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ABSTRACT

Among the wide range of methods and expressionshagilable for the heterologous production of
recombinant proteins, insect cells are ideal ferghoduction of complex proteins requiring exteagpost-
translational modification. This review article pides an overview of the available insect-cell
expression systems and their properties, focusmghe widely-used Baculovirus Expression Vector
System (BEVS). We discuss the different strategi®sd to generate recombinant baculovirus vectors
and show how advanced techniques for virus titeleri@ination can accelerate the production of
recombinant proteins. The stable transfection afeat cells is an alternative to BEVS which has
recently been augmented with recombinase-mediataslsette exchange for site-specific gene
integration. We consider the advantages and liioiat of these techniques for the production of
recombinant proteins in insect cells and compaeentho other expression platforms.
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1. INTRODUCTION synthesis than after heterologous expression, bectne
starting material is less complex. Chemical syrghes
Many different expression systems are available forreaches its limits when the peptide exceeds appaigly
the production of recombinant proteins, each with 70 amino acids in length, contains a high proporiid
numerous options. The production of a recombinantchallenging amino acids (e.g., arginine, cysteine,
protein is usually motivated by an ambition to detme ~ methionine and tryptophan) or requires post-tréinsial
the protein structure, investigate its activitysearch for ~ modification. ~Although peptides containing multiple
interaction partners in order to unravel its mode o disulfide bonds can be synthesized (Reinwetrt., 2012)
action. The simplest or most accessible system thafuccess depends on chance and laborious procesferes
meets minimum requirements is often chosen forainit ~required to verify the disulfide linkages.
expression studies and if succe_ssful these effmetshen 1.2. Protein Production in Bacteria
scaled up for downstream applications.
. . . Bacteria are usually the first type of system
1.1. Chemical Peptide Synthesis considered for the production of longer peptides or

Short linear peptides can be produced by total @sm complete proteins, because high yields can be waethie
synthesis, which has become more affordable arattae ~ in @ short time and the cells can be propagateti wit
as an option over time as laborious laboratory wusk relatively little effort. The production of bacteidal
been replaced by companies offering peptide syisthesa  proteins can be challenging, although this can be
service. It is easier to purify peptides after clwain  achieved using specialized bacterial expressiotesys
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that maintain the expression vector as a low-copy-
number replicon until just before the inductionggne
expression so that minimal expression occurs pigor
induction even when RNA polymerase is present e th
cell (e.g., pETcoco™ vectors or CopyCutter™ cells).
Alternatively, controlled induction can be achievesing

a high-copy-number replicon combined with a promote
controlled by a non-endogenous RNA polymerase, &.g.

to produce recombinant proteins in mammalian dslls
transient transfection, although this is suitabler f
analytical experiments only because the most efiici
transfection reagents are prohibitively expensiee f
large-scale applications. These limitations can be
addressed by stable transfection, which also allthes
selection of individual high-yielding cells to irase
overall productivity. Viruses can be used as an

bacteriophage RNA polymerase that can be introducedlternative to transfection with naked DNA. Thitowls

by infection with the corresponding bacteriophape.T
above strategies are only successful if the proigin
mildly or moderately toxic. More potent toxins che
produced as fusion protein that abolishes toxicity,
followed by the cleavage of the fusion partner rafte
initial purification step. This strategy can be weseful
for production of small amounts of protein but bees
prohibitively expensive for large-scale production.

If the structure and/or function of the recombinant
protein depend on disulfide bonds, proteolytic ziege
or any other post-translational processing, baxtare
less likely to be the ideal platform. The targetiofy

recombinant proteins into the periplasmic space can

encourage the formation of disulfide bonds, butytieéd
tends to be much lower than that achieved by
cytoplasmic expression. Under these circumstanaes,
eukaryotic expression system might be Dbetter,
particularly if a signal peptide is present or aiditional
proteolytic cleavage step is expected without kreolgk

of the actual site, because these functions arenoft
fulfilled by eukaryotic host cells.

1.3. Protein Production in Yeast

The production of recombinant proteins in yeashsuc
as Saccharomyces cerevisae and Pichia pastoris
combines the simple and inexpensive culture camti
of bacteria with the processing abilities of euliy
cells, thereby increasing the likelihood of profEding
and posttranslational modification. However, pnogei
with antifungal activity are difficult to produce iyeast
cells and the glycosylation machinery in yeast ed#f
significantly from human cells, resulting in
hyperglycosylation which can mask the active siés
enzymes and reduce their activity, or create urlusua
epitopes which render the proteins immunogenic
(Jayaraj and Smooker, 2009).

1.4. Protein Production in Mammalian Cells

Mammalian cells are well suited for demanding
proteins, e.g., where authentic glycan structures a
critical and Chinese hamster ovary cells in palticare
widely used for the production of recombinant human
therapeutic proteins (Kimat al., 2012). The fastest way
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more efficient DNA transfer and thus higher yieltst

the generation and amplification of the virus stck
requires additional resources and often increakes t
biosafety level of some parts of the experimente Th
advantages of more sophisticated protein processing
mammalian cells are offset by the need for expensiv
media and equipment and the increased risk of
contamination  with human pathogens, making
mammalian cells suitable for recombinant therageuti
proteins with a high cost of goods.

1.5. Protein Production in Insect Cells

Insect expression systems (Becker-Pauly and Stgcker
2011) represent an adequate compromise between
bacterial and mammalian systems. In insect calisiab
peptides are cleaved as in mammalian cells, désulfi
bonds are formed in the endoplasmic reticulum and
proprotein-converting enzymes are available for
proteolytic processing. Established insect ceksimsed
for the production of recombinant proteins grow to
higher densities than mammalian cells, thus smaller
culture volumes are sufficient. Although insect | cel
cultures are less demanding than mammalian cetlsrun
standard laboratory conditions because shake anepi
flasks can be used and there is no need for a CO
atmosphere, the maintenance of sterility is equally
important. In contrast to mammalian cell cultutbgre is
no increase in biosafety level if the heterologgase is
introduced by baculovirus infection. If the recondoit
protein is derived from insects, an expressionesyst
based on insect cells is ideal unless the proteés dot
require post-translational modifications, in whiclase
bacterial expression may still be the preferabtéoap

Although protein glycosylation takes place in all
eukaryotic organisms, the glycosylation patterrffedi
among species. These differences are more prominent
between lower and higher eukaryotes, but also ptese
between different mammalian cell lines and can
influence protein solubility, half-life, activity ral
interactions with other molecules (Hossétral., 2009).
Glycosylation in insect cells is similar but not
identical to that in mammalian cells (Katoh and
Tiemeyer, 2013; Altmanet al., 1999). The expression
system should resemble the glycan patterns of the
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source of the recombinant protein as far as passibl  expression of human furins (Bruinzeet al., 2002;
glycosylation is a critical property of the protehat will Lapriseet al., 1998) or lepidopteran furins (Cieplk al.,
affect its behavior. For example, the Insect 1998). If the proteolytic cleavage sites of a reborant
Metalloproteinase Inhibitor (IMPI) representing twly  protein are known, it is advisable to use a wetkigished
known peptide capable of specifically inhibiting signal peptide sequence that is processed effigignthe

virulence associated microbial metalloproteinaseshs  host cell, fused directly to the coding sequencethef
as aureolysin, bacillolysin, pseudolysin and vilysm is mature target protein.

currently developed as a template for the ratiaiesign

of new drugs (Vilcinskas, 2011). The IMPI has been 2 |INSECT CELL EXPRESSION SYSTEMS
reported to be glycosylated at N48 with GIcNAc2Man3

showing fucosylation to different extents (Wedsdel., If insect cells are chosen as an expression praffir
2007). Consequently, recombinant production of js necessary to choose between stable transfeatidn
properly glycosylated peptides for functional sesli infection with a baculovirus vector. As discussém\ae
required an appropriate expression system such agor mammalian cells, transient transfection in atseells

Drosophila Schneider cells (Clermoetal., 2004). s only suitable for the production of analyticah@unts
Signal peptides from diverse origins can direct ¢ racombinant protein.

prc()jtelns into thle ePdODIgS'_T_‘;]C retlculurln of _ms;:alisc The most widely used insect cell lines for the
and are properly cleaved. There are also signaliqep production of recombinant proteins following thalde

sequences available on expression or transfer ngeittat ; . )
arg known to promote pthe efficient secretion of integration of exogenous DNA are Schneider 2 (3.2)50
from the late embryonic stages obDrosophila

heterologous proteins. \
Furin-type proprotein-converting enzymes have beenMélanogaster (Schneider, 1972) and Sf-9 cells from the

identified in Spodoptera frugiperda (Cieplik et al., pupal ovarian tissue of the fall armywor8podoptera
1998), Trichoplusa ni (Wang et al., 2006) and frugiperda (Vaughnetal., 1977).

Drosophila melanogaster (Roebroeket al., 1991; 1992) 5 1 giaply-TransfectedDrosophila Cells

and many reports confirm the efficient cleavage of
recombinant proteins in insect cells (Clermatal., In the commercially availabl®rosophila Expression

2004; Metz et al., 2011; Smolenaarst al., 2005). System (DES) (Life Technologies), which can beetiac
Similarly, we have reported furin-mediated cleavae back to the work of Johansehal. (1989), the exogenous
the IMPI resulting in two peptides with distinct gene is placed downstream of the constitutiize

activities against metalloproteinases (Clermenal., melanogaster actin promoter (Chung and Keller, 1990) or
2004; Weddeet al., 2007). Here, we demonstrate the the inducibleD. melanogaster metallothionein promoter
production and cleavage of a gloverin-like antirigal (Bunchet al., 1988; Maroniet al., 1986). The expression

peptide (AMP) proprotein fror@alleria mellonella (Fig. vector is then introduced into S2 cells by calcpimsphate
1). The full-length coding sequence of the AMP, precipitation, together with a selection plasmichtaming
including the endogenous signal peptide and pragept an antibiotic resistance gene. The ratio of these t
with a proprotein convertase cleavage site, wad e plasmids favors the expression vector to ensur¢ tha
expression in th®rosophila Expression System. While resistant cells also contain the primary transgamg to
the precursor molecule was detected in the celite)s maximize the copy number of the primary transgeme t
the correctly-processed mature AMP was secreted int achieve higher yields (Johansaral., 1989). The cells are
the cell culture supernatant. The latter provedéoof cultivated under antibiotic selection for at lethsee weeks
the same size as the AMP where the coding sequence® isolate stable transformants, with optional Isimugll
of the endogenous signal peptide and propeptide wer cloning and screening for high-producer subclof¢isere
replaced by the signal sequence of Ehemelanogaster is sufficient time. If the primary transgene is tohed by
BiP protein. Likewise, correct processing of the the metallothionein promoter, gene expressiordsdad by
gloverin-like AMP was observed in the Baculovirus the addition of sub-millimolar concentrations ofpper
Expression Vector System, when a recombinantions, which do not restrict cell viability. The dbe
baculovirus was generated with the Bac-to-Bac™ petween intracellular expression and secretionrthipen
expression system allowing the full-length AMP augli  the purification strategy. For the secretion of tgirms
sequence to be deliverelig. 2). lacking a native signal peptide, tbeosophila Expression

If the yields of a recombinant protein are highg th System provides the signal sequence of tbe
expression system may fail to process every poljgp  melanogaster BiP protein, an immunoglobulin-binding
Such capacity constraints can be overcome by thechaperone (Kirkpatrick et al., 1995).
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MQSLYTIFAGI LVAVAAQEYI QPYIMVDRYP DWYISRSQNE 40
HLRLRR'QLSV NKNGDVTLAH GSPNDKVFGT LGSRGESAFG 80
KLGYQHNFIN DDRGKLTGTA YGSRVLSPYG NSNHLGGRVD 120
WASKHTSASL DVSRQMHGPT AIQAAAGGKW PVGRNGEISA 160
QGTYDRIGRM QDYGGRLGYT YRF

signal peptide propeptide mature peptide tag
|
[ full-length gloverin H vsiHis, |
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Fig. 1. Expression of G. mellonella gloverin-like AMP inettDrosophila Expression System. (A) Amino acid sequenceGof
mellonella gloverin-like AMP with signal peptide (underlinedproprotein convertase recognition sequence (gray
background) and cleavage site (triangle). (B) Clomimgtegy: Either the full-length Coding Sequence $Lbf the gloverin-
like AMP or the CDS of the BiP signal peptide and umatgloverin-like AMP, in each case with a C-terativ5/His
sequence, was inserted into the expression ve@@rExpression of either full-length gloverin-likeM® or the mature
peptide fused to BiP signal sequence was inducsthbiy-transfected S2 cells by addition of 500 uMsOy After 24 hours
the cell culture supernatant was collected and:#fis were lysed. After separation by SDS-PAGE}gins were transferred
to a PVDF membrane and immunostained with an aistj-dhtibody

More detailed information and protocols can be tbhim  Multicapsid Nuclear Polyhedrosis Viruses (MNPV).
the DES manual, in Schetz and Shankar (2004) and These promoters facilitate high-level expression in
Moraeset al. (2012). Those references also contain lists lepidopteran and dipteran cell lines (Hegedasal.,

. . . 1998; Lin and Jarvis, 2013). In the commerciall
of proteins successfully produced in S2 cells, irsgat available InsectSelect™ Syster)n (Life Technologits), Y

yields in the range of 0.1-20 mg per liter of allture. gene of interest is placed under control of the2lE-
. ; ; promoter from Orgyia pseudotsugata MNPV

2.2. Stably-transfected Lepidopteran Cell Lines (Theilmann and Stewart, 1992). Similarly, in the

Although Sf-9 and High Five™ cells are typically InsectDirect™ System (Novagen), the gene of interes

associated with the baculovirus expression vectoris placed under control of the IE-1 promoter from

system, they are also used for stable transfechigh- Autographa californica MNPV  (Guarino and
level constitutive expression is typically achievbyg Summers, 1987) together with the hr5 enhancer
using the Immediate Early (IE) promoters from element (Guarino and Summers, 1986).
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Fig. 2. Production ofG. mellonella gloverin-like AMP with a C-terminal V5/Hjstag in baculovirus-infected High Five™ cells. The
gene was expressed from the polyhedrin promoten uipfection. At different times post infection (p.ithe cell culture
supernatant was collected and the cells were lya#tdr separation by SDS-PAGE, the total proteinsvedained with
Coomassie Brilliant Blue (lower panel) or transfertech PVDF membrane and immunostained with an aistj-&htibody
(upper panel). Bands representing precursor (poecrature (mat.) gloverin-like AMP are indicateddryows

Stably-transfected cells are selected using either To remove this time-consuming step, cell lines have
resistance gene cassette linked on the expressictiorv  been developed which allow site-specific transgene
or unlinked on a separate plasmid. Transfection andntegration at a site that has proven appropriatenigh-
selection results in the isolation of cell clonesrging yield protein production and transgene stabilityr Fhis
multiple copies of the integrated transgene ancetieea ~ purpose, a reporter gene and a resistance genetteass
positive correlation between copy number and flanked by recombinase recognition sites are raryglom
expression levels (Janisal., 1990). The InsectSelect™ integrated into the genome using standard procedure
System can typically achieve yields in the range- 0. After single-cell cloning by limiting dilution, repter

50 mg L' (Life Technologies InsectSelect™ System 9ene expression is used to screen for high-producer

manual; Gouveiat al., 2010; Morais and Costa, 2003). ~ clones. Any gene of interest can then be integrated
the genome of this master cell line at the sanme syt

2.3. Site-specific Gene Integration for Stable Recombinase-Mediated Cassette Exchange (RMCE)
Expression (Turan et al.,, 2011; 2013). The cells are super-
transfected with a plasmid carrying the transgdarekéed
transformants results in a heterogeneous pool i§ ce by co_mpatibl_e_ recombinase r_ecognition_ sites and a
; L : plasmid providing the recombinase coding sequence,
with a range of productivities depending on thesgene allowing the transgene to be exchanged for thgiated
copy number and site of integration. Maximum vyields reporter gene. The productivity of cell lines gexed
can be achieved by single-cell cloning, althougb t&  ysing this method was shown to be similar to thetera
time consuming because it involves clonal expansioncell line (Turaret al., 2011; 2013).
from one cell to a culture size suitable for anialysnd Site-specific gene integration by RMCE was piongere
subsequent screening for high-producer clones. for the production of recombinant antibodies in rigisie

Transfection followed by the selection of stable
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hamster ovary cells (Huamjal., 2007; Kitoet al., 2002),
but has also been usedDn melanogaster whole insects
(Horn and Handler, 2005), cultured silkworm cells
(Nakayamaet al., 2006) and recently in Sf-9 cells
(Fernandest al., 2012).

2.4. Baculovirus Expression Vector
(BEVS)

The Baculovirus Expression Vector System is widely
used for the production of recombinant proteingsect
cells and has extensively been reviewed (Jarvi®920
van Oers, 2011). It is well suited for coexpressain
heterologous genes in order to produce multi-pnotei
complexes or to provide specialized proteins fdragced
processing (e.g., chaperones) (Sokoleekal., 2012).
The BEVS gains in importance for the production of
recombinant protein vaccines, since the first safrsts

System

Originally gene transfer was achieved by homologous
recombination in insect cells. The transgene was
introduced into a transfer vector with a viral patsr
(e.g., the polyhedrin promoter) flanked by viral BN
sequences matching the target locus. Following the
cotransfection of insect cells with the transfectee and
viral genome, homologous recombination produced
recombinant baculovirus DNA in which the targetusc
was replaced by the transgene. Because only a small
portion of cells contained the recombinant virusis t
strategy incorporated a step allowing the screemihg
recombinants. If the polyhedrin locus was targetéd,
nuclei of cells infected with the recombinant vinusuld
not contain polyhedral occlusion bodies (opbenotype)
and could therefore be distinguished from the "occ
phenotype of cells infected with parental (non-
recombinant) virus. This selection procedure cambde
more straightforward by replacing the polyhedrimg®f

have been approved for human use by the Europeaghe parental virus with the bacteriatZ gene, so that cells

Medicines Agency (EMA) and the U.S. Food and Drug
Administration (FDA). These and other vaccines in

containing parental virus form blue plaques in the
presence of X-gal whereas successful recombination

clinical development have been extensively reviewedwould remove thelacZ gene and the plaques appear

(Mena and Kamen, 2011; Cox, 2012). Further intergst
fields of application of the BEVS in human theragre
the production of Virus-Like Particle (VLP) based
vaccines and the use of baculovirus as a vectgeire
therapy (Rychlowskat al., 2011).

Gene transfer in the BEVS is facilitated by highly-
efficient baculovirus infection followed by episoma
replication and expression, which removes the rnteed
select integrated transgenes and high yields ared
by the availability of strong viral promoters, pewtarly
the Autographa californica nuclear polyhedrosis virus
(AcNPV) polyhedrin promoter which is activated dgi
the very late phase of virus infection (Séttal., 1983).

In the wild-type virus, the polyhedrin promoter is
responsible for the production of the major ocdusi
body matrix protein. Another strong very late-stage
promoter controls expression of the viral p1l0 prote
(Kuzio et al., 1984; Wiliamset al., 1989) forming
cytoskeletal-like structures whose function isl| stibt
completely understood (Carpentetial., 2008).

2.5. Generation of Recombinant Viruses

Before host cells can be infected, a recombinant

baculovirus is generated by inserting the transgetioea
transfer vector, which is then used for recombaorati
with the virus genome. Several different systems ar
available using distinct recombination strategieach
with the goal of simplifying and expediting
recombination and the subsequent selection process.
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colorless. A linearized parental virus lacking pafrtthe
essential gene downstream of the polyhedrin locus
(ORF1629) can significantly increase the recovefy o
recombinant viruses. In this case, the transfertovec
carries the missing sequence of that essential gene
addition to the transgene. Only double recombinatith

the transfer vector (i.e., at both recombinatiotessi
produces a circular virus genome with the esseggak
restored, allowing virus replication (Kitts and Bes,
1993). This strategy is used in the BacPAK™ Badulsv
Expression System (Clontech) and in the BaculoGold™
Baculovirus Expression System (BD Biosciences),ctvhi
also provides thkacZ gene for blue/white screening.

The restoration of a defective essential gene by
recombination makes it unnecessary to select
recombinant viruses using the laborious plaqueyassa
However, partial deletion of the essential gene is
achieved by restriction digestion, which inevitatdgves
a small number of intact molecules that could
contaminate the virus preparation with non-recombin
virus particles. A control reaction including tharental
virus but no transfer plasmid indicates the magtatof
this problem on a case-by-case basis.

An enhanced version of this technology completely
eliminating the need for plaque purification is
commercially available as thitashBAC™ Baculovirus
Protein Expression System by Oxford Expression
Technologies (Hitchmaet al., 2011; Posseet al., 2008;
Zhao et al., 2003). The parental virus also features a
deletion of the essential ORF1629 gene, but no
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restriction digestion is necessary to achieve deistion. Thymidine Kinase (HSV1 TK) gene within the
Because partial deletion of the ORF1629 gene mikes recombination target site, allowing the negativiec®n
impossible to amplify the virus genome in insedisse  of cells containing the recombinant virus (Godegal .,
a Bacterial Artificial Chromosome (BAC) was insafte 1992). TK expressed after the transfection of insetts
into the polyhedrin locus to facilitate propagation phosphorylates the nucleoside analog ganciclouiichv
bacterial cells. This virus genome isolated from is added to the culture as a selection reagent.
bacteria cannot be replicated in insect cells unthere Phosphorylation in turn allows ganciclovir to be
is recombination with a transfer vector, which incorporated into DNA thus inhibiting DNA replicati.
complements the ORF1629 sequence and inserts thBy recombination with the transfer vector, the HSkK1
transgene into the polyhedrin locus. gene is lost from the virus genome and the recoamtin
An older technology also avoiding plaque virus can be replicated in the presence of gandgiclo
urification makes use of a baculovirus shuttleteec . e . .
?bacmid), i.e., a virus genome that can be projeaiat 2.6. Virus Amplification and Protein Production
E. coli (Luckowet al., 1993). This is known as the Bac- Although technologies for the generation of
to-Bac™  Baculovirus  Expression System (Life recombinant viruses differ considerably, the subsat
Technologies). The competent virus can be generatedteps of virus amplification and protein production
and selected in bacterial cells. In the first stém follow a common procedure but it is first necesstry
transgene is inserted into a donor vector downstres  determine the virus titer, i.e., the concentratioh
the polyhedrin or p10 promoter next to a gentamicin infectious virus particles. Although it is possibte
resistance gene. This expression cassette is flabjge  produce recombinant proteins without this informafiit
the right and left arm of the Tn7 transposon, thgre would be necessary to establish standardized
forming a mini-Tn7 element. The bacmid carries aimi ~ experimental conditions or perform yield-orientated
attTn7 target site into which the mini-Tn7 from the OPtimization. Several different techniques are uised
donor vector is inserted by site-directed trangjmsi  Pelow. Whichever titer assay is selected, the ted
(Barry, 1988). The bacterial cells containing tteziid ~ Used for titer evaluation should be the same asited
also provide a helper plasmid encoding the Tn7 for production. Furthermore, it is advisable to uke

transposase, which accomplishes transpositionviollp ~ S2Me Virus titer assay once selected, becauseshéisr
transformation of the cells with the donor plasmid. from different methods are not necessarily comgarab

Bacterial colonies carrying the recombinant bacoad recsgz?#sgontgipe?#nrga?ris toofo I\él\:\tjtso ir?f%gltcgef Iign the
be identified by blue/white screening. By insertitig culture, virus amplification is achieved by infextia log-

expression cassette from the donor vector into the h ' I cul low Multiolicity Gfecti
bacmid, a DNA sequence encoding the Lapéptide is phase insect cell culture at a low Multiplicity (fection
’ (MQI), which is the ratio of infectious virus paits to

ldestroyed. Tr:ereforte EtiheZLa(tju:ZIot(.jlng seqtjhencs c?n_nlo cells. The number of consecutive rounds of amgliftm
onger compiement dacz deletion on the bactena depends on the initial amount of virus and the

chromosqme, so the bacteria are unab_le to form blue%;1mp|ification efficiency. Virus mutation may alseduce
colonies in the presence of a chromogenlg SUbSm’.IB infectivity and no more than three consecutive pgss
as X-gal. After purification of the_ recombinant bad should be used because serial passaging resultsein
DNA from selected clones, insect cells can be jccymulation of defective virus particles with eoe
transfected for the production of recombinant\@sis — mytations, requiring co-infection with wild-typerus for

In the BaculoDirect™ Baculovirus EXpression yepjication and thereby interfering with wild-typérus
System (Life Technologies) the transgene is indér®  repjication (Koolet al., 1991). An early virus generation
the virus genome by lambda recombination, a prgpert should therefore be used for amplification or a new
of bacteriophage’ (Nash, 1981). A mixture of transfection experiment should be carried out. High
recombination enzymes is used to move the transgen®0O| values should also be avoided for virus
from the transfer vector (a Gatewagntry vector in this  amplification, because the number of cells infected
case) to the virus genome, inserting it betweertiBpe  with both wild-type and defective viruses would
attachment dtt) sites flanking the relevant DNA increase (Zwarét al., 2008).

elements. The crude reaction mixture is then usethe Cell culture infection for protein production uslyal
transfection of insect cells, leading to the prdturc of involves a high MOI (~5) to ensure that all celle a
recombinant and parental viruses. The parentalsviru infected simultaneously and therefore show similad
genome also contains the Herpes Simplex Virus type reproducible expression kinetics, but significadtdwer
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MOI values are beneficial for certain proteins or removing the viral inoculum from the culture 1 heaf
processes (Liebmaet al., 1999; Steecet al., 1998; infection may cause the number of infectious péatic
Wong et al., 1996). An MOI of 1 is not sufficient to to be underestimated (Dee and Shuler, 1997).
infect all cells at once, since the distributionvifuses . _

and subsequent infection follow statistical prinegp ~ 2-8- End-point Dilution Assay

The MOI that achieves the hlghest yleld is dependﬁn The end-point dilution assay is similar to the pbq
the cell Iine, cultivation conditions and the methof assay. A cell m0n0|ayer in 96-well p|ates is inéectvith
virus titer determination and should therefore be several different dilutions of the virus stock. Mgar
determined experimentally to ensure maximum yields.  overlay is used, so the virus spreading from isfectells
The optimal harvest time must also be evaluatedcan move freely throughout the well and infect tht
experimentally, because it is strongly dependent oncells. After a suitable incubation time, the numinér
culture and infection conditions, the promoter ahd wells with infected cells among several replicates
nature of the target protein. In the example showig. determined for every dilution step. From these tsun
2, the concentration of the recombinant proteirhmdell the dilution factor at which 50% of the wells sheigns
culture supernatant peaked two days post infectiom,  of infection is determined, yielding a 50% tissugture
the precursor was still present at high levelshia ¢ells  infectious dose (TCIR) value which is proportionate
two days later. This may reflect the decline inligbof but not identical to the plaque forming units (pf@lue
the cells to process and secrete the target prb&&iause  obtained using the plaque assay. Depending on the
of the virus infection and the increased proteolyti calculation method, the pfu/TCipratio is 0.69 (Bryan,
activity of the medium reflecting accumulation of 1957; Reed and Muench, 1938) or 0.56 (Watffal.,
enzymes released from lysing cells. 2012). Either method is reliable, but reproducipili
depends on the consistent application of one method
The end-point dilution assay removes difficulties
It is helpful to determine the titer of the avallab associated with the agar overlay and it is not s&aey to
virus stock before infecting insect cells becausthout ~ count plaques, only to judge whether a well shoynsi
knowledge of this crucial parameter, it is not jioigsto ~ Of infection or not. Although the readout procedise
optimize the expression conditions and achieve!€ss time consuming and needs less experiencettiiean
maximum yields or to generate comparable resultieun  Plaque assay, the manual inspection of all wele tiee
standardized conditions with different lots of wru | C!Dsodilution is required.
preparations. Likewise, the virus titer is a valeaiece 2 9. Virus Counter®, Transmission Electron
of information fpr vi_rus gmplification and the sessful Microscopy, qPCR
generation of high-titer virus stocks. o .
The p|aque assay is often regarded as the “go'd . The most Slgl‘_llflcant d|SadVa.n.tage Of the methOdS
standard” for virus titer determination and instrois discussed above is the long duration of the asayo
can be found in the literature (O'Reikyal., 1994) orin ~ days Dbefore plaques or infection can be detected
the manuals that accompany baculovirus expressiorf€liably). Because the virus titer must be deteedin
systems. The plaque assay is the oldest and mdstywi Pefore cells are infected, the use of either assily
used, providing accurate results without the need f ©Xtend the duration of the experiment consideralnly.
expensive and specialized equipment. However, oneolrder Ejo _acgieve tge h|ghest rr])oss_|ble y|rusdcqqns
disadvantage is the need to cover the cell monolayeasol.? V|t.sa ethto bete(;mllng the V'tru.s titer p Ut'.“"@S
(usually in 6-well plates) with a soft agar overlafger ampiinication, thereby delaying protein productienen

infection. which prevents the soread of newlv-redst further. Frequent virus titer determination is dalsie to
' lon, which prev P wly monitor process performance and reproducibility.

virus particles and instead keeps them at the diite The Virus Countdt is a tool for virus titer
formation, where progressive cell lysis will eveaity  getermination that achieves measurement withinThe.
result in a plaque. This is a labor-intensive pdare and  method has been commercialized but was developed by
care must be taken not to disrupt the cell monolédye an academic institution (Stoffet al., 2005; Stoffel and
medium is added to prevent drying or when the calés ~ Rowlen, 2005). Two different dyes are added tovihes
stained for plaque assessment. Each well neede to bsuspension, which are non-specific stains for niacle
evaluated manually under a microscope at the assawcids and proteins, respectively. The counterfiiseh
endpoint. This makes it difficult to adapt the plag specialized flow cytometer, which counts all paetic
assay for high-throughput screening. Furthermore,that are stained simultaneously by both dyes,

2.7. Virus Titer Determination by Plaque Assay
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representing intact virus particles (Feretsal., 2011). marker of virus-infected cells (Malde and Hunt,
Because this method does not discriminate betweer2004). The fluorescent protein allows direct analys
infectious and non-infectious virus particles, the without a prior staining procedure. Thyp gene is
resulting values (virus particles per mL) are controlled by the baculoviral p10 promoter, which
approximately tenfold higher than the pfu values extends the incubation phase after virus infection
determined by plague assays from identical samplest8 h and raises concerns about discrimination betwe
(Ferris et al., 2011). The results from both methods primary and secondary infection events. Furthermore
thereby show a linear relationship. The Virus Cetthis ofp gene expression during the very late infection
ideal for the frequent monitoring of virus titens the phase could compete with the expression of theetarg
baculovirus expression system as long as it is usedecombinant protein.

consistently and the virus particle counts are moted Ultimately, all the available virus titer assaysyide

up with values from other methods. Nevertheless, th sufficient information for monitoring and optimizin
quality of virus preparations varies from lot tot,lo baculovirus-based protein expression experiments as
introducing the possibility of varying ratios offéttious  |ong as the limitations are acknowledged and each

and non-infectious virus particles. method is applied consistently.
If a transmission electron microscope is available,

this can also be used to determine virus countslligp 2.11. Cell Lines for Baculoviral Infection
(Malenovska, 2013). Similar to the Virus Couriter The baculovirus expression vector system is often

method, intact virus particles are counted regasile o4 yith cell lines Sf-9 and Sf-21, both origingtfrom
of their ability to infect cells. Quantitative PCR cell line IPLB-SF-21 isolated from Spodoptera
another rapid method for virus an_aIyS|s (Geoegal ., frugiperda pupal ovarian tissue (Vauglehal., 1977), as
2012; Lo and Chao, 2004), but it only measures theq| 55 BTI-TN-5B1-4, established from ovarian sedf
number of viral genomes, which may not be o caphage loopefrichoplusia ni (Granadoset al.,
equivalent to the number of infectious virus pdetsc 1994) and better known under the brand name High
2.10. Flow Cytometry Based Virus Titer Assay Five™. Sf-9 cells were established as a denser and
) ) faster-growing subclone of Sf-21. When comparing
A virus ftiter assay based on flow cytometry was gifferent insect cell lines for baculovirus-basewtpin
described by Mulvaniaet al. (2004). This can be production, High Five cells achieved the highestidi
completed in less than two days and determines thgHashimotoet al., 2010; Keithet al., 1999; Taticelet al.,
number of infectious virus particles instead oatatirus 2001), whereas the productivity of Sf-9 and Sf-2lsc
counts, making it superior to the other methodsneve \yas less sensitive to cell density (Wickheral., 1992).
though an expensive flow cytometer is needed. Recently, BTI-Tnao38 cells fromiscalapha odorata
Depending on the capabilities of the flow cytometee  \were introduced as the cell line Ao38 (Hashimettal.,
final measurement can be recorded automaticallyitnd 2010). These offer properties suitable for virus
may also be possible to adapt cell infection andampiification and protein production, but laterned out
immunostaining to a (semi)automated procedure. to be a contamination ofrichoplusia ni origin, most
The number of infected cells is determined by jikely a clonal derivative of the High Five cellné
measuring the cell surface expression of the V'ral(HashimotoetaJ.,2012).
envelope protein gp64 (Whitforet al., 1989). This Instead of cell lines also whole silkworm larvaed an

glycoprotein is necessary for virus take up by - :

. . pupae are used as hosts for efficient baculoviased
endocytosis (Blissard and Wenz, 1992; Volkman and : . i Tt
Goldsmith, 1985) and is expressed on the surface OProtem production (Katet al., 2010; Usamét ., 2010).

infected cells within a few hours after infectiarafvis 2.12. Stahle Transfection or Baculoviral

and Garcia, 1994). Besides its short timescales thi Infection?

assay is appealing because the cell culture comditi

can be adapted to the conditions used for protein The choice between baculovirus expression vector

production. Furthermore, because infected cells aresystems and stably-transfected cells comes down to

counted instead of virus particles, the resultitgrt  the effort required and demands in terms of product

value will be as meaningful as possible in the egnt quality and yield.

of protein production. One important difference between the two systems is
A similar baculovirus titer assay measures the the condition of the cell culture at the time ofvest. In

expression of Green Fluorescent Protein (GFP) as ahe baculovirus expression system, the transgene is
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usually controlled by a very late promoter so {brattein it is worth testing the cells without serum during
production is maximized just before the cells are selection. Although the cells could die in the adoseof
eventually lysed. A significant quantity of hostlice serum even if they have integrated the resistamce,g
proteins is therefore released into the cultureemgtant  this avoids the need for adaptation after selection
and these will need to be removed during purifaxati  Further time is required for single-cell cloninguel so,
because they may compromise the stability of thgeta  despite the short interval from vector construction
protein in the supernatant. The advantage of stably protein production using the baculovirus expression
transfected cells is that they remain healthy véhg the vector system, the virus maintenance, amplificatiod
continuous expression of target proteins withoatribed titration steps make the baculovirus system muchemo
to expand new cultures for each production batch. labor-intensive during the production phase thablgt

The baculovirus expression system produces thetransfected cells.
recombinant proteins more quickly than stably In terms of yield, the baculovirus expression gyste
transfected cells because there is no lengthy timbec is generally superior because the strong very late
process and in systems without plaque purificatiom promoters achieve high levels of expression. Tloiesd
first large-scale batch can be generated withinvgedks not apply to every protein, e.g., immediate early
(Fig. 3). In contrast, the selection of stably transfected promoters in stably-transfected cells may be more
cells takes 2-3 weeks (depending on the antibiopil)s efficient for the expression of membrane-bound or
an additional 2-3 weeks to expand the cell culamnd secreted proteins, because processing may already b
even more time if the cells are adapted to serem-fr compromised during the late stages of baculovirus
media. If serum-free expression conditions areiredqu infection (Jarvist al., 1990; 1996).

Stable transfection Baculoviral infection
weeks

. , Cloning of transfer vector
Cloning of expression vector

Transfection of insect cells m

Transfection of insect cells

Selection

Virus amplification and
titer determination

Infection for
protein production

Expansion of cell culture

Induction of gene expression m

A J

Fig. 3. Timeline comparison for protein production usitgody-transfected cells or the baculovirus expssiector system. The
BEVS timeline is only valid for systems that do nequire plaque purification.
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3. PROTEIN PURIFICATION tools, e.g., antibodies for purification or mass
CONSIDERATIONS spectrometry for identification. Even without these
tools, the purification of an unmodified proteinutd
Although we do not discuss protein purification in be achieved if the yield were sufficient for
detail in this article, we consider some ways toidv identification by SDS-PAGE followed by non-specific
known pitfalls and thus provide a starting point fo Staining. In most cases however, an affinity tag or
further studies. fusion partner makes the processes of detection and
isolation more straightforward because standard
procedures can be used e.g., for affinity
Ideally, recombinant protein should be produced chromatography (Arnaet al., 2006). The additional
without modifying or augmenting the original Polypeptide sequence can also improve the yield for
polypeptide sequence and this is feasible if thevaa ~ the protein of interest, e.g., by improving solityilor
protein can be detected and isolated using existingStability, or by reducing toxicity.

3.1. Affinity Tags and Fusion Proteins

650

5504 10mM 20 mM 250 mM
450 4 Imidazole Imidazole Imidazole
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Fig. 4. Purification of G. mellonella gloverin-like AMP from culture supernatant of diatransfected S2 cells by Immobilized
Metal Affinity Chromatography (IMAC). (A) Chromatogranf column wash with two different imidazole contrations

followed by elution with 250 mM imidazole. (B) Sarmaplof supernatant and elution fractions separateslds-PAGE and
stained with Coomassie Brilliant Blue
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Although protein tags facilitate production and supernatant like in the example presentedig. 4,
purification, they can also alter protein functiand but this is not always successful.
should therefore be removed prior to downstream  Furthermore, insect cell culture media tend to be
applications. Tag removal is usually achieved by acidic, particularly after use (pH 5-6), wherea® th
cleavage with a specific protease at a recognisité  binding of Hig-tagged proteins to IMAC columns is
introduced during vector construction. Suitable most efficient under slightly alkaline conditions.
enzymes and recognition sequences are described byherefore the pH of the insect cell culture suptmis
Waugh (2011). After cleavage, an additional should be increased before direct application tivihC

purification step is usually necessary to remove th column, but not above pH 7 since this encourages th
affinity tag and enzyme. If the intention is to aint precipitation of media ingredients.
the native protein sequence, care must be taken to

select an enzyme that cleaves without leaving tesid 4. CONCLUSION
amino acids surrounding the recognition site attaich
to the target protein. Only a few enzymes possesh s Although  bioinformatics  provides  useful

attributes and this only applies to N-terminal tus theoretical information about proteins, empirical
(e.g., enterokinase and factor Xa). Therefore mativ experiments are still needed to confirm protein
signal sequences and/or propeptides are incompatibl structures and functions and this means it is resorgs
with the intention to make use of an epitope tag orto produce recombinant proteins in heterologous
fusion partner which is to be cleaved off without systems. Among the many available expression hosts,
leaving residual traces of the fusion partner. insect cells offer a combination of high yields ahe
3.2. Insect Cell Culture Media and IMAC ability to carry out complex post-transiational
modifications. Both the baculovirus expression vect

Six consecutive histidine residues (§lisre often  system and stably-transfected insect cells canymed
used as an affinity tag, allowing the purificatimf  |arge amounts of high-quality recombinant protein.
recombinant fusion proteins with an anti-polyhistel  The BEVS offers rapid progress from sequence to
antibody or by Immobilized Metal-lon Affinity protein and achieves the higher vyield, but stably
Chromatography (IMAC). In the example depicted in transfected cells are easier to handle once they ar
Fig. 4, G. mellonella gloverin-like AMP with a C-  established. The BEVS has been improved by the
terminal V5/Hig affinity tag was produced with the development of recombination techniques that avoid
Drosophila Expression System. The molecule was plaque purification and novel approaches for virus
purified from the cell culture supernatant by birglito titer determination, whereas stably transfectedscel
Ni** ions immobilized on agarose beads. The have been improved by the development of mastér cel
chromatography column was washed with low lines that allow site-directed gene integration.
concentrations of imidazole before the His-tagged Detailed protocols are provided by Murhammer
protein was eluted by increasing the imidazole (2007), O'Reilly et al. (1994) and in the manuals
concentration to 250 mM. provided by the manufacturers of different expressi

It is important to note in this context that serum- systems. Although these sources describe the
free insect cell culture media are usually incoriigat  impressive yields that can be achieved with palicu
with IMAC because the immobilized Niand CG*  expression systems, these are likely to reflecalide
ions are stripped off the resin when the medium issjtuations and each protein must be evaluated on a
applied. The substance responsible for this effect case-by-case basis.
unknown, but histidine, triglycerides, sterols,
phospholipids and non-ionic detergents may each pla 5. ACKNOWLEDGEMENT
a role. Dialysis or diafiltration of the cell cutel
supernatant before IMAC can circumvent this issue  This study was supported by the Hessian Ministry fo
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