to produce N-glycoproteins with human-type complex (Toth
etal. 2014). For instance, SESSWT-1 cells (Hollister et al. 2002)
were the first Sf9 cells stably transformed with five mamma-
lian glycogenes. This cell line is commercialized under the
name Mimic™ Sf9 insect cells (ThermoFisher).Toth et al.
(2014) established a more efficient transgenic insect cell line
(S39KSWT) by stably transforming the Sf9 insect cells with
a set of nine mammalian glycogenes under the control of the
39k-inducible promoter. This inducible promoter by viral in-
fection is a potent tool, because the expression of foreign
genes does not affect the growth and stability of the transgenic
insect cell line as is seen with the constitutive promoters
(Aumiller et al. 2012). Despite the improvements achieved
in terms of glycosylation, the production of recombinant pro-
teins with human-type glycosylation has not reached 100%
efficiency, and the paucimannose glycan structures are still
present in the recombinant protein produced (Palomares

et al. 2018). For example, when recombinant erythropoietin
(rEPO) was expressed in SF39KSWT insect cells, only about
40%was processed with human-type structure (Toth et al.
2014).

In contrast to recombinant expression of mammalian-
derived proteins in the cell host, natural host genes have also
been silenced or knocked-out to optimize their glycosylation
performance. The insect cells present an intrinsic potential to
generate more complex chains than the paucimannose struc-
ture without reaching the complexity of the human-type struc-
ture. For example, the 3-N-acetylglucosaminidase, known as
fused lobed protein (FDL), is an enzyme expressed only in
insect cells that antagonize N-glycan elongation (Chavez-Pena
and Kamen 2018). RNAi technology was applied to silence
the fdl gene in Sf9 and BmN4-SID1 cells, a derived B. mori
cell line (Geisler et al. 2008; Nagata et al. 2013). Even though
this approach reduced FDL expression, the phenotypic impact
on the glycosylation process was slight (Geisler et al. 2008).
However, CRISPR-Cas9 technology allowed the develop-
ment of a new derived S9 insect cell line (SfFDLt1), unable
to produce FDL. Knock-out of the fdl gene increased to 65%
the proportion of partially elongated, mammalian-type N-gly-
can complexes, and reduced to 8% the proportion of
paucimannose structures on rEPO produced in SfFDLtI cells
(Mabashi-Asazuma and Jarvis 2017). Although this strategy
enhances the glycosylation capabilities of insect cells, it is
insufficient to achieve the human N-glycosylation type, so it
is still necessary to associate them with the heterologous ex-
pression of other glycosyltransferases (Kim and Cha 2015).

Improvement of the production and stability

As mentioned above, an efficient strategy to extend the sur-
vival of cells after viral infection is the cloning of the
antiapoptotic Vankyrin (Vank-1) into the baculovirus genome.
Alternatively, a similar effect can be obtained by the stable
expression of this protein in the cell host. Vankyrin-
expressing cell lines derived from Sf9 and Hi5 cells have been
obtained and named as VE-CL2 (Fath-Goodin et al. 2009) and
VE-High Five (Steele et al. 2017), respectively. The expres-
sion of the YFP reporter using the BEVS was significantly
increased when infecting these cell lines. Steele and co-
workers (Steele et al. 2017) also observed that other proteins
expressed in these transformed insect cell lines were subjected
to less proteolysis and the secretory pathway remained func-
tional for a longer period of time. The combination of strate-
gies to improve protein expression was also evaluated. For
this purpose, Sf9 insect cells were simultaneously transformed
with six human glycogenes and the Vank-1 gene. In this way, it
was possible to improve the expression level and the N-gly-
cosylation process simultaneously, demonstrating that the N-
glycosylation pathway is still functioning at the late stages of
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infection in Vankyrin-expressing insect cells (Steele et al.
2017).

In order to extend the survival of the insect cell lines, SO
cells were stably transformed with the p35 gene from
AcMNPYV, an inhibitor of caspase. The resulting cell line
was more resistant to apoptosis and nutrient stress, and it
was able to produce higher levels of recombinant proteins
(Lin et al. 2001).

RNAI technology has also been widely applied to silence
pro-apoptotic host genes. The silencing of Caspase-1 was
evaluated in different insect cell lines resulting in extended
viability after infection with recombinant baculovirus and in-
creased production of intracellular and extracellular recombi-
nant proteins (Hebert et al. 2009; Lai et al. 2012; Wang et al.
2016). In an alternative approach, RNAi technology was also
used to silence a regulatory gene involved in the cell cycle.
When cyclin E was silenced in Hi5 insect cells, an increase in
GFP expression was seen (Wu et al. 2013).

Protein production bioprocess

In the industrial context, the BEVS is usually used for large-
scale production of recombinant proteins (Steele et al. 2017).
Even though insect cells are generally grown in a monolayer,
they can be adapted to suspension cultivation for large-scale
protein expression (van Oers et al. 2015). The scale up in
insect cells takes several steps from spinner culture and shake
flasks to bioreactor system design, and the process depends on
an adequate control of process parameters (oxygen delivery,
good mixing, appropriate modes of feeding, nutrient availabil-
ity) that are crucial for optimal cell growth and baculovirus
infection (Agathos 2010). For this purpose, standard bioreac-
tors are used such as the single-use wave bag reactor for
medium-scale processes and the stirred tank reactor (STR)
for large-scale processes (Zitzmann et al. 2017). Due to the
lytic characteristics of the system, the production platform is
based principally on batch, and to a lesser extent on fed-batch
culture, and a new cell culture must be set in each production
cycle (Contreras-Gomez et al. 2014). Moreover, the insect
cells are influenced by shear stress due to the turbulence and
aeration produced in the bioreactor, affecting the quality of the
proteins produced. Although STR produces more shear stress
than a wave bag, this technology is considered the most ap-
propriate bioreactor system for the scale-up of the BEVS pro-
cess due to the larger volume of work it allows. For this rea-
son, the insect cell damage can be controlled by the correct
aeration rate and the addition of protective agents such as
Pluronic® (Weidner et al. 2017). Currently, other bioreactors
which are easy to handle such as the single-use iCellis
nanofixed-bed bioreactor are being used with the object to
entrap, cultivate, and recover non-adherent cells at high cell
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viability, and consequently to achieve high-quality recombi-
nant protein production (Ventini-Monteiro et al. 2015).
Culture media have also been improved over time to en-
hance the production of recombinant proteins. The first culture
media developed for insect cell culture were Grace’s
Insect Medium, TNM-FH, IPL-41, and TC100,which need to
be supplemented with fetal bovine serum or insect hemolymph.
However, the production of recombinant proteins in a medium
free of any animal protein offers great lot-to-lot reproducibility
and facilitates the downstream processing and product valida-
tion (Zitzmann et al. 2017). Because of this, many serum-free
and protein-free mediums that do not need any other additives
such as Express Five™, S00™ 11 SFM, SO00™ 111 SFM
(Thermo Fisher Scientific), HyCloneTM SFX-Insect™
(Thermo Scientific), ESF 921 (Expression System), ExCell®
420 (Sigma Aldrich), and Insect-XPRESS™ (Lonza) have
been developed (Contreras-Goémez et al. 2014; Zitzmann et al.
2017). Nevertheless, pharmaceutical companies have been able
to formulate their own culture media as well as select specific
cell clones to produce their proteins (van Oers et al. 2015).
The production of recombinant proteins on an industrial
scale has high costs due to tissue culture reagents, sophisticat-
ed equipment, and the specialized personnel required
(Guijarro-Pardo et al. 2017). The use of insect larvae infected
with recombinant baculovirus as a small live bioreactor has
appeared as an attractive alternative to scale up the production
of a wide variety of recombinant proteins in a cost-effective
manner. Targovnik et al. (2016) recently reviewed the use of
this system to produce commercial recombinant proteins.
In vivo production is considered an attractive platform due
to the high level of expression achieved and the low risk of
contamination; the manufacturing costs could be reduced up
to 400 times, and the total process is less time-consuming
compared to the process developed in insect cells (Targovnik
et al. 2016). Moreover, the cell diversity that forms the whole
larvae can increase the expression level of proteins produced
in this system (Guijarro-Pardo et al. 2017). To date, the lepi-
dopteran species that have been successfully exploited to pro-
duce recombinant proteins are B.mori (Silkworm),
S. frugiperda, Spodoptera littoralis, T ni, Helicoverpa zea,
Heliothis virescens, and Rachiplusia nu (Targovnik et al.
2016). Currently, Toray Ind. Inc. (Tokyo, Japan) produces
recombinant Feline Interferon (Intercat) and Canine
Interferon Gamma (Interdog) for veterinary use in B. mori
larvae. Other companies like Chesapeake PERL (Savage,
MD, USA), Sysmex (Japan), ALGENEX (Spain), Werfen
Group (Spain), and Boehringer Ingelheim Vetmedica
(Germany) produce recombinant proteins for commercial pur-
poses using insect larvae. In addition to the use of larval stages
of the insects, the pupal stage has recently become an interest-
ing bioreactor for protein production using the BEVS (Kato
et al. 2010). For instance, influenza virus-like particles and
human IgG have been produced in pupae from the silkworm
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Table 1

Summary of the main biotechnological strategies for the improvement of the BEVS

Modifications

Characteristics

Ref.

Engineering of the viral vector
Promoters
vp39
p6.9
iel
gpo4
3%
pSeL
pB2
Enhancers
hrl of AcMNPV

hr3 of BmNPV

PPHS

80 pbcis element + polhpA
Trans elements

hrl +1EO/IE]

BS + VLEF-1

3’-P10UTR + Syn21

lef5 from Se MNPV

Virus manipulation
Achi

Acat

Ap26/p10/p74
Removal non-hrori
vankyrin

Non-lytic vectors

IRES sequence

chaperones
Engineering of the cellular host
Improve quality
Mammalian glycogens constitutive expression in Sf9

Mammalian glycogens inducible expression in Sf9

FDL gene editing in Sf9 (sfFDLt1)

Production and stability
Vankyrin expression in Sf9 and Hi5 (VE-CL2, VE-Hi5)

Silencing caspase Hi5, Sf9, Bm51 cells by RNAi

p35 expression in S cells

1 protein expression
1 secreted proteins

1 protein expression
1 protein expression
1 protein expression
1 protein expression

1 protein expression

1 protein expression

1 protein expression
| protein aggregation

1 protein expression

1 protein expression

1 protein expression
1 protein expression
1 protein expression
1 genome stability

1 secreted proteins
| proteolytic degradation

| proteolytic degradation

1 protein expression

1 genome stability

1 protein expression

| proteolytic degradation

Bicistronic expression
1 protein stability

1 protein activity

1 N-glycoproteins with
human-type complex

1 N-glycoproteins with
human-type complex

1 partial elongated
N-glycoproteins with
human-type complex

1 expression

| proteolytic degradation
| apoptosis

1 expression

| apoptosis

| nutrient stress

1 expression

Thiem and Miller (1990); Ishiyama and Ikeda (2010)
Hill-Perkins and Possee (1990); Bonning et al. (1994)
Jarvis et al. (1996)

Grabherr et al. (1997)

Regev et al. (2006)

Martinez-Solis et al. (2016)

Lopez-Vidal et al. (2013)

Lo et al. (2002); Venkaiah et al. (2004);
Tiwari et al. (2010)

Lu and Miller (1997); Chen et al. (2004);
Ishiyama and Ikeda (2010)

Gong et al. (2006); Romero et al. (2011)
Shang et al. (2017)

Gomez-Sebastian et al. (2014)
Manohar et al. (2010)

Liu and Zhang (2015)
Martinez-Solis et al. (2017)

Suzuki et al. (1997); Kaba et al. (2004);
Hitchman et al. (2010b)

Kaba et al. (2004); Hiyoshi et al. (2007);
Hitchman et al. (2010b)

Hitchman et al. (2010a)
Pijlman et al. (2002 and 2003)
Fath-Goodin et al. (2006)

Ho et al. (2004)

Pijlman et al. (2006)

Teng et al. (2013)

Hollister et al. (2002)
Toth et al. (2014)

Mabashi-Asazuma and Jarvis (2017)

Fath-Goodin et al. (2009); Steele et al. (2017)
Hebert et al. (2009); Lai et al. (2012);

Wang et al. (2016)
Lin et al. (2001)
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Table 1 (continued)

Modifications

Characteristics Ref.

Silencing cyclin E in Hi5 cells by RNAi
Production Bioprocess
iCellis nanofixed-bed bioreactor

Medium free of any animal protein

1 expression

1 viability
1 quality
1 lot to lot

Wu et al. (2013)

Ventini-Monteiro et al. (2015)

Revised by Zitzmann et al. (2017)

reproducibility
1 downstream
processing

1 product validation

Insect larvae as live bioreactor

1 expression

Revised by Targovnik et al. (2016)

| contamination risk

| manufacturing cost

| time-consuming

Insect pupae as live bioreactor

1 expression

Revised by Kato et al. (2010)

(Nerome et al. 2015; Kato et al. 2017). Furthermore, the
ALGENEX company has recently developed the CrisBio™
technology to produce recombinant proteins in 7. ni pupae.

Similar to the expression in insect cell culture, one of the
major drawbacks with respect to the expression of recombi-
nant proteins in insect larvae is the N-glycosylation pattern. To
improve the glycosylation quality, transgenic silkworms con-
stitutively expressing a mammalian glycosyltransferase in the
posterior silk glands have been established (Mabashi-
Asazuma et al. 2015). However, generation of transgenic in-
sects can be laborious and may require facilities for the rearing
and manipulation of genetically modified insects. For this rea-
son, coexpression of glycosyl transferases in silkworm pupae
by co-infection with recombinant baculovirus has been suc-
cessfully used to produce human IgG with the attached
complex-type N-glycans (Kato et al. 2017). One additional
limitation of protein expression using the BEVS, and especial-
ly with respect to the production in insects, is related to protein
misfolding and formation of aggregates. To partially over-
come this problem, Martinez-Alonso and co-workers
(Martinez-Alonso et al. 2010) enhanced GFP solubility and
extraction yield by co-expression of the recombinant protein
along with DnaJ/DnaK chaperones in 7. ni larvae. Also, in
B. mori larvae, the expression of chaperones (calreticulin,
calnexin, or immunoglobulin heavy-chain binding protein)
increased the quality of the recombinant protein (Nakajima
et al. 2009; Dojima et al. 2010).

Concluding remarks
Since its first use more than 40 years ago, the BEVS has
been consolidated as one of the most effective methods for

the production of large quantities of recombinant proteins.
Previous and current efforts with respect to the

@ Springer

improvement of the BEVS have been addressed to in-
crease protein yield by the identification of novel pro-
moters and other elements enhancing gene expression
and protein stability, and by establishing novel approaches
for using insect hosts as biofactory platforms (summarized
at Table 1). A second front that remains open is focused on
the reproduction of the mammalian glycosylation patterns
in insect cells to produce more bioactive proteins. It is
expected that recent developments in the CRISPR-Cas9
systems for specific genomic edition through mutations,
insertions, and deletions (Doudna and Charpentier 2014)
will open the door to a new array of strategies for engi-
neering of the viral and host components, to improve the
expression and glycosylation pattern of recombinant pro-
teins produced using the BEVS.
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