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ABSTRACT

The baculovirus-insect cell expression system is a popular tool for the production of
recombinant proteins. However, it holds a special place among the established eukaryotic
manufacturing platforms, as heterologous protein expression is coupled to a lytic infection
with engineered baculoviruses. This introduces certain limitations to the system such as
obstacles by the setup of continuous bioprocesses, the induction of stress and the unfolded
protein response in the insect host upon recombinant protein production and the concurrent
formation of contaminating baculovirus particles during product manufacturing. In order to
circumvent their negative consequences, e.g. low soluble product yields and laborious

downstream processing, these weaknesses need to be addressed.

The first part of the thesis focuses on the elucidation of secretory and metabolic bottlenecks
in insect cells leading to protein aggregates upon infection with recombinant baculoviruses
encoding a soluble protein. By conducting a comparative transcriptome analysis in a
Trichoplusia ni derivative cell line, key processing and folding enzymes, chaperones involved
in the stress response induced by the infection itself and the parallel high-level protein
formation were identified. These specifically regulated genes could serve as interesting

targets for upcoming cell line and viral engineering attempts.

The second part of the thesis aims at the development of an inducible knockdown system for
the effective downregulation of host or viral proteins during an infection process. The
established system exploits the natural RNA interference mechanism in insect cells in
combination with the prokaryotic T7 transcription machinery. Through the example of
downregulating a model fluorescent protein, the dual-vector system was proven functional
and suitable for future experiments targeting genes essential for baculovirus budding in order

to reduce the viral titers in the supernatant.



KURZFASSUNG

Das Baculovirus-Insektenzellen-Expressionssystem wird oft zur Produktion rekombinanter
Proteine verwendet. Jedoch ist es unter den etablierten eukaryotischen
Produktionsplattformen ein besonderes System, da die rekombinante Proteinexpression an
eine lytische Infektion mit Baculoviren gekoppelt ist. Dies bringt bestimmte Einschrankungen
mit sich, wie z. B. Hindernisse beim Aufbau kontinuierlicher Bioprozesse, die Induktion von
Stress und den Unfolded Protein Response im Insektenwirt bei der Produktion rekombinanter
Proteine sowie die gleichzeitigen Bildung kontaminierender Baculovirus-Partikel wahrend der
Produktherstellung. Diesen Schwachen, z. B. der geringen Ausbeute an 16slichem Produkt und
der mihsamen Weiterverarbeitung muss entsprechend begegnet werden, um diese

negativen Folgen zu umgehen.

Der erste Teil der Arbeit konzentriert sich auf die Aufklarung sekretorischer und
metabolischer Engpasse in Insektenzellen, die zur Bildung von Proteinaggregaten fihren,
ausgeldst durch Infektion mit Baculoviren, die ein heterologes I6sliches Protein kodieren.
Nicht nur wichtige Prozessierungs- und Faltungsenzyme, auch Chaperone, die durch die
direkte Stressantwort und die parallel dazu stattfindende hohe Fremdproteinbildung
induziert werden, wurden durch eine vergleichende Transkriptomanalyse in einer
Trichoplusia ni Zelllinie identifiziert. Diese spezifisch regulierten Gene stellen interessante

Ziele fur zukiinftige Zelllinienentwicklung und virale Vektorentwicklung dar.

Der zweite Teil der Arbeit beschaftigt sich mit der Entwicklung eines induzierbaren Gen-
Knockdown Systems zur effektiven Stilllegung von Insekten- oder Virusgenen wahrend eines
Infektionsprozesses. Das etablierte System nutzt den natlirlichen RNA-Interferenz
Mechanismus in Insektenzellen in Kombination mit der prokaryotischen T7-Transkription
Maschinerie. Am Beispiel der Herunterregulierung eines Modellfluoreszenzproteins erwies
sich das Doppelvektorsystem als funktional und geeignet fiir zuklinftige Experimente an
essentiellen Genen fir die Baculovirus-Entstehung, zur Reduktion der Virusmenge im

Uberstand.
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1 INTRODUCTION

Since its introduction to the scientific community in 1983 (Smith et al., 1983), the baculovirus-
insect cell expression system has become a powerful tool for the manufacturing of
recombinant proteins. A first report describing the expression of human interferon-beta by
infecting Spodoptera frugiperda Sf21 insect cells with an engineered Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) has provided the basis for the establishment of a
new and promising eukaryotic production platform. Over the years, the use of AcMNPV as
recombinant gene delivery vector for protein production in insect cells has become greatly
facilitated thanks to the numerous studies aiming to understand and improve this binary
system (van Oers et al., 2015). Insect cells are feasible for large-scale manufacturing of various
intracellular as well as secreted proteins using serum-free media in suspension cultures.
Moreover, high titer production (Thompson et al., 2015) is combined with safe handling,
lower production costs as compared to mammalian cell systems, and extensive eukaryotic
post-translational modifications (Summers, 2006). Among others, enzymes (Morais et al.,
2001), viral proteins (Cruz et al., 1998), virus-like particles (VLPs) (Fernandes et al., 2013) and
viral vectors (Aucoin et al., 2007) have been successfully expressed in the past, using
Spodoptera frugiperda (e.g. Sf9 or Sf21 clones) and Trichoplusia ni (e.g. High Five clone) cells.
Additionally, over the years the baculovirus-insect cell-based production platform has
become the preferred choice for the industrial manufacturing of various complex products of
biopharmaceutical interest such as vaccines (Mena and Kamen, 2011) and gene therapy
vectors (Meghrous et al., 2005). The market entry of the VLP-based vaccine Cervarix in 2009
against cervical cancer (Harper, 2008), the prostate cancer vaccine Provenge in 2010 (Kantoff
et al., 2010) and the recombinant hemagglutinin-based trivalent influenza vaccine FluBlok

(Treanoretal., 2011) in 2013 has further confirmed the relevance of this production platform.

1.1 THE BACULOVIRUS-INSECT CELL EXPRESSION SYSTEM

1.1.1 Baculovirus biology
Baculoviridae is a diverse family of insect-specific viruses that mainly infect insect larvae of
the Lepidopteran order. Baculoviruses are enveloped viruses with a particle size of 30-60 nm

in diameter and 250-300 nm in length (Clem and Passarelli, 2013). The rod-shaped
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nucleocapsid of these viruses harbors the circular, double-stranded DNA genome of 80-180
kilobase pairs (kbp). Due to the open structure of the capsid, the DNA packaging capacity can
be increased up to 38 kb (Cheshenko et al.,, 2001), which allows for the simultaneous
expression of multiple heterologous proteins (Kost et al., 2005). Originally isolated from the
alfalfa looper, the AcMNPV of the Alphabaculovirus genus is considered the most studied
representative of Baculoviridae that was also used to create the first recombinant baculovirus
vector (Pennock et al., 1984; Smith et al., 1983). Thanks to its relatively broad host range of
around 25 lepidopteran insects and its complete genomic sequence available (Ayres et al.,
1994), engineered versions of AcCMNPV still remain one of the most widely used baculoviral

backbones for the production of recombinant proteins in insect cells.

Due to the biphasic nature of their life cycle, two different viral phenotypes (Fig 1) are
observed in AcMNPVs: the occlusion derived viruses (ODVs) and the budded viruses (BVs).
ODVs are responsible for the primary infection of the host, while BVs take part in the

secondary infection that spreads the disease within the host (Jarvis, 2009).
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Fig 1. Schematic structure of baculovirus phenotypes. Occlusion bodies (OBs) are polyhedral-shaped crystalline
matrices built up of the viral polyhedrin protein to surround and protect multiple nucleocapsids outside the host.
OBs contain the occlusion derived viruses (ODVs) that establish the primary infection by targeting the host's
midgut cells upon ingestion by an insect larva. After the establishment of the infection within the host, the
nucleocapsids obtain a host cell-derived envelope via budding that is enriched in the membrane fusion protein
gp64. Thus, budded viruses (BVs) are formed that spread the infection from cell to cell within the host. The two
viral phenotypes share the same nucleocapsid core consisting mainly of the major capsid protein vp39 that
encapsulates the circular double-stranded DNA genome. Figure modified from (Au et al., 2013).

Although the two viral phenotypes share an identical DNA content and nucleocapsid

structure, they differ in the envelope composition and their comparative infectivity (Volkman



and Summers, 1977). ODVs mainly infect the midgut cells in insect larvae, whereas BVs spread
the infection from cell to cell within the host. For the generation of BVs, a single nucleocapsid
comprising mainly of the major capsid protein vp39 embeds the circular, supercoiled DNA
genome of 134 kbp. Upon budding, the nucleocapsid obtains the host’s cell membrane,
enriched in the BV encoded membrane fusion protein gp64 that is essential for the spread of

systemic infection.

ODVs appear at the latest stage of the infection in the nucleus where polyhedral-shaped
occlusion bodies (OBs) are formed. OBs are crystalline protein matrices consisting of the viral
polyhedrin protein that is produced to protect the nucleocapsids in a suboptimal environment

outside the host (Slack and Arif, 2006).

The AcMNPV infection cycle and gene expression can be divided into three, temporally
sequential phases: the early, the late and the very late phases (Miller, 1988). The early phase
of gene expression (0-6 hours post-infection) can be further categorized to the formation of
immediate- and delayed-early genes. During the immediate-early phase, the expression of
early viral genes and transregulators takes place that are under the control of mostly weak,
host-like viral promoters. Thus, their transcription is independent of the presence of other
viral genes or regulators. In contrast, the transcription of delayed-early genes require the
presence of viral proteins of the immediate-early phase, which are therefore, a prerequisite
for the progression of the viral cycle. The delayed-early genes take part in the viral replication
process and the manipulation of the host cell. The end of the early phase is followed by a
transition phase that is associated with the shutdown of host cell replication and its protein

synthesis machinery. This marks the beginning of the late phase of the infection.

The late phase (6-24 hours post-infection) includes the formation of nucleocapsids (vp39), the
major viral structural proteins (e.g. gp64) and the BVs that spread the infection within the
host. In the very late phase (18-24 to 72 hours post-infection), ODVs are generated with the
concurrent formation of the two major very late proteins, the p10 and the polyhedrin.
Subsequently, through the lysis of the host cell, ODVs are released from the nuclei and can be
taken up by new hosts to spread the infection horizontally (Contreras-Gomez et al., 2014).
One of the fundamental observations that made recombinant protein production feasible
with baculovirus vectors was the fact that the p10 and polyhedrin viral proteins are produced

in extremely large quantities during the last stage of the infectious cycle; however, they are
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not essential for the viral replication (van Oers, 2011). Therefore, in order to achieve high
product titers during recombinant protein production, the transgene is usually inserted in

place of their gene sequences.

Initially, recombinant baculovirus production was achieved through the linearization of viral
DNA (in e.g. the polh or p10 loci), its co-transfection and subsequent recombination with a
transfer vector in insect cells. Compared to this early system, a greatly improved and
simplified strategy was introduced in 1993, based on site-specific recombination of AcMNPV
genomes (bacmids) harbored by Escherichia coli cells. Although, this setup facilitates the
modification of the viral genome, due to the presence of bacterial sequences and the
necessary antibiotic selection, the system is not suitable for the manufacturing of human
therapeutics. One of the most popular baculovirus systems circumventing this limitation is
the flashBac that is based on homologous recombination. Another highly common setup is
the MultiBac technology, which is compatible with the OmniBac transfer vector. Thus, it
allows for recombinant virus and protein production using either linearized viral genomes
(homologous recombination) or the bacmid system in E. coli. Additionally, in order to impede
liguefaction of the host and the proteolytic lysis of the recombinant protein, the viral
backbone of the MultiBac system lacks the v-cath and chiA genes encoding a cathepsin L-like

cysteine protease and a chitinase, respectively.

1.1.2 Insect cell lines

Recombinant protein production with the baculovirus-insect cell expression system relies on
two main components: engineered baculoviruses serving as gene delivery vectors and insect
production hosts. Since 1962, when the in vitro culture of insect cells first became possible
(Grace, 1962), more than hundreds of different insect cell lines have been isolated,
predominantly from the Lepidopteran and Dipteran orders (Lynn, 2001). Although several
insects are highly susceptible to AcMNPV infection, the recombinant baculovirus vectors are
mostly used in combination with three lepidopteran cell lines in industrial production
processes (Fig 2). The Sf21 and Sf9 cell lines are a derivative of the pupal ovarian tissue of the
fall armyworm Spodoptera frugiperda (Vaughn et al., 1977), whereas the High Five cell line
originates from the adult ovarian tissue of the cabbage looper Trichoplusia ni (Drugmand et

al., 2012).
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Fig 2. Insect cell lines. Cultured insect cells show either spherical or fibroblast-like morphology within a size
range of 10-20 um in diameter. The most widely used cell lines for recombinant protein production are the S.
frugiperda derivative Sf21 (Lynn, 2002)(A) and Sf9 (B) cells and the T. ni derivative High Five (C) cell line. Recently
a new cell line, the alphanodavirus-free T. ni derivative Tnms42 (D) was generated (Granados et al., 2016).

Occasionally other, less typical cell lines are also used for heterologous protein expression;
these include the Bombyx mori derivative Bm5 (Grace, 1967) or the Trichoplusia ni derivative
Tn368 (Hink, 1970) cell lines. However, with the discovery of the latent alphanodavirus
infection of High Five cells (Li et al., 2007) and rhabdovirus infection of Sf9 cells (Ma et al.,
2014), certain concerns have been raised with regard to the safety of the related production
platforms. Despite the fact that these insect-specific viruses are not capable of infecting
vertebrates and are therefore harmless for humans, a strong demand for virus-free cell lines
has aroused in the recent years. This led to the development of the novel T. ni derivative
Tnms42 cell line (Fig 2), which was proven to be free of latent viral infections (Granados et al.,

2016).

A key feature that has led to the widespread application of these lepidopteran cell lines (521,
59, High Five) is that they can be cultivated in adherent, as well as suspension cultures, also
in serum-free medium. For the amplification of baculoviruses, normally the S. frugiperda
derivative Sf9 cell line is preferred over the parental Sf21 or T. ni lines, as it is capable of
achieving higher viral titers (Wang et al., 1992; Wilde et al., 2014). Furthermore, Sf9 cells show
higher growth rates and greater tolerance to shear, osmotic and pH stress than Sf21 cells
(Drugmand et al., 2012). In contrast, High Five cells are favored generally for protein
production processes, as they are capable of achieving considerably higher product titers on
a per cell basis than their S. frugiperda counterparts (Saarinen et al., 1999; Wilde et al., 2014),
in combination with a greater shear and osmotic stress tolerance (Kioukia et al., 1995).
Although, due to its increased growth rate compared to High Five, greater volumetric

productivities can be achieved with the Sf9 cell line (Aucoin et al., 2010).



1.2 LIMITATIONS OF THE BACULOVIRUS-INSECT CELL SYSTEM

1.2.1 Insect cell bioprocesses

Besides the various advantageous characteristics of the system, the baculovirus-insect cell-
based protein production platform possesses certain weaknesses as well. One major
drawback of the system arises from the lytic nature of the baculovirus infection cycle that is
coupled to the heterologous protein expression in insect cells. Thus, for large scale industrial
recombinant protein production, mostly the batch or fed-batch modes of operation are
preferred (Bedard et al., 1994; Elias et al., 2000). These include the scale-up of insect cell
cultures to the desired cell density and the subsequent infection of cells with recombinant
baculovirus vectors carrying the gene of interest. Such simple and flexible processes have
shown to suit this binary expression system well, especially fed-batch cultures that can be
operated at higher cell densities as compared to batch mode, where nutrient depletion and
by-product accumulation in the culture medium usually lead to reduced cell-specific
productivity. Alternatively, with the continuous renewal of spent medium in perfusion
cultures, an even higher cell density and product yield can be obtained, but the scalability of
such a system can be expensive and problematic (Caron et al., 1994). Ideally, continuous
production processes should be established. However, as protein expression in insect cells
has a transient nature that is separated into cell growth and infection phases, a continuous
mode of operation is not easy to implement. The current setups are based on e.g. the
operation of cascade bioreactors, where fresh cells are cultivated separately and fed into the
infection vessel (van Lier et al., 1990). Besides, continuous processes completely bypassing
the baculovirus infections have been established, using stably transfected insect cell lines for
the production of recombinant proteins (Harrison and Jarvis, 2007). However, due to the

observed drop in product yields, none of these strategies has been taken over by the industry.

1.2.2 Glycosylation

The performance of mammalian-like protein folding and glycosylation is one of the great
advantages insect cells offer over microbial and yeast production systems. However, despite
the fact that insects belong to eukaryotes, their portfolio of feasible post-translational
modifications may not always be identical to those found in higher eukaryotes. In comparison
to the complex, terminally sialylated glycoforms observed in mammalian cells, insect cells
produce more uniform, but simpler N-glycans with terminal mannose residues (Harrison and
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Jarvis, 2006). Due to the fact that therapeutics with non-mammalian-like glycoforms are
highly immunogenic in humans (Altmann, 2007), the lack of ability to perform complex,
terminally sialylated N-glycosylation in insects may reduce the value and limit the utility of
this production platform. Additionally, the presence and structure of N-glycans influence the
product functionality and stability, as it can provide protection against proteolysis (Imperiali
and O'Connor, 1999; Lis and Sharon, 1993). Furthermore, several product-related cellular
mechanisms may be also affected by the glycoforms, such as folding and quality control of

the recombinant protein, which ultimately may also have an effect on the product yield.

Thus, it is not surprising that extensive research has been dedicated to the engineering of the
insect glycosylation pathway, in order to overcome the limitations of the system. One
approach is the remodeling of the host N-glycan biosynthetic pathway by creating stably
transformed insect cell lines that express various glycosyltransferases and glycan processing
enzymes of higher eukaryotes to achieve a more humanized glycan structure (Breitbach and
Jarvis, 2001; Hollister et al., 1998; Mabashi-Asazuma et al., 2013; Okada et al., 2010). Besides,
independent of the preferred production cell line, baculovirus vectors can be also engineered
to either simultaneously or sequentially co-express mammalian glycosyltransferases and a

heterologous protein (Jarvis and Finn, 1996; Palmberger et al., 2012).

1.2.3 Unfolded protein response and the bottleneck protein secretion: strategies to
improve secretion of complex proteins
The achievable product titers with the baculovirus-insect cell system depend strongly on the
nature of the recombinant product. Secreted proteins such as glycoproteins and complex
membrane-bound proteins, especially those crossing the membrane more than once, usually
cannot be expressed in quantities comparable to that of non-secreted products remaining in
the cytoplasm (van Oers, 2011). The insect cell-based production platform holds a special
place among other eukaryotic systems, as recombinant protein production with lepidopteran
cells is linked to a viral infection that completely reprograms the host. Additionally, with the
use of the strong, very late polyhedrin and pl0 baculoviral promoters to drive the
heterologous gene expression, the generation of extremely large amounts of often complex,
glycosylated foreign proteins is demanded from the deteriorating host. As most of the cellular
pathways shut down due to the infection itself (Chen et al., 2014), the protein folding and

processing machinery is unable to keep up with this demand, which leads to the accumulation



of unfolded or misfolded proteins and not properly glycosylated products in the endoplasmic
reticulum (ER) lumen. Eventually, this leads to ER stress and the induction of the unfolded
protein response (UPR) in order to assist the protein processing and to reduce the protein

folding load on the ER (Fig 3) (Hetz, 2012).
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Fig 3. The unfolded protein response. In a homeostatic state, the binding of the chaperone BiP keeps the three
UPR branches (IRE1a, PERK, and ATF6a) inactivated. However, upon elevated levels of unfolded or misfolded
proteins in the ER, the level of free BiP decreases. With the reduced levels of the free chaperone, the UPR is
activated, which encompasses the signaling pathways that induce the expression of e.g. BiP, protein disulfide
isomerase (PDI), GRP94 (glucose regulated protein 94, chaperone of the Hsp90 family) and other chaperones
and folding enzymes (Kozutsumi et al., 1988). As a result of the UPR, general translational attenuation occurs,
the capacity for protein folding, processing and trafficking through the ER is increased, but also protein
degradative pathways are upregulated. Eventually, when all these measures fail to reduce ER stress, the cells
enter apoptosis (Hetz, 2012). Figure obtained from (Wang and Kaufman, 2014).

The UPR comprises of three major stress sensors that function concurrently: IRE1a (Inositol-
requiring enzyme 1a), PERK (Double-stranded RNA-activated protein kinase (PKR)-like ER
kinase) and ATF6a (Activating transcription factor 6a). In a homeostatic state of the cell, all
three signal-transducers are in an inactivated form that is maintained by the binding of BiP
(Binding immunoglobulin protein), a chaperone of the Hsp70 family (Wang and Kaufman,
2014). However, upon the accumulation of unfolded or misfolded proteins in the ER, BiP

dissociates to bind to these proteins and thus the UPR is activated.



The IRE1la branch of the UPR begins with the oligomerization and autophosphorylation of the
protein. The activated IREla then splices the messenger RNA (mRNA) encoding the
transcription factor XBP1 (X-box binding protein 1), which induces the expression of
numerous target genes involved in protein folding, secretion and protein degradation (ERAD).
Besides, IREla is responsible for the activation of JUN N-terminal kinase (JNK) and the

degradation of certain mRNAs through the regulated IRE1-dependent decay (RIDD).

ATF6a is an ER-resident transmembrane protein that translocates to the Golgi upon
activation. There the S1P and S2P (Site-1 and Site-2 proteases) sequentially remove the
luminal- and the transmembrane domains of the protein, respectively, which gives rise to the
ATF6f cytosolic fragment. ATF6f is a transcription factor that regulates the expression of

proteins assisting in folding and those included in the ERAD.

The PERK branch of the UPR is activated in a similar manner to IRElq, as it is based on
dimerization and trans-autophosphorylation. The activated form of PERK phosphorylates the
eukaryotic translation initiator factor 2a (elF2a) that inhibits protein synthesis and thus
reduces the protein folding load on the ER. Apart from this function, the phosphorylated
elF2a allows for the translation of e.g. the activating transcription factor 4 (ATF4), which
regulates the expression of genes such as that of the transcription factor C/EBP-homologous

protein (CHOP) and the growth arrest and DNA damage-inducible 34 (GADD34) protein.

The UPR has a major effect on the productivity of a production system, as deficient processing
and folding of the secreted recombinant product induces aggregation, low product titers and
variable glycosylation. Thus, the co-expression of chaperones and folding enzymes involved
in the proteolytic processing and post-translational modification can be beneficial for
increasing the overall recombinant product yields. Among others, the effect of co-expressing
the chaperone calreticulin or the translation initiation factor elF4E (Eukaryotic translation
initiation factor 4E) with an alkaline phosphatase-EGFP fusion protein (SEFP; served as a
secreted model product) was tested in AcMNPV-infected Sf21 cells (Teng et al., 2013). While
the overexpression of calreticulin lead to the expansion of the ER, elevated levels of elF4E
resulted in a boost of functional SEFP expression. Others report the co-expression of the
human chaperone Hsp70 and its co-factors Hsdj or Hsp40 in combination with the Epstein-
Barr virus replication protein, BZLF1 (Yokoyama et al., 2000). The chaperone Hsp70 itself was

able to increase the solubility of the model protein BZLF1, but this effect was several fold

9



upon including either of the co-factors Hsdj or Hsp40 as well. A more expanded study was
conducted using silkworm larvae and cell lines to evaluate the effect of the knockdown or
overexpression of five major chaperones involved in protein folding, processing and the UPR
(Imai et al., 2015). In overall, apart from the negative effect of BiP depletion on protein
secretion, no significant difference was observed in the titers of the model products upon

downregulating or overexpressing the chaperones.

The limited improvement in increasing the host’s secretion capacity reported by these studies
clearly stress the need for more systematic research. The main goal should be to deepen the
understanding of the interdependence and synergistic effects of single chaperones, folding
enzymes and proteins involved in protein modification. Although, mammalian cells have been
extensively characterized with regard to the regulatory networks of producer cells in a
bioprocess environment (Doolan et al., 2008; Nissom et al., 2006; Trummer et al., 2008), no
comparable investigation has been conducted in the baculovirus-insect cell system so far.
With the identification of the transcriptional and secretory bottlenecks responsible for
reduced product titers and the investigation of the metabolic burden of high-level secreted
product formation, the improvement of the overall performance of a cell factory becomes
possible (Gupta and Lee, 2007; Kuystermans et al., 2007). However, without in-depth
knowledge on factors affecting the correct processing and glycosylation of a secreted product,
the achievable improvements in the overall productivity will remain strongly limited in the

future as well.

1.2.4 Budding of baculoviruses and the bottleneck of product impurities: strategies to
downregulate the assembly of baculoviruses in insect cells
The baculovirus-insect cell expression system is suitable for the manufacturing of various
industrially relevant products, such as vaccines and gene therapy vectors. However, the
therapeutics for human medical use must first go through extensive downstream processing
to remove the impurities. Probably the most difficult task is the separation of the co-produced
baculoviruses. Although, AcMNPV particles cannot replicate in mammalian cells, they
stimulate antiviral effects in these cells, including the induction of pro-inflammatory cytokines
and interferons. (Abe and Matsuura, 2010; Gronowski et al., 1999; Kitajima and Takaku,
2008). Additionally, the recombinant baculovirus vectors may also retain some of the

promoter activity (Kenoutis et al., 2006; Murges et al., 1997). Current setups for the
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downstream purification depend strongly on the characteristics of the product, including
structure, glycosylation and whether it is intracellularly or extracellularly located. In general,
downstream recovery of the products is costly, time-consuming and may reduce the overall

efficiency of the production process.

The existing strategies mainly aim at the reduced formation of baculoviruses during the
production processes to facilitate the subsequent purification. In some cases, it also becomes
possible to reach elevated levels of recombinant proteins through increasing the metabolic
capacities of the cell with the reduced viral load. These studies report mainly the
downregulation or complete deletion of genes known to be essential for baculovirus
propagation. One example for this approach is the deletion of the vp80 gene from the viral
backbone encoding a capsid-associated protein (Marek et al., 2011). However, when genes
involved in baculovirus budding are completely deleted, the generation of helper cell lines
becomes necessary that trans-complement the essential gene for the inoculum preparation.
Although in this study, reduced baculovirus titers were reported without a decrease in the
product yield, the trans-complementation was 25-fold less effective for seed virus generation
as compared to the conventional setup. Furthermore, the expression of vp80 decreased with
the passages as it induced cytotoxicity in the stable Sf9 cell lines. Recently, a similar setup was
also developed using gp64null recombinant baculoviruses and was evaluated with regard to

VLP production (Chaves et al., 2018).

As the generation of stable cell lines for the trans-complementation of the deleted genes can
be quite cumbersome, the knockdown of baculoviral genes may provide a better alternative
in some cases. The downregulation of gp64 with small-interfering RNAs (siRNAs) reduced the
baculovirus formation with 30% in Sf21 cells, without affecting the recombinant protein
expression (Breitbach and Jarvis, 2001). An anti-viral system has also been established in
silkkworm BmN-SWU1 cells, where BmNPV (Bombyx mori nucleopolihedrovirus)
contamination was effectively reduced by using artificial microRNA (miRNA) constructs
targeting lef-11 that is involved in DNA replication and late gene transcription (Zhang et al.,
2014). These examples clearly support the usefulness of knockdown strategies in insect cells

to combat baculovirus contamination.
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1.3 RNA INTERFERENCE STRATEGIES FOR CELL AND VIRAL ENGINEERING

Current cell- and viral engineering strategies in the baculovirus-insect cell system usually rely
on either the transient co-expression of a target gene on a baculovirus vector (Sokolenko et
al., 2012), the generation of stable insect cell lines expressing foreign proteins (Sequeira et
al., 2018) or the downregulation of host or baculoviral genes (Mabashi-Asazuma and Jarvis,
2017; Marek et al., 2011). When the reduced level of a certain gene transcript is desired,
deletion or gene silencing can be applied. Apart from the classical Lambda RED system (Sharan
et al., 2009) that is applicable on the baculoviral backbone harbored by E. coli (Marek et al.,
2011), the recently developed CRISPR-Cas9 editing tool can be utilized on the host genome
(Mabashi-Asazuma and Jarvis, 2017) for deletions. Despite being reliable, these methods are
laborious and expensive, not to mention the need for host specific Polll promoter sequences
in case of the CRISPR-Cas9 system, which are barely available in insect cells yet. In certain
cases, the knockdown of a selected gene might be actually more beneficial compared to a
deletion, e.g. when regulating the expression of essential host or viral genes fulfilling a
function in basic metabolic processes. For this purpose, RNA interference (RNAi) can be

applied.

RNAi is a conserved biological response that has become a popular and valuable tool in recent
years for the transient and target-specific knockdown of genes. This mechanism regulates
gene expression with short, non-coding RNA molecules including siRNAs and miRNAs;
however, there are subtle differences between the two effector molecules (Lam et al., 2015).
While the ~21-25 nt long siRNAs are double-stranded molecules of exogenous origin (e.g.
viruses, transposons), the ~19-24 nt long miRNAs are purposefully transcribed in the form of
single-stranded RNA precursors within the nucleus of the host cell. Furthermore, siRNAs bind
perfectly complementary target sequences and thus induce their degradation; in contrast,
miRNAs possess more than one target, as they show imperfect pairing with the sequences
they repress the translation of. Several methods have been established so far in numerous
expression systems using artificial siRNAs, miRNAs and other forms of engineered effector
RNA molecules for specific biotechnological purposes; nevertheless, some are considered

more advantageous over others.

The earliest and probably most straightforward method established for the manipulation of

gene expression with RNAi was based on the delivery of long double-stranded RNA (dsRNA)
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molecules into nematode worms that resulted in the silencing of the gene with a
complementary sequence (Fire et al., 1998). Since then, with the possibility of other delivery
methods (Yu et al., 2013), such as the introduction of a vector encoding the dsRNA for in vivo
transcription (Huang et al., 2007), this customizable system was successfully transferred to
numerous other hosts as well (Gordon and Waterhouse, 2007; Paddison et al., 2002; Sharp,
1999), including insect cells (Huang et al., 2007; Valdes et al., 2003). However, though a simple
design is combined with high effectivity, a general weakness of this system is that upon the
processing of the long dsRNA molecule, several siRNA duplexes targeting various genes are
generated. Thus, the risk of specific off-target effects is high (Haley et al., 2008). Additionally,
the introduction of long dsRNAs to mammalian cells has been shown to induce the innate
immune response, which eventually leads to a general translational inhibition and mRNA
degradation (Wang et al., 2016). Alternatively, customized siRNAs can be transiently
transfected into the host to achieve gene silencing (Lee et al., 2015). When using a uniform
pool of synthetic siRNAs, the specific off-target effects can be reduced by a proper design,
e.g. by avoiding overlaps between the RNA sequence and the host’s genome sequence.
However, the exogenously introduced siRNA duplexes are unstable in vivo, which can lead to
a loss of activity (Hickerson et al., 2008). Additionally, siRNAs may also be immunostimulatory,

depending on their sequence composition (Marques and Williams, 2005).

A more target-specific approach for customized RNAi is to embed the siRNA duplex in a
naturally occurring precursor structure of the miRNA biogenesis pathway. Thus, the modified
hairpin structures assimilate into the miRNA pathway and are being processed accordingly
(Bofill-De Ros and Gu, 2016). The “first generation” hairpin constructs, the so-called short
hairpin RNAs (shRNAs) mimic the precursor-miRNA (pre-miRNA) structure of a hairpin with a
2-nt overhang at the 3’end. Although, successful studies have been reported in the
baculovirus-insect cell system using shRNAs (Kim et al., 2012; Zhang et al., 2018), an essential
limitation of their use is the need for well-defined transcript termination. This can be achieved
with strong Pollll promoters; however, these sequences are not always available in the
popular insect cell lines used for bioprocesses. Furthermore, the large amount of mimics
generated by these promoters is often associated with cytotoxicity (Bofill-De Ros and Gu,
2016). The “second generation” constructs mimic the endogenous primary microRNA (pri-

miRNA) transcripts comprising a pre-miRNA hairpin structure surrounded by upstream and
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downstream flanking sequences. As these regions may be of variable length, the transcription
is independent of Pollll promoters that allows for more customization of the silencing system.
The few studies reporting the successful establishment of pri-miRNA mimic-based silencing in
insect cells (Haley et al., 2008; Zhang et al., 2014) strongly demonstrate the potential of such
systems. Especially those setups offering gene silencing in a timely defined manner for the
alteration of glycosylation pattern or the downregulation of proteases, essential genes
involved in baculovirus assembly would serve as valuable tools in the establishment of more

robust production processes.
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2 AIMS OF THE THESIS

The first main objective of the thesis was to deepen the understanding of the stress and
metabolic burden in insect cells triggered by the viral infection coupled secreted protein
production. The thus identified key factors responsible for the correct protein processing
should serve as promising targets for molecular engineering to overcome production

bottlenecks that derive from the unfolded protein response during the viral infection cycle.

Therefore, a comparative transcriptome analysis had to be carried out to reveal the
differences in the transcriptional host responses to the production of an intracellular or a
secreted model product. Sequencing libraries should be generated using RNA obtained at
several time points from infected Thms42 suspension cultures. Deep sequencing should be
followed by read alignment and functional annotation of the transcripts. Subsequent Gene
Ontology term enrichment analysis should shed light on the most prominent host reactions

upon infection with a recombinant baculovirus encoding a secreted model protein.

The second main objective of this work was to develop a tool that allows for the inducible
downregulation of essential host or viral genes during an infection process. Such a system
could play an essential role in the improvement of the baculovirus-insect cell expression
system by targeted glyco-engineering, the reduction of contaminating baculovirus formation

or the elongation of production processes through impeding apoptosis of the host cells.

Thus, tailor-made miRNA mimics of baculoviral origin should be evaluated with regard to
silencing potency in insect cells. Thereafter, the most efficient construct should be applied for
the establishment of an inducible, dual viral vector-based system. The presence of mature
artificial miRNAs should be confirmed and the silencing efficiency should be assessed with

flow cytometry and real-time quantitative PCR on the protein and mRNA level, respectively.
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ARTICLE INFO ABSTRACT

Keywords: The baculovirus insect cell expression system has become a firmly established production platform in bio-
Transcriptome technology. Various complex proteins, multi-subunit particles including veterinary and human vaccines are
Insect cells manufactured with this system on a commercial scale. Apart from baculovirus infected Spodoptera frugiperda
Baculovirus (Sf9) cells, the Trichoplusia ni (HighFive) cell line is alternatively used as host organism. In this study, we ex-
g;f::gzi protein response plored the protein production capabilities of Tnms42 insect cells, a new derivative of HighFive, which is free of

latent nodavirus infection. As a model system, a cytosolic (mCherry) and a secreted (hemagglutinin) protein
were overexpressed in Tnms42 cells. The response of the host cells was followed in a time course experiment over
the infection cycle by comparative transcriptome analysis (RNA-seq). As expected, the baculovirus infection per
se had a massive impact on the host cell transcriptome, which was observed by the huge total number of dif-
ferentially expressed transcripts (> 14,000). Despite this severe overall cellular reaction, a specific response
could be clearly attributed to the overexpression of secreted hemagglutinin, revealing limits in the secretory
capacity of the host cell. About 400 significantly regulated transcripts were identified and assigned to bio-
chemical pathways and gene ontology (GO) categories, all related to protein processing, folding and response to
unfolded protein. The identification of relevant target genes will serve to design specific virus engineering
concepts for improving the yield of proteins that are dependent on the secretory pathway.

Expression analysis

1. Introduction (Thompson et al., 2015).

While mammalian stable cell lines have been well characterized and

Insect cells are among the most important animal cells used for
recombinant protein expression in biotechnology. Applications include
not only the production of various viral capsid and envelope proteins
for use as vaccines or for analytical purposes, but also many enzymes,
membrane proteins and self-assembled nanoparticles have been suc-
cessfully produced in Spodoptera frugiperda (Sf9) and Trichoplusia ni
(HighFive) cells. Insect cells are feasible for the expression of in-
tracellular proteins as well as secreted, often complex and glycosylated
proteins. With the market entry of a Human Papilloma virus vaccine
(Wang and Roden, 2013) and a hemagglutinin based influenza vaccine
(Cox and Hollister, 2009) a few years ago, these cell lines became even
more attractive as a biopharmaceutical production platform. Besides
being safe and easy to handle, infection with recombinant baculo-
viruses generally allows for high titer production in batch mode

transcriptional regulatory or secretory bottlenecks during recombinant
protein production have been intensively studied (Doolan et al., 2008;
Nissom et al., 2006; Trummer et al., 2008), little is known about the
stress and metabolic load that occurs in insect cells during virus in-
fection coupled protein production. However, it has been shown that
investigation and identification of key players in apoptosis, protein
transport, folding and secretion allows for targeted cell engineering and
improvement of the overall cell factory’s performance (Gupta and Lee,
2007; Kuystermans et al., 2007; Wong et al., 2006). Understanding the
basics of the host’s metabolic regulation and its reaction to the chal-
lenges of overexpressing a foreign gene also facilitates the design and
upscaling of a production process (Choi et al., 2003; Kim et al., 2012).
Due to the infection with a lytic virus that takes over the cellular
synthesis machinery after the onset of the infectious cycle, insect cells
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hold a special place among the established protein expression systems
that are based on stable or transient expression in bacterial, yeast and
mammalian cell lines. Upon baculoviral infection, the viral replication,
capsid and envelope protein production represent the main stress
sources for the host cells. In previous studies, deep sequencing was
applied to analyze the dynamics of transcriptional changes of both
baculovirus (Chen et al., 2013) and host genes (Chen et al., 2014) upon
infection of Tnms42 (Granados et al., 2016) cells with a wild type Au-
tographa californica multiple nucleopolyhedrovirus (AcMNPV). It was
shown that the level of viral transcripts increases dramatically after the
first 6 h of infection which is accompanied by an immense decrease in
host transcript levels. Among the most highly upregulated host genes
were those encoding proteins involved in energy/metabolism, in-
dicating a cellular metabolism changing effect of the viral infection.
However, it remains unclear, whether the downregulation of various
host genes is due to a cellular defense mechanism or it is caused by the
viral replication.

For recombinant protein production in insect cells, generally the
strong viral polyhedrin promoter is used to drive the transgene ex-
pression in infected insect cells (Smith et al., 1983). Polyhedrin is
produced in large quantities during natural infections to form the oc-
clusion derived virus (ODV) in order to contain and protect infectious
virions (van Oers et al., 2015). However, ODV particles are unwanted in
cell culture applications, thus only budded viruses (BV) are used for
recombinant protein expression. While polyhedrin accumulates in the
nucleus, recombinant proteins either remain in the cytoplasm or are
transported and secreted to the supernatant. In general, any viral in-
fection activates the translation of some host genes, which results in
stress due to responses involving unfolded proteins (UPR). Also re-
combinant overexpression of secreted proteins causes UPR in response
to an accumulation of unfolded or misfolded proteins in the lumen of
the endoplasmic reticulum (ER). The purpose of the UPR is to restore
the normal function of the cell by halting protein translation and acti-
vating the signaling pathways that lead to increased production of
molecular chaperones, or when this cannot be achieved, the UPR aims
towards apoptosis. UPR is based on three different signal transducers:
IRE1 (inositol requiring enzyme 1), PERK (double stranded RNA-acti-
vated protein kinase), and ATF6 (activating transcription factor 6). The
activation of the UPR is mediated by binding immunoglobulin protein
(BiP) that constitutively binds to the ER-luminal domains of the three
UPR sensors maintaining them in an inactive form. Misfolded proteins
accumulating in the ER bind to BiP, which causes its release from the
UPR sensors triggering their signaling cascades (Wang and Kaufman,
2014). As a result of this autoregulatory program, chaperones that ex-
pand the folding capacity of the ER are upregulated. Among those are
e.g. BiP, a chaperon of the Hsp70 family, protein disulfide isomerase
(PDI) and the glucose regulated protein 94 (Grp94), which is a cha-
peron of the Hsp90 family (Walter and Ron, 2011). Yet, many questions
about the modes of activation and mechanistic details are unanswered.
Still, it has been shown that enveloped virus infections can exploit the
UPR to increase the capacity of the ER to assist in viral replication (Li
et al., 2007).

Hence, the question arises whether the overexpression of a foreign
protein has an impact on the overall stress response during the bacu-
lovirus infection cycle and maybe causes changes in the UPR. While
such strong effects have been observed in other biotechnologically re-
levant expression systems, the impact in viral infection systems has not
been determined so far. Therefore, to better exploit insect cells as a
biotechnological expression system, investigation of differentially
regulated genes during expression of foreign proteins might provide
strategies for optimizing, fine-tuning or controlling recombinant pro-
tein production, especially when it comes to complex secreted proteins.
Therefore, we applied comparative transcriptome analysis to baculo-
virus infections, where either an intracellular, a secreted or no re-
combinant protein was expressed. Previous observations made by Chen
et al. (Chen et al., (2014)) show that while the baculoviral infection
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takes over control of the insect cells, the overall host transcription le-
vels substantially decrease. As particularly secreted proteins require
host factors for trafficking through the secretory pathway, the infected
host cell may no longer be able to sufficiently process the recombinant
protein, leading to the product being stuck inside the cell. Yet, our
hypothesis suggests that the overexpression of complex proteins with
different localization should induce differential gene expression as part
of various cellular pathways that should be detectable on the tran-
scriptome level and potentially yield cellular genes as markers for
process monitoring as well as targets for process optimization. Similar
to the study of Chen et al. (Chen et al., (2014)), the alphanodavirus-free
Trichoplusia ni (T. ni) derivative Tnms42 cell line (Granados et al., 2016)
was selected for our differential transcriptome analysis experiments.
Since it is derived from T. ni, its performance regarding protein secre-
tion is better in comparison with Sf9 cells, furthermore, it is expected to
be more stable during virus infection, as has been shown for the al-
phanodavirus-free Tnao38 cells (Wilde et al., 2014). To monitor the
transcriptional differences upon production of an intracellular or a se-
creted protein, on the one hand mCherry — an easy to express and de-
tect, stable and intracellularly located protein — was selected for ex-
pression. On the other hand, the influenza A virus derived
hemagglutinin H1 was expressed, as it represents a complex, glycosy-
lated protein with biopharmaceutical relevance that may serve as a
vaccine candidate. Samples were collected from the different baculo-
virus infected T. ni cultures throughout the experiment until 48 h post
infection (h p.i.). Deep sequencing and read alignment was followed by
functional annotation of the transcripts. Subsequent GO term enrich-
ment analysis of the datasets revealed protein processing in the ER and
the triggering of a stress response as the most prominent host reactions
to infection with a baculovirus encoding the secreted version of he-
magglutinin.

2. Materials and methods
2.1. Cell lines and culture conditions

Sf9 cells (ATCC CRL-1711) and the alphanodavirus-free Tn5B1-4
(High Five) derivative Tnms42 cell line (obtained as a kind gift from
Gary W. Blissard) were cultivated in HyClone SFM4 insect cell medium
(GE Healthcare, Little Chalfont, UK) supplemented with 0.1% Pluronic
F68 (Sigma-Aldrich, St. Louis, Missouri, USA). Suspension cultures with
a volume of 50 ml were grown in 500 ml flasks at 27 °C and 100 rpm.

2.2. Plasmids and recombinant baculoviruses

The nucleotide sequence encoding the mCherry fluorescent protein
(GenBank accession no. ACO48269) was chemically synthetized by IDT
(Leuven, Belgium). After PCR amplification, the fragment was cloned
into the acceptor vector pACEBac-1 (EMBL, Grenoble, France) resulting
in pACEBac-1-mCherry. The pACEBac-1-Cal09HA plasmid carrying the
coding sequence for the secreted version of hemagglutinin from
Influenza A/California/04/2009 (GenBank accession no. JF915184)
including a T4 foldon trimerization domain, but lacking both the C-
terminal transmembrane- and endodomains was generated as described
previously (Krammer et al., 2012).

An empty pACEBac-1 acceptor vector and the recombinant plasmids
pACEBac-1-mCherry and pACEBac-1-Cal09HA were transformed into
Max Efficiency DH10Bac competent cells (Invitrogen, Carlsbad, USA).
Recombinant mCherry, Cal0O9HA and empty vector control AcMNPVs
were generated by transforming the purified bacmid DNA of the three
different clones into Sf9 cells with FuGene HD transfection reagent
(Promega, Madison, Wisconsin, USA) according to the manufacturer's
instructions. Viral titers of the amplified passage three stocks were
determined by plaque assay.


http://ACO48269
http://JF915184
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2.3. Infections and sampling

Tnms42 cells were grown in 12 parallel suspension cultures with a
volume of 50 ml and were infected in triplicates at an initial cell density
of 1E + 6 cells/ml with either the mCherry virus encoding the in-
tracellular fluorescent protein or with the CalO9HA virus carrying a
secreted soluble protein. The infections were carried out at a multi-
plicity of infection (MOI) = 5. The time point at which the inoculums
were added to the cells was designated O h post infection. Samples of
1E + 6 cells were taken in duplicates from the recombinant AcMNPV-
infected cultures at time points 0, 6, 12, 24 and 48 h p.i. for subsequent
RNA isolation and Western blot analysis. Samples deriving from the
non-infected cultures and from those infected with the virus carrying
the empty pACEBac-1 vector served as non-infected and empty vector
controls, respectively.

2.4. RNA extraction and integrity

Total RNA was extracted from samples using TRI Reagent (Sigma-
Aldrich, St. Louis, Missouri, USA) according to the manufacturer's in-
structions. RNA concentration was determined with the Nanodrop 1000
(Peqlab, Erlangen, Germany). The quality of the isolated nucleic acid
was assessed by the Agilent 2100 Bioanalyzer using the RNA 6000 Nano
Kit (Agilent, Santa Clara, California, USA).

2.5. SDS-PAGE and western blots

Samples taken at 5 time points from the recombinant AcMNPV-in-
fected cultures were used to monitor mCherry and Cal09HA product
formation by SDS-PAGE and Western blot analysis, according to stan-
dard protocols (Gallagher, 2001; Ni et al., 2001). Proteins separated by
SDS-PAGE using Novex™ 4-12 % Tris-Glycine Mini Protein Gel (In-
vitrogen, Carlsbad, USA) were electroblotted onto a PVDF transfer
membrane (GE Healthcare Life Sciences, Vienna, Austria). Im-
munodetection was performed using a primary anti-mCherry rabbit
antibody (5993-100, BioVision Inc., San Fransisco, California, USA)
and a primary anti-Influenza A virus HIN1 HA rabbit antibody
(GTX127357, GeneTex, Irvine, California, USA), both paired with a
secondary anti-rabbit IgG alkaline phosphatase labeled goat antibody
(A9919, Sigma-Aldrich, St. Louis, Missouri, USA). Development of the
PVDF transfer membranes were carried out using BCIP/NBT (Promega,
Madison, Wisconsin, USA) and results were evaluated by visual esti-
mation.

2.6. Library preparation and sequencing

Libraries with an average cDNA length of 300 base pairs (bp) were
prepared from poly(A + ) selected RNA using the SENSE Total RNA-Seq
Library Prep Kit (Lexogen GmbH, Vienna, Austria) according to the
manufacturer’s instructions. Strand specific paired-end sequencing (50
bp reads) was performed on the Illumina HiSeq2500 platform using v4
sequencing chemistry at Vienna Biocenter Core Facilities GmbH.

2.7. Read trimming and alignment

In order to remove the sequencing adapters, Trimmomatic v0.35
(Bolger et al., 2014) was applied to the raw RNA-seq reads (adapter
parameters 2:30:10). Furthermore, to infer the expression values for
each gene, the trimmed reads were aligned either to the Tnms42 tran-
scriptome (Chen et al., 2014) or to the reference sequences of AcCMNPV
(Ayres et al., 1994), mCherry and the secreted version of Cal09HA by
using Bowtie v1.1.2 (Langmead et al., 2009). Reads were trimmed by 5
nucleotides (nt) on both ends and a mismatch up to two nt was allowed
per alignment. Counting of mapped reads was then performed by using
the featureCounts program of the package Rsubread v1.20.6 (Liao et al.,
2013) for R v3.2.2. (R Core Team, 2014).
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2.8. Differential expression analysis

The differential expression analysis of Tnms42 and viral transcripts
was performed using the read counts obtained by featureCounts. For
each time point we compared the gene expression levels of all pairwise
combinations of the four cultures using the edgeR v3.12.1 package
(Robinson et al., 2010) for R. To assess differential expression in the
comparisons, the Exact test (Robinson and Smyth, 2008) was applied.
Genes with a Benjamini-Hochberg-corrected p-value lower than 0.05
were categorized as differentially expressed.

2.9. Functional annotation

The functional annotation of the transcripts derived from a combi-
nation of methods. The already existing annotation compiled by Chen
et al. (Chen et al., (2014)) was used and it was complemented by our
own blast search. Blastx v2.2.30+ (Altschul et al., 1990; Camacho
et al., 2009) was applied to query the unigenes in the NCBI nr protein
database with entries from GenPept, Swissprot, PDB, PRF, PIR and
NCBI Reference Sequence (RefSeq) project. The E-value cutoff was set
to 1E-6.

2.10. Gene ontology term assignment and enrichment

In order to assign GO terms to the identified transcripts, the tool
Blast2GO (Conesa et al., 2005) was used. For GO enrichment analysis, a
tool described previously (http://bioinfo.bti.cornell.edu/tool/GO/
GO_enrich.html) (Chen et al., 2014), based on the GO::TermFinder
(Boyle et al., 2004) was applied to reveal significantly enriched terms in
selected subgroups of T.ni unigenes. The multitest correction method
applied for the analysis was the false discovery rate (FDR) with a cutoff
of FDR < 0.05.

3. Results and discussion
3.1. Recombinant protein expression

To discover possible differences in the host response of Tnms42 cells
to different baculovirus expressed recombinant proteins, viruses were
generated encoding either the reporter gene mCherry (MC) or a trun-
cated soluble version of the influenza A virus hemagglutinin 1 of the
California/04/2009 strain (HA). The two model proteins applied in this
study differ in the way how they are processed in the cells. While
mCherry being an intracellular protein stays inside the cytoplasm, HA is
a complex glycosylated molecule that is being processed, transported
and secreted. An overview of the experimental setup can be seen on
Fig. 1. Suspension cultures of Tnms42 cells were infected with the re-
combinant baculoviruses in triplicates at MOI = 5, followed by RNA
extraction at defined time points. After the quality assessment of the
RNA by Agilent 2100 Bioanalyzer, the samples were sequenced on the
[lumina HiSeq2500 platform. RNA deriving from infected Tnms42
cultures of the non-infected control (NIC) and the empty vector control
(EVC) virus served as references at each time point throughout the
experiment.

3.2. Detection of recombinant protein production

Expression of the two model proteins throughout the experiment
was monitored by using samples of the infected cell pellet and the su-
pernatant, obtained from the MC and HA virus infected cultures for
Western blot analysis (Fig. 2 A and B, respectively). It has been shown
previously that recombinant protein production under the control of
the very late polyhedrin promoter is minimal at 12h p.i., then ex-
pression is initiated 18 h p.i. and at 48 h p.i. a very late burst in yield
can be observed (Thiem and Miller, 1990). In accordance with these
results, immunoblotting revealed HA (72 kDa) specific bands in samples
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Fig. 1. Experimental outline of recombinant protein expression and transcriptome ana-
lysis of baculovirus infectedTnms42 cells. Host cells were grown in suspension cultures
and were infected in triplicates at a multiplicity of infection (MOI) = 5 with recombinant
baculoviruses encoding the intracellular mCherry (MC) protein or the secreted version of
the influenza A virus hemagglutinin 1 (HA). Sampling at 5 time points throughout the
experiment was followed by RNA extraction, quality control measurements, Illumina
sequencing and differential expression analysis. The control samples derived from the
triplicate flasks infected by the empty vector control (EVC) virus and the non-infected
control (NIC) culture.
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Fig. 2. Western blot analysis of the samples obtained from the recombinant virus infected
cultures between 0 and 48 h p.i. (hours post infection). Immunoblotting of heterologous
proteins produced in baculovirus infected T. ni cells verified that the mCherry protein (A)
is present mainly in the cell pellet and slight reactive bands could be detected in the
supernatant before the last time point probably due to the virus stock used for the in-
fection. The band at 48 h p.i. presumably results from cell lysis. (B) Analysis of the he-
magglutinin glycoprotein revealed that the majority remains in the cells leaving only
reduced amounts of the properly folded protein detectable in the supernatant. (M)
marker.

of the pellet and the supernatant, collected at 24 h p.i. and at the last
time point. Similarly, MC (28.8 kDa) specific strong bands are visible in
the pellet at the last two time points, however, the supernatant shows
slight bands up to 24 h p.i. and a sharp, defined band at the last time
point. The source of the MC detected at the early time points in the
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supernatant can be mainly the virus stock used for the infection and
later on at the last time point MC can be found in larger quantities in
the supernatant due to cell lysis. Furthermore, a lower molecular
weight band is also observable on the blot at approximately 24 kDa.
This is most likely due to an internal translational start site resulting in
a truncated, probably not functional molecule (Carroll et al., 2014).
Notwithstanding that a secreted version of HA was applied in this ex-
periment, the protein can be found both in the pellet and supernatant
fractions. In fact, the amount of HA present in the cells is significantly
higher than that found in the supernatant. The intensities of HA re-
active bands detected in the cell pellet and supernatant are directly
comparable, as the amount of protein loaded corresponds to the same
culture volume. It has been observed previously that complex secreted
proteins often fail to fold properly and being trapped inside the cells
they form large aggregates (Hasemann and Capra, 1990). This phe-
nomenon is well represented by the intracellular HA smear at 48 h p.i.
in the cell pellet (Fig. 2B), which seems to be a mixture of hemagglu-
tinin molecules glycosylated and folded to a different extent, whereas in
the supernatant the properly processed protein shows a distinct band at
the appropriate size of 72 kDa. This heterogeneity is due to the fact that
secreted proteins require extensive processing — including various host
factors such as those involved in glycosylation, folding or disulfide
bridge forming — prior to the secretion of the correct form. Additionally
to this, the infection itself represents stress for the cells (Chan, 2014b).
Thus, the simultaneous induction of the stress response in the cells and
the high demand for active protein processing pathways limit the gly-
cosylation and folding capacity, leading to various glycoforms observed
in the pellet.

3.3. Sequencing and read-alignment to reference transcriptome

The sequencing of the samples yielded 758,170,512 read pairs in
total, originating from the four different experiments with five separate
time points and three replicates each (except for the MC experiment,
where one replicate had to be discarded due to insufficient quality).
After the removal of sequencing adapters, the reads were aligned to the
reference transcriptome containing 70,322 T. ni host unigenes, 156
AcMNPV genes (Chen et al., 2014) and the two recombinant genes (MC
and HA). 449,465,326 read pairs (59.3%) mapped to the transcripts and
thus remained in the datasets for analysis. The relatively low number of
mapped reads in the infected datasets can be attributable to the bacu-
lovirus infection in the host cells, which is supported by the fact that in
the non-infected control a higher ratio (77.9%) of the reads could be
mapped. Transcripts were annotated using blastx against all organisms
in the NCBI protein database, with an E-value cutoff of 1E-6 that re-
sulted in 27,805 hits (40% of all unigenes). Approximately 53% and
16% of the unigenes with a length shorter than 300 bp and with 300 bp
or longer were annotated, respectively. GO terms were assigned to the
annotated unigenes with Blast2GO. In overall 20,580 (29%) genes ob-
tained at least one GO term and more than half of these (13,905 uni-
genes, 20%) were present in more than one GO category. The GO term
assignment resulted in 13,307 (19%), 11,145 (16%) and 16,313 (23%)
genes in the GO categories biological process, cellular component and
molecular function, respectively.

3.4. Transcriptional host responses to recombinant baculovirus infections

In order to reveal the differences in the transcriptional pattern of the
host Tnms42 in response to an infection with a baculovirus encoding an
intracellular or a secreted protein, the reads passing the quality re-
straints were mapped to the reference Tnms42 transcriptome (70,322
unigenes). In case of an infection with the EVC or MC viruses, the trends
of the host and viral read counts (Fig. 3A and B, respectively) progress
similar to that reported previously (Chen et al., 2014). Namely, at 6 h
p.i. an increase in viral mRNA levels (including reads mapped to re-
combinant protein, if present) is perceivable along with a decrease in
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Fig. 3. Percentage of mapped reads to the host cells (T. ni) and baculoviral expressed
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scripts. The viral read counts increase abruptly after 6 h p.i. and by 48 h p.i. raise to more
than 75%. This profile can be observed for all three datasets of virus infected T. ni cells.
(A) Baculovirus empty vector expression control (EVC). (B) Baculovirus expressing re-
combinant mCherry (MC). Transcripts for MC are shown separately and together with all
viral genes (C) Baculovirus expressing recombinant hemagglutinin (HA). Transcripts for
HA are shown separately and together with all viral genes. The highest percentage of
mRNAs is reached by the HA virus at all time points throughout the experiment.
Recombinant protein expression controlled by the polyhedrin promoter is initiated
around 12h p.i. leading to approximately 21% and 49% product specific reads of the
overall transcripts in the MC and HA datasets, respectively.

host mRNA levels. The growth continues in a similar manner until 24 h
p.i., when a more moderate increase begins. At 48 h p.i. approximately
24% and 21% of the mRNAs from the EVC and MC datasets belong to
the host Tnms42, respectively. In comparison, an even steeper increase
in the viral mRNA levels can be observed when Tnms42 cells are in-
fected with the secreted HA expressing baculovirus (Fig. 3C). As seen
before, the viral read count (including reads mapped to HA) increases
abruptly from 6 h p.i. onward until 24 h p.i. when it reaches 78% of the
total reads. After this time point, a gentler increase of the viral read
count leads to a final ratio of 82%, leaving only 18% for the host de-
rived mRNA level. Notwithstanding that the expression of the two re-
combinant proteins used in this experiment is controlled by the same
AcMNPYV polyhedrin promoter in both the MC and HA viral constructs,
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unigenes are regulated in the MC and HA datasets, respectively, whereas the EVC reaches
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there is a difference in the development of the number of reads mapped
to these genes. Transcription of the recombinant genes starts around
12h p.i. for both constructs, but the number of reads mapped to HA
shows a sharper increase reaching around 49% of the total read count at
48 h p.i., whereas the growth of MC mRNA level is more modest with a
final value of around 21% at the last time point.

3.5. Specifically regulated genes

In order to identify the host genes specifically regulated in response
to the different baculovirus infections, the three separate viral datasets
(MC, HA, EVC) were compared to time point matched controls of NIC
cells. Significantly differentially expressed genes were identified among
the three viral sets at each time point. An overview of the total number
of up- and downregulated host genes in the infected datasets (Fig. 4)
shows increasing numbers of regulated genes as the infections proceed.
In case of all three viral constructs, a rapid elevation of differentially
expressed genes is perceivable starting from 6 h p.i. and at 12h p.i. the
MC virus reaches the highest number of 5364 unigenes. At later time
points the regulated gene count of MC increases slower (6,096 unigenes
at 24 h p.i.), summing up to 10,789 unigenes at the last time point. At
24 h p.i. the count of up- and downregulated genes is the highest in the
HA dataset with a final value of 11,422 unigenes. The number of sig-
nificantly regulated transcripts in the EVC infection is much lower
throughout the infection cycle compared to those of the two re-
combinant viruses. At the last time point, approximately only half as
many unigenes were affected in the control virus as observed for MC or
HA, indicating that the production of a recombinant protein requires
additional host factors involved in protein processing and post-trans-
lational modifications.

As a next step, in order to examine the differences in expression
patterns induced by the different infections, the T. ni host genes
showing the highest fold change (FC) in expression were examined. The
recombinant virus specific top 25 upregulated unigenes (EVC25, MC25,
HA25) were collected for each baculoviral expression construct. Fig. 5
shows the expression values as transcript per million reads (TPM)
grouped by the three different viruses, with the FC values increasing
along the x axis from left to right.

The three sets share 7 common unigenes, out of which 5 are an-
notated and two are without annotation (UN003339 — N.A., UN006154
— KLV34194, UN026052 - N.A., UN008507 - Pxd, UN063845 -
EZA54533, UN065390 — JAT08020, UN009398 — EZA54533). Among
the three datasets, the HA25 TPM values are the highest with a max-
imum of 3295, whereas the EVC25 and MC25 TPM values never exceed
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Fig. 5. Transcript per million (TPM) expression values of the top 25 upregulated host
genes in the three different viral datasets. (A) Empty vector control top 25 (EVC25) da-
taset, (B) mCherry top 25 (MC25) dataset, (C) hemagglutinin top 25 (HA25) dataset.
Values of the non-infected control samples are not indicated on the graphs, as they stay
close to zero in all three viral sets. The top 25 unigenes (p < 0.05) of the three viral sets
are represented by their Drosophila melanogaster protein IDs. If a D. melanogaster protein
ID was not available, the accession number of the best BLAST hit was applied. In case
there is no annotation applicable, the unigene IDs were used. Hsp68 (Heat shock protein
68), Hsp70Bbb (Major heat shock 70 kDa protein Bbb), 1(2)efl (Lethal (2) essential for
life), Pxd (Peroxidase).

60 and 52, respectively. The highest TPM values in the HA25 dataset
belong to 1(2)efl (Lethal (2) essential for life; UN039179, FC 2352.5),
Hsp68 (Heat shock protein 68; UN001910, FC 1663.5) and Hsp70Bbb
(Major heat shock 70kDa protein Bbb; UN001769, FC 1552.1).
Furthermore, in the HA25 set 10 unigene IDs could be assigned to the
heat shock protein family Hsp70 and small heat shock chaperones
(UN002605 - Hsp68, UN002604 - Hsp68, UN015812 - Hsp68,
UNO039179 - 1(2)efl, UN001910 - Hsp68, UN001769 — Hsp70Bbb,
UN062469 - 1(2)efl, UN063826 - 1(2)efl, UN045506 — Hsp70Bbb,

66

Journal of Biotechnology 270 (2018) 61-69

Table 1

Overview of the sum of significantly up- and downregulated genes (p < 0.05) among the
viral datasets at the different time points. Empty vector control (EVC), mCherry (MC),
hemagglutinin (HA).

Oh 6h 12h 24h 48h
EVC vs. HA 0 0 0 3 183
EVC vs. MC 0 0 2 2 2
MC vs. HA 0 0 5 3 319

UN029422 - 1(2)efl).

3.6. Analysis of host gene set involved in secreted recombinant protein
production

To identify potential target genes that limit secreted protein pro-
duction in the T. ni host cell line and might serve as tools for process
monitoring, the two datasets of HA and MC were analyzed, considering
the type of protein as the discriminating variable. Data from the 48-h
time point were selected for this purpose, taking into account the very
late polyhedrin promoter activity controlling the expression of the two
recombinant model proteins (Thiem and Miller, 1990). The number of
significantly regulated genes (compared to NIC) is the highest at 48 h
p.i. (see Fig. 4), furthermore, the highest fold change values derive also
from this time point. To identify the genes regulated specifically in
response to the expression of a secreted glycoprotein, an intracellular
and an empty control virus, all three viral datasets were also compared
against each other at the last time point. For all time points, Table 1
shows an overview of the numbers of differentially expressed unigenes
in the MC and HA datasets, each compared to the EVC, and also those of
the HA to MC comparison. Obviously, all three comparisons up to 24 h
p.i. are not very informative, since they contain maximum three genes.
This is not entirely surprising, as this specific host cell response occurs
subsequently to the formation of the recombinant protein, expressed
under the polyhedrin promoter. In case of the HA infection, the last
time point provides clearly the most information, based on the number
of significantly regulated genes. When compared to the EVC infection,
the HA virus causes the significant up- and downregulation of 162 and
21 unigenes at 48h p.i., respectively. For the comparison HA versus
MC, these numbers change to 211 upregulated and 108 downregulated
unigenes and for MC versus EVC only two unigenes met the criterion for
being significantly upregulated at the last time point (p < 0.05;
probably due to the removal of one replicate). The number of mapped
transcripts of the two recombinant proteins (Fig. 3) is different, al-
though their expression is controlled by the same promoter. At 24 h p.i.
the number of transcripts mapped to the recombinant products reaches
157,233 TPM for HA and 65,301 TPM for MC. However, this does not
seem to have an impact on the differential gene maps derived, since
only two-three genes are detected at 24 h p.i. in contrast to the 48-hour
time point, where the numbers are 183 (EVC vs. HA) and 319 (MC vs.
HA). This shows that the difference in the transcriptome data is merely
a response to the type of protein rather than a result of the different
mRNA levels detected.

The 319 differentially expressed unigenes of the MC-HA comparison
dataset were evaluated with emphasis on the differences arising from
the production of a secreted protein compared to an intracellular pro-
duct. This specific set of 211 upregulated and 108 downregulated host
genes was induced only in response to the secreted HA model protein as
late as 48 h p.i., when the maturing protein is on its route through the
secretory pathway. To identify the most important processes these
regulated genes engage in, the set of both the up- and downregulated
unigenes was analyzed with a GO term enrichment tool (see Materials
and methods). Fig. 6 shows the most significantly enriched GO cate-
gories in the ontology “biological process” obtained for the 319 regu-
lated genes with the expected and observed amounts of elements in the
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Fig. 6. GO term enrichment results of the 319 MC-HA comparison gene set. The bar chart shows the observed and expected number of genes in the top 15 GO categories (FDR < 0.05)
with an increasing p value from left to right along the horizontal axis. The most highly enriched GO categories include those involved in the stress response to unfolded proteins and
protein folding, supporting the theory that the host cells are under stress due to the parallel infection and secreted protein production.

groups. The enrichment analysis revealed that many of the regulated
unigenes are involved in the stress response to unfolded proteins,
supporting the assumption that the cells’ processing capacity is at its
limit with the elevated level of secreted recombinant protein produc-
tion. Among the 15 most highly enriched GO categories can be found
e.g. protein folding (10-fold enrichment; GO:0006457), response to
unfolded protein (10-fold enrichment; GO:0006986), and response to
topologically incorrect protein (10-fold enrichment; GO:0035966), re-
flecting the cells’ reaction to the increased amount of incorrectly folded
proteins present in the ER. Additionally, to reduce the protein folding
load on the ER, general translational attenuation occurs by the phos-
phorylation of elF2a (a-subunit of eukaryotic translation initiation
factor 2) as part of the UPR (Walter and Ron, 2011), represented by the
enriched GO categories of e.g. regulation of translational initiation by
elF2 alpha phosphorylation (96-fold enrichment; GO:0010998) and
regulation of translation in response to stress (63-fold enrichment;
GO0:0043555). Furthermore, the gene set also contains all the most
highly upregulated unigenes with a heat shock protein annotation of
the HA25 dataset presented in Fig. 5, indicating the protein folding and
the stress response to be the most prominent reactions of the host cells
to the infection and heterologous protein production.

To further investigate the characteristics of the host cells’ stress
response to simultaneous baculovirus infection and secreted protein
production, the enriched pathways were identified with using solely D.
melanogaster annotations. As expected, if the HA specific regulated gene
set is analyzed with the KEGG pathway mapping tool, “Protein pro-
cessing in endoplasmic reticulum” is among the top ranked pathways at
position 2 after “Metabolic pathways”. Homologues of two key players
of the UPR (Grootjans et al., 2016) can be found among these genes: BiP
(Hsc70-3; UN016518) and PERK (PEK; UN064014). At physiological
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conditions, BiP can be found bound to the ER luminal domains of
IREla, ATF6a and PERK, the three stress sensors of the UPR. During
heterologous protein production, as the ER exceeds its folding capacity,
the amount of misfolded proteins rises and the UPR is activated. BiP
preferentially binds to the misfolded proteins, therefore upon elevated
levels of incorrectly folded proteins it dissociates from the stress sensors
and thereby activates them. The function of the UPR is to return the
cells to a homeostatic state through various mechanisms, of which some
were found to be upregulated in Tnms42 cells in response to secreted
HA production. One of these aims to reduce the protein folding load on
the ER by general translational arrest through the phosphorylation of
elF2a by PERK. Furthermore, apart from BiP and PERK, another group
of unigenes, mainly heat shock proteins were specifically upregulated
upon infection with the HA virus. These genes encode the Droj2 (DNA-
J-like-2; UN063888), Hsp68 (Heat shock protein 68; UN001910,
UN002604, UN002605, UN015812), Hsp70Bbb (Major heat shock
70 kDa protein Bbb; UN001769, UN045506), Hsp83 (Heat shock pro-
tein 83; UN009070), Hsc70Cb (Hsp70 interacting protein; UN065785)
and 1(2)efl (Lethal (2) essential for life; UN002579, UN026941,
UN028365, UN029422, UN039179, UN062469, UN063826) D. mela-
nogaster homologs and as part of ERAD (ER-associated degradation)
they contribute to the removal of incorrectly folded proteins from the
ER, followed by ubiquitination and degradation in the cytoplasm by the
ubiquitin-proteasome system. Analysis of the 183 regulated unigenes of
the EVC-HA comparison (sharing 121 unigenes with the MC-HA com-
parison) yielded similar results with regard to the activation of the UPR.
The main GO categories related to the stress response induced by se-
creted protein production were also present in the most highly enriched
terms with a nearly identical p-value ranking (data not shown). Fur-
thermore, KEGG pathway mapping revealed “Protein processing in
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endoplasmic reticulum” to be the most highly enriched pathway when
compared to the non-producing infected control cells. The upregulation
of these genes and the activation of the UPR in case of an infection with
the HA virus is a clear indication of the additional stress caused by
secreted protein production in comparison to intracellular products or
non-expressing cells.

Although the cellular transcription decreases due to the baculovirus
replication, the additional burden of folding and protein processing is
specifically visible in the host cell transcriptome. UPR has been de-
scribed for recombinant protein expression in animal cells before
(Hussain et al., 2014), as well as for viral infection (Chan, 2014a).
However, in this study we showed that UPR is even more pronounced
when a secreted protein is recombinantly produced during a viral in-
fection. In addition, there is a major difference between a recombinant
protein that is being processed and secreted and a protein that stays in
the cytoplasm. Future studies, including quantitative PCR (polymerase
chain reaction) experiments will serve to identify and verify chosen
target transcripts. The expected increasing availability of T. ni genome
sequence data and gene annotations will facilitate further investiga-
tions. Once the activation of the UPR has been quantified in more de-
tail, overexpression of some key players might help to increase the
protein processing capacity of insect cell lines.

4. Conclusions

In the framework of this study, the alphanodavirus-free Tnms42 cell
line was investigated with regard to differentially regulated host genes,
triggered by various recombinant baculoviral infections. Comparative
transcriptome analysis was conducted to reveal the differences in the
specific host response to a viral infection on the one hand inducing the
production of a complex, glycosylated protein, the secreted version of
influenza A virus derived hemagglutinin H1. On the other hand,
mCherry was selected as an intracellular model protein, an easy to
express and detect, stable fluorescent molecule. Samples were collected
throughout the 48-h long experiment that was followed by deep se-
quencing, read alignment and subsequent functional annotation of the
transcripts. Detection of the recombinant products by immunoblotting
revealed that in case of HA, high amounts of the protein was stuck in
the cell pellet in the form of aggregates and not properly folded or
glycosylated molecules, reducing the yield of functional protein in the
supernatant. Furthermore, among the most highly upregulated uni-
genes, numerous chaperones and heat shock proteins were identified,
mainly emerging from 48h p.i. and one of the recombinant datasets
(MC, HA). These results imply that the cells specifically react to the
stress caused by the viral infection and the parallel secreted protein
production, by upregulating various host factors responsible for the
correct folding, glycosylation and proper disulfide bridge forming. This
assumption was proven to be correct as the GO enrichment analysis of
the subset of 319 unigenes specifically regulated in the HA dataset at
48h p.i. compared to MC identified UPR and protein folding related
categories among the most highly enriched terms. KEGG pathway
analysis further supported these findings as the second most prominent
category related to these unigenes is protein processing in the ER with
upregulated unigenes encoding proteins such as BiP and PERK. The key
proteins identified to be involved in this severe reaction of the host
might serve as promising targets for molecular engineering to achieve a
cell line overcoming the bottlenecks of secreted protein production and
thus achieving higher yields.
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Abstract: The baculovirus-insect cell expression system is a popular tool for the manufacturing
of various attractive recombinant products. Over the years, several attempts have been made to
engineer and further improve this production platform by targeting host or baculoviral genes by
RNA interference. In this study, an inducible knockdown system was established in insect (5f9) cells
by combining an artificial microRNA precursor mimic of baculoviral origin and the bacteriophage
T7 transcription machinery. Four structurally different artificial precursor constructs were created
and tested in a screening assay. The most efficient artificial microRNA construct resulted in a 69%
reduction in the fluorescence intensity of the target enhanced yellow fluorescent protein (eYFP).
Next, recombinant baculoviruses were created carrying either the selected artificial precursor mimic
under the transcriptional control of the T7 promoter or solely the T7 RNA polymerase under a
baculoviral promoter. Upon co-infecting Sf9 cells with these two viruses, the fluorescence intensity
of eYFP was suppressed by ~30-40% on the protein level. The reduction in the target mRNA level
was demonstrated with real-time quantitative PCR. The presented inducible knockdown system
may serve as an important and valuable tool for basic baculovirus-insect cell research and for the
improvement of production processes using this platform.

Keywords: artificial miRNA; baculovirus-insect cell expression system; RNA interference

1. Introduction

The baculovirus-insect cell expression system (BEVS) is widely used for the manufacturing
of various recombinant products, e.g., virus-like particles to be applied as vaccines [1] or display
scaffolds [2], viral vectors for gene therapy [3], gene delivery vectors [4], and various other complex
proteins. The popularity of this platform lies in its advantageous properties that allow for high product
titers in combination with lower production costs as compared to production in mammalian cells [5] as
well as proper post-translational modifications such as glycosylation [6]. Additionally, several attempts
have been made over the years to make this expression system even more appealing for industrial
use. Besides the establishment of efficient expression vectors along with easy transfection and cloning
procedures, RNA interference (RNAi) has been exploited to specifically downregulate selected genes
during the production process.

RNAI is a conserved biological process using short RNA molecules that include small-interfering
RNAs (siRNAs) and microRNAs (miRNAs) for the regulation of gene expression [7]. siRNAs are
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~21-25 nucleotide (nt) long non-coding double-stranded RNA (dsRNA) molecules that are produced in
response to foreign nucleic acid originating from exogenous invaders (such as viruses or transposons)
to sequence-specifically degrade perfectly complementary target messenger RNAs (mRNAs) [8].
In contrast, miRNAs are ~19-24 nt long non-coding RNA pieces originating from purposefully
expressed stem-loop precursors with an incomplete double-stranded character, called primary miRNA
(pri-miRNA) transcripts. Unlike siRNAs, miRNAs show imperfect complementarity to their target
mRNA sequences, and they mediate translational repression and transcript degradation [9].

In general, several studies have been carried out in insect cells focusing on the exploitation
of the RNAi pathway to create a tool for gene function studies and to improve the production
system by specific regulation of host or baculoviral gene expression. Huang et al. [10] established a
baculovirus-based system in Spodoptera frugiperda Sf9 cells to achieve the synthesis of long hairpin
dsRNAs in vitro that might serve as a reverse genetics tool. Although long dsRNAs are easy to
design and they abolish the expression of a target gene effectively, the processing of a long hairpin
may result in multiple siRNA duplexes targeting various genes, which carries the risk of severe
off-target effects [11]. Another, possibly more target-specific approach utilizes short hairpin RNAs
(shRNAs). Studies [12] report the successful downregulation of N-acetylglucosaminidase to generate
more mammalian-like glycosylation in Trichoplusia ni cells using sShRNAs delivered by DNA vectors.
Others [13] aimed at an improved production platform by targeting S. frugiperda caspase-1 using
a baculoviral shRNA vector. However, in order to obtain well-defined transcript termination, the
expression of shRNAs in vivo necessitates the use of strong Pol IlI promoters, which not only limits
the application of the system but may also cause cytotoxicity in the host cells [14].

Alternatively, synthetic siRNAs that target a chosen gene can be embedded within endogenous
pri-miRNA transcripts that serve as backbones. The expression of such mimics can be driven by
Pol II promoters to overcome the cytotoxicity linked to Pol III promoters [14]. The pri-miRNA
carrying the synthetic siRNA—or the so-called artificial microRNA (amiRNA)—mimics the natural
transcript and is recognized and processed by the host cell’s microRNA biogenesis pathway [15].
Briefly, concurrently with transcription by RNA polymerase 11, the natural pri-miRNA transcript
(or a mimic) is cleaved by the microprocessor complex comprising one molecule of Drosha and two
molecules of its cofactor Pasha [16]. The resulting ~70 nt long precursor hairpin structure, known
as the pre-miRNA, is thereafter exported to the cytoplasm by the transporter protein Exportin-5
together with Ran-GTP. Here, another processing complex consisting of Dicer-2 and its cofactors the
dsRNA-binding proteins Loquacious PD isoform (Logs-PD) and R2D2 cleaves the pre-miRNA to
short double-stranded RNA fragments [17]. Next, through the binding of Argonaute 2 (Ago2) protein
with the RNA duplex, the precursor RNAi-induced silencing complex (pre-RISC) is formed [18]. The
mature RISC contains only the strand with the less stable base pair (bp) at the 5" end, called the
guide strand, whereas the other strand of the RNA duplex (passenger strand) is cleaved. When
a pri-miRNA transcript mimic is processed, the customized amiRNA sequence is loaded into the
mature complex [15]. Finally, this activated multi-enzyme complex cleaves complementary mRNA
sequences [7]. Haley et al. [11] established such a system in Drosophila melanogaster S2 cells and
transgenic flies. Moreover, Zhang et al. [19] reported that the use of Bombyx mori nucleopolyhedrovirus
pri-miRNA mimics to effectively inhibit viral replication in silkworm.

The pri-miRNA transcript of Autographa californica nucleopolyhedrovirus miR-1
(AcMNPV-pri-miR-1) is the first and, to our knowledge, so far only miRNA discovered in the
genome of AcMNPV [20]. To reveal and assess its silencing capabilities as a pri-miRNA mimic
backbone, the original siRNA duplex within the stem-loop structure was replaced by a synthetic
sequence targeting eYFP. Additionally, four different structural versions of the natural transcript were
created by applying small changes in the stem sequences and the flanking regions according to general
design rules [14]. To evaluate the silencing potency of these customized constructs, a plasmid-based
screening was carried out. According to this data, the most effective stem-loop structure was selected
for insertion into the genome of AcMNPV. For the transcriptional control of the most effective silencer
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mimic, a T7-based expression system was developed. The bacteriophage T7 transcription machinery
is an attractive system due to its strict promoter selectivity and high catalytic activity [21]. Several
successful attempts have been made in past years with the aim of utilizing this 100 kDa prokaryotic
enzyme for protein expression in eukaryotic cells, including mammalian [22], insect [23,24], and
plant [25] cell lines.

The experimental setup presented here relies on two viral vectors. One recombinant baculovirus
was designed to harbor an amiRNA construct linked to the bacteriophage T7 promoter, while the
corresponding T7 RNA polymerase (I7 RNAP) with an additional nuclear localization signal was
expressed by a second viral vector. The selective transcriptional activity, together with the fact that
the functional expression of the amiRNA construct depends on the presence of the T7 RNAP that is
encoded on a separate virus constitute an inducible system. Even when essential genes are targeted
for downregulation, the two viral expression vectors can be produced efficiently whenever they are
separate from each other. We could show that the T7 RNAP is functional in Sf9 cells as it activates
the transcription of genes that are under control of the T7 promoter. We further demonstrated that
amiRNAs are functional after transcription by the T7 RNAP as they successfully downregulated the
reporter gene eYFP. Our T7-based inducible expression system may serve as a valuable tool for gene
regulation during a production process, e.g., by altering the glycosylation pattern or downregulating
essential genes such as proteases or proteins involved in baculovirus assembly.

2. Results and Discussion

2.1. amiRNA Construct Design

Here we describe a novel, inducible knockdown system established in 5f9 cells. Our approach
is based on combining the transcription machinery of the prokaryotic bacteriophage T7 [23] with
RNAi-based amiRNA constructs derived from the AcMNPV-pri-miR-1 transcript [20]. One common
way to establish a targeted RNAi system is to exploit the endogenous miRNA biogenesis pathway by
embedding a small, artificial RNA molecule into the hairpin structure of a natural pri-miRNA transcript.
This method is considered more advantageous over the traditional siRNA-based approaches, as it
confers higher gene silencing efficiency in combination with reduced off-target effects [26]. Since
baculoviruses take control of the host cell synthesis machinery as part of the infectious cycle and
downregulate almost all cellular genes [27], it was of importance to select a viral miRNA precursor,
which is highly abundant during the infection cycle. Thus, the 58 nt long precursor hairpin of the
baculovirus-encoded AcMNPV-miR-1 (AcMNPV-pre-miR-1) was selected. The 20 nt long processed
miR-1 targets the viral gene ac94 (ODV-E25) [28]. In our experimental setup, the eYFP was chosen
as a model target for the amiRNA. Therefore, each hairpin harbored a highly effective, previously
described customized siRNA sequence targeting enhanced green fluorescent protein (eGFP) [29].
Notwithstanding that a slightly different eGFP variant was applied in this study, the synthetic duplex
embedded in the amiRNA constructs was still applicable to estimate the silencing capacity of the
proposed system, as the eYFP sequence used in these experiments also contained the target nucleotides
of the published synthetic siRNA.

Overall, four artificial versions of the AcCMNPV-pri-miR-1 transcript were generated: amiR-1A,
amiR-1B, amiR-1C, and amiR-1D (amiR-1A-D). Sequences of the amiRNA constructs are listed in
Table 1, and the precursor hairpin structures (without the flanking regions) are presented in Figure 1.
The 58 nt long amiR-1A hairpin construct mimics the natural AcMNPV-miR-1 in all aspects, as they
share the same internal structure and the nucleotide composition of the pre-miRNA backbone stem
and loop. Moreover, amiR-1A contained 31 nt long flanking regions of the natural AcMNPV-pri-miR-1
transcript upstream and downstream of the hairpin without internal restriction sites, since the construct
was synthesized as a single piece of DNA fragment. The processing of the artificial construct by the
miRNA biogenesis pathway should result in a 20 nt long guide strand. This small RNA contains a base
pair mismatch to the target eYFP sequence at the terminal 3’ nucleotide (T—C). Thereby, the 3’-end
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becomes more stably paired to the passenger strand (in comparison to the 5" end starting with A) and
facilitates its incorporation into the RISC. Additionally, a mismatch at the 3" end of the guide strand
was shown to be advantageous, as it induces more potent silencing in mammalian cells [30].
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Figure 1. amiRNA precursor hairpin structures. Four structural versions of the AcCMNPV-pri-miR-1
transcript were created: amiR-1A-D. The guide strands targeting eYFP are highlighted in blue, whereas
the additional nucleotides in the stem regions (in comparison to the AcMNPV-pre-miR-1 hairpin) are
showed in green. The anticipated Drosha and Dicer-2 cut sites (as a result of the extra nucleotides) are
marked with dashed lines in the amiR-1C and amiR-1D structures.

Based on the effectiveness of similar setups [11,31], the internal structure of the stem-loop
constructs amiR-1B-D was substantially different from that of amiR-1A (Figure 1), as the stem region of
these hairpins showed perfect complementarity, thereby lacking the bulges and mismatches that can be
found in the pre-miR-1. Furthermore, the longer flanking regions of 120 nt upstream and downstream
of the stems necessitated a different, but commonly used cloning procedure (see Section 3.2), where
the insertion of the hairpins, as annealed oligonucleotides (oligos), was facilitated by restriction sites
between the flanking regions, resulting in short scar sequences between the hairpin’s ends and the
flanking sequences. This, however, did not seem to interfere with the processing of the amiRNA as
shown for the amiR-1C construct (see Appendix A section “Detection of Mature amiRNAs”). Apart
from these differences, the 56 nt long amiR-1B construct shares the exact same embedded 20 nt guide
strand with the amiR-1A hairpin structure, including the above-mentioned mismatch at Position
20. The amiR-1C and amiR-1D constructs were modified based on previous findings regarding the
two possible mechanisms of cleavage site recognition of the microprocessor complex (consisting of
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Drosha and its cofactor Pasha) in the early steps of the miRNA biogenesis pathway. According to
this data [32-34], the dominant process is that, with Pasha serving as a molecular ruler, the enzyme
complex cuts 11 nt distant from the basal junction along the stem of the pri-miRNA hairpin structure.
In contrast, the less governing cleavage mechanism initiates the cleavage 22 nt distant from the apical
junction. Theoretically, in order to achieve precise cleavage, pri-miRNA transcript mimics should
be designed in such a way that both mechanisms lead to the same cleavage sites. However, neither
the natural hairpin structure of AcMNPV-pri-miR-1 nor the mimic constructs amiR-1A or amiR-1B
fulfills the 11 nt or the 22 nt distance criterion mentioned above. The amiR-1C and amiR-1D stem-loop
constructs were nevertheless designed with regard to these distance constraints. The guide strand
embedded in the 60 nt long amiR-1C hairpin was identical to the original 21 nt long siRNA published
previously [29]. It contained no mismatches to the target eYFP (as opposed to amiR-1A-B), and an
extra C-G bp was inserted into the stem region of the construct between the artificial RNA duplex
and the loop. These two modifications increase the distance between the basal and apical junctions to
22 nt, making the structure accessible to the secondary microprocessor cleavage mechanism. The 72 nt
long amiR-1D construct includes the complete hairpin of the amiR-1C stem-loop structure with an
additional 6 nt stem extension to increase the distance between the basal junction and the required
cut site to 11 nt. Thus, regardless of the preferred cleavage process of the microprocessor complex,
the processing of the amiR-1D construct should lead to the same precursor hairpin product. For
the precise assessment of the four constructs (amiR-1A-D), controls with matching structures and
scrambled embedded siRNA sequences were created: amiR-1As, amiR-1Bs, amiR-1Cs, and amiR-1Ds
(amiR-1As-Ds).

2.2. Plasmid-Based Evaluation of the amiRNA Constructs

A plasmid-based screening assay was carried out, to evaluate and select the best amiRNA
construct. Sf9 cells seeded into 6-well plates were transfected with 200 ng of the reporter
plasmid pACEBacliel-eYFP in combination with 2 ug of one of the eight following plasmids:
pACEBaclielamiR-1A-D or pACEBaclielamiR-1As-Ds (control). Forty-eight hours post-transfection
(h p.t.), the silencing efficiency was evaluated by microscopy and flow cytometry. Figure 2 shows the
matching phase contrast and fluorescence images of the co-transfections. A merely visual estimation
of the images suggests that the strongest silencing on the protein level was achieved (in comparison
to the structure-specific scrambled controls), when either the amiR-1B or amiR-1C construct was
applied, whereas in the case of amiR-1A or amiR-1D hardly any difference could be observed
between the control and sample fluorescence images. These results were further supported by the
data obtained by flow cytometry measurements (Figure 2). As a basis of comparison, the sum of
intensity (overall fluorescence intensity) values was calculated by multiplying the fluorescent cell
count with the arithmetic mean of the fluorescence intensity. According to this, the amiR-1B and
amiR-1C hairpin constructs were the most efficient mimics in silencing the target gene eYFP, with
59% and 69% reductions in the overall fluorescence, respectively. The increased distance between the
hairpin’s apical and basal junctions in amiR-1C might have increased the processing efficiency by the
microprocessor complex, leading to a greater decrease in eYFP fluorescence intensity as compared
to amir-1B. In contrast, the lowest efficiency of 14% reduction in eYFP intensity was achieved with
amiR-1D, containing the most modifications as compared to the original AcMNPV-miR-1 precursor
structure. This suggests that certain changes or too many modifications are not tolerated by the
endogenous miRNA processing pathway. Surprisingly, the amiR-1A construct achieved only a 20%
reduction in eYFP intensity, despite a high resemblance to the original AcMNPV-miR-1 precursor
hairpin. A reason behind this could be the rather short flanking regions included in this construct. As
the amiR-1A mimic contains only 31 nt single stranded flanking RNA upstream and downstream of the
hairpin structure, it is possible that this has an impact on the secondary structure of the construct. Based
on these results, the amiR-1C hairpin construct was considered most effective for the downregulation
of the target eYFP with the embedded amiRNA and was selected for further studies. However, it must
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be noted that the embedded amiRNA might affect its processing in the hairpin; thus, one of the other
constructs may prove to be more effective in combination with other amiRNA sequences.
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Figure 2. Plasmid-based screening of the amiRNA constructs with fluorescence microscopy (a) and
flow cytometry (b). Sf9 cells were co-transfected with the reporter plasmid pACEBacliel-eYFP (200 ng)
in combination with one of the four artificial hairpin constructs (pACEBaclielamiR-1A-D; 2 ug) or
the four controls (pACEBaclielamiR-1As-Ds; 2 pg). The silencing efficiency was evaluated at 48 h
p-t. (a) The microscopy images (100x magnification) imply that the highest silencing activity was
achieved by amiR-1B and amir-1C, whereas amir-1A and amiR-1D seemed to have no remarkable
effect on the overall eYFP fluorescence, when compared to the structure-specific scrambled controls.
(b) Data obtained by flow cytometry show that amiR-1B and amir-1C reduced the overall eYFP
fluorescence by 59% and 69%, respectively. In comparison, amiR-1A and amiR-1D resulted only in
fluorescence reductions of 20% and 14%, respectively. The hollow diamonds represent values of the
individual measurements, whereas the full diamonds stand for the average sum of intensity value for a
given construct.

2.3. The Inducible Knockdown System

The amiR-1C hairpin structure was selected based on the preliminary screening experiments as the
most efficient gene silencer. The baculoviruses Ac-T7amiR-1C_ ieleYFP and Ac-T7amiR-1Cs_ ieleYFP
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harboring the eYFP under the control of the iel promoter, together with either the amiR-1C or the
amiR-1Cs pri-miRNA under the control of T7 promoter, respectively. The inducibility of the system
lies in the fact that, in the absence of the T7 RNAP, the hairpin structures are not transcribed, as
the T7 promoter is inactive without its corresponding T7 polymerase. Therefore, the Ac-ielT7RNAP
virus served as the inducer of the silencing effect. Before the setup of the inducible system, the
expression and the functionality of the Ac-ielT7RNAP virus was confirmed with immunoblotting and
an in vitro transcription assay (see Figure Al). The system’s mechanism of action is illustrated
in Figure 3. Briefly, for the transcription of a pri-miRNA transcript mimic and the subsequent
production of a mature amiRNA, the simultaneous presence of either the Ac-T7amiR-1C_ ieleYFP or
the Ac-T7amiR-1Cs_ ieleYFP (control) baculovirus (Virus A) and the Ac-iel1T7RNAP virus (Virus B)
is necessary. Upon co-infection of 5f9 cells with the two recombinant baculoviruses, the T7 RNAP
expressed from Virus B transcribes the pri-miRNA transcript mimic encoded by Virus A. The entry of
this transcript into the host’s endogenous miRNA processing pathway is followed by the digestion with
the Drosha and Dicer-2 nucleases, resulting in an amiRNA duplex containing either an eYFP targeting
(amiR-1C) or a scrambled control (amiR-1Cs) guide amiRINA strand. The mature RISC containing only
the guide amiRNA strand initiates the degradation of perfectly complementary mRNA sequences and
thereby impedes translation and product formation of eYFP (provided that the Ac-T7amiR-1C_ieleYFP
virus was used as Virus A).
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Figure 3. Mechanism of the inducible silencing system targeting eYFP. Upon the co-infection of the
Ac-T7amiR-1C_ieleYFP virus (Virus A) and the Ac-iel T/RNAP virus (Virus B), the T7 RNAP expressed
from Virus B (1) transcribes the pri-miRNA transcript mimic harboring the eYFP targeting amiR-1C on
Virus A (2). The transcript enters the host’s miRNA biogenesis pathway, where it is processed by the
Drosha and Dicer-2 nucleases (3). The resulting amiRNA duplex provides the guide strand (4) and
thereby activates the RNA-induced silencing complex (RISC) that cleaves the perfectly complementary
mRNAs of eYFP (1,5), thereby impeding its translation and the product formation. No silencing occurs
in the control reaction, where the Ac-T7amiR-1Cs_ ieleYFP is used as Virus A.
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5f9 cells were co-infected at various multiplicity of infection (MOI) combinations with the
Ac-ie1T7RNAP virus and either the Ac-T7amiR-1C_ ieleYFP or the Ac-T7amiR-1Cs_ ieleYFP (control)
baculovirus. Samples were collected 48 h post-infection (h p.i.) to evaluate the silencing efficiency
of the selected artificial hairpin structure (amiR-1C) in comparison to its scrambled sequence control
(amiR-1Cs) on the protein level. Figure 4 shows the flow cytometry results of co-infections, where
the MOI of the Ac-T7amiR-1C_ieleYFP and Ac-T7amiR-1Cs_ ieleYFP (control) viruses was either 1
or 5, whereas the Ac-iel1T7RNAP was added to the cultures at either MOI 5 or MOI 10. The 5-fold
excess of the Ac-ie1T7RNAP virus resulted in a 37% decrease in the overall eYFP fluorescence intensity,
whereas upon applying a 10-fold excess, a 31% reduction was observed. However, the combination of
both viruses at MOI 5 turned out to be a less efficient setup, since only a minor reduction of 8% was
perceivable in the fluorescence intensity. There are several possible reasons behind the relatively low
efficiency of silencing observed with the virus-based inducible system in comparison to the results
of the plasmid experiments. First, as the plasmid-based mimic vectors silence the target eYFP in
a dose-dependent manner, the ratio between the target and the mimic is essential. However, the
inducible system utilizes the T7 promoter for the transcription of the mimics and the iel promoter for
eYFP, which changes the relative amounts of the silencer and the target. Second, a prerequisite for
the expression of the mimics is the presence of a functional T7 RNAP in the same cell. However, the
viruses are added concurrently to the insect culture, thus the RNAP and the target eYFP are being
expressed simultaneously. This leads to a certain amount of pre-existing target protein, before the
processing of the mimic. Furthermore, the eYFP is known to be a rather stable protein [35], which also
contributes to the observed effects. Nevertheless, the flow cytometry data on the protein level indicate
the functionality of the inducible system on a viral basis, which was further confirmed on the RNA
level with real-time quantitative PCR (RT-qPCR).
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Figure 4. Flow cytometry results of the virus-based inducible system. Sf9 cells were co-infected with
the fusion virus Ac-T7amiR-1C_ ieleYFP (Virus A) at MOI 1 in combination with the Ac-ielT/RNAP
virus (Virus B) in either 5-fold or 10-fold excess (MOI 5 or MOI 10), resulting in a reduction of 37% and
31% in the overall fluorescence intensity, respectively. In case both viruses were added at MOI 5 to
the culture, only a slight decrease of 8% was observable. All values are calculated and compared to
co-infections with the construct-specific scrambled control virus Ac-T7amiR-1Cs_ ieleYFP (100%) under
the same conditions. All co-infections were repeated three times. The hollow diamonds represent
values of the individual measurements, whereas the full diamonds stand for the average sum of
intensity value for a given construct.
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2.4. Evaluation of the Inducible System on the RNA Level

To reveal, whether the reduction in overall eYFP fluorescence intensity was indeed the effect
of specific downregulation, the processing and presence of mature amiRNAs was confirmed (see
Figure A2) and the decrease in the eYFP mRNA level was quantified by RT-qPCR. Again, samples
were obtained from co-infected (Ac-T7amiR-1C_ ieleYFP or Ac-T7amiR-1Cs_ ieleYFP virus at MOI
1 or 5 in combination with Ac-ielT7RNAP virus at MOI 5 or 10) Sf9 cultures. After total RNA
extraction and genomic DNA removal, a one-step reverse transcription and RT-qPCR reaction was
carried out using specific primers for eYFP. The data were evaluated using the 2444 method [36].
For the calculation of AACq values and corresponding fold change values presented in Figure 5,
ACq control values originating from co-infections with the construct-specific scrambled control virus
Ac-T7amiR-1Cs_ ieleYFP (AACq = 0 or fold change of —1) under the same conditions were applied.
The results were consistent with those from flow cytometry analysis. The co-infection with 5-fold
excess (MOI 5) of the Ac-iel1T7ZRNAP virus compared to Ac-T7amiR-1C_ieleYFP (MOI 1) resulted
in a AACq value of —0.34 corresponding to a 1.3-fold reduction in the eYFP mRNA level, whereas
applying the RNAP virus in 10-fold excess (MOI 10) lead to a stronger decrease with a AACq value of
—0.59, indicating a 1.5-fold reduction in eYFP mRNA. However, the co-infection containing the same
amounts of both viruses (MOI 5) did not result in a statistically significant suppression in the target
mRNA level with a AACq value of —0.11 and a corresponding 1.1-fold reduction.
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Figure 5. RT-qPCR results. RNA samples originating from Sf9 cells co-infected with
Ac-T7amiR-1C_ ieleYFP virus (Virus A) at MOI 1 or MOI 5 in combination with Ac-iel1T7ZRNAP
virus (Virus B) at MOI 5 or MOI 10 were used for RT-qPCR analysis. In case a lower MOI of 1 was
applied from the fusion virus Ac-T7amiR-1C_ ieleYFP together with a 5-fold (MOI 5) or 10-fold (MOI
10) excess of the Ac-ie1T7RNAP virus, AACq values of —0.34 (fold change -1.3) and —0.59 (fold change
-1.5) were observed, respectively. The co-infection with MOI 5 of both viruses yielded only a slight
reduction in the eYFP mRNA level with a AACq value of —0.11 (fold change —1.1). All co-infections and
RT-qgPCR measurements were repeated three times. Statistically significant differences in comparison
to the construct-specific scrambled control infections with Ac-T7amiR-1Cs_ ieleYFP virus under the
same conditions: * p < 0.05.

3. Materials and Methods

3.1. Insect Cells and Culture Conditions

519 cells (ATCC CRL-1711) were propagated in HyClone SFM4 insect cell medium (GE Healthcare,
Little Chalfont, UK) supplemented with 0.1% Pluronic F68 (Sigma-Aldrich, St. Louis, MO, USA).
Fifty-milliliter suspension cultures were cultivated in 500 mL flasks at 27 °C with a shaker speed of
100 rpm.
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3.2. amiRNA Plasmid Constructs

The 600 nt long promoter sequence upstream of the baculoviral immediate-early gene (ie1) was
PCR amplified using the baculovirus shuttle vector originating from Max Efficiency DH10Bac cells
(Invitrogen, Carlsbad, CA, USA) as template. The fragment was then cloned between the Clal and
BamHI restriction sites of the MultiBac acceptor vector pACEBacl (EMBL, Grenoble, France), thereby
replacing the original polyhedrin (polh) promoter and resulting in the pACEBacliel vector. The
baculovirus shuttle vector harbored by DH10MultiBacY cells (EMBL, Grenoble, France) was used as
template to obtain a PCR fragment of the gene encoding the eYFP (KT878739), which was cloned into
the pACEBacliel vector and thus gave rise to the pACEBaclieleYFP reporter plasmid.

To facilitate the setup of the inducible system, a special donor vector was created. A 344 nt long
fragment containing (in order) the T7 RNAP promoter sequence, 120 nt-s of the 5" flanking region of the
natural miR-1 precursor hairpin [20], a mini multi cloning site (MCS), 120 nt-s of the 3’ flanking region
of the pre-miR-1 hairpin, and the T® terminator sequence was chemically synthetized by IDT (Leuven,
Belgium). After PCR amplification, the product was cloned between the Spel and Pmel sites of the
MultiBac donor vector pIDS (EMBL, Grenoble, France), thus replacing the original cloning cassette
and resulting in the pIDST7amiR plasmid. The sequence of the above-described T7amiR fragment
embedded in pIDS is presented in Table 1.

Table 1. Sequences used for the cloning of the artificial miRNA constructs.

Fragment Name Nucleotide Sequence 5 to 3’

TAATACGACTCACTATAGGGCTGCAGGTCTATAGATAGCGGTTTTTC
GGCAATATACACTTGGCTCAATTTATTATCGCCGTGTGCGATGCGCAAG
TTGGCCACCCGGCCGTTATTCAGCTTTACGTTTAATTGTTTGTTCTCGTC

ggatccgaattectcgagtctagn AAATTTAATGCATTCGTCCAATAAAGATAA
AACAGTATGAGCAAAACGATAAGTAACACGATTCC
CCACATGATTTGTTTTAATTTACAATTTCAATTCCAATGAGATTTAGGTT
GTGCAGGTACCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCIT
GAGGGGTTTTTTG
TCAGCTTTACGTTTAATTGTTTGTTCTCGTCTAAGGCTACGTCTATACTG
amiR-1A hairpin construct CTCTATCCTAAACTGGATGATATAGACGTTGTGGCCTTGAAATTT
AATGCATTCGTCCAATAAAGATAAA
TCAGCTTTACGTTTAATTGTTTGTTCTCGTCTAAACACTCTCAGTAACT
amiR-1As hairpin construct GCGACTCCCTAAACTGGGATCTTACTGAGACAGGTGTTTGAAATTTA
ATGCATTCGTCCAATAAAGATAAA
g9atccTAAGGCCACAACGTCTATATCATCCTAAA
CTGGATGATATAGACGTTGTGGCCTTAfctaga
ggatccTAAACACTCTCTCGGGTAAAATCCCTAAACTGG
GATTTTACCCGAGAGAGTGTTTAtctaga
39atccTAACAGCCACAACGTCTATATCATGCCTAAACTGGC
ATGATATAGACGTTGTGGCTGTTAfctaga
g9atccTAAACACCTCTCTCAGGTAAAATCGCCTAAACTGGC
GATTTTACCTGAGAGAGGTGTTTAfctaga
88atccTGAGCGTAACAGCCACAACGTCTATATCATGCCTAAACTGGC
ATGATATAGACGTTGTGGCTGTTACATTCAtctaga
g3atccTGAGCGTAAACACCTCTCTCAGGTAAAATCGCCTAAACTGGC
GATTTTACCTGAGAGAGGTGTTTACATTCAtctaga

The restriction enzyme sites are in italic small caps. The guide strands of the synthetic siRNA duplexes embedded
in the amiRNA hairpins are underlined.

T7amiR fragment

amiR-1B hairpin construct

amiR-1Bs hairpin construct

amiR-1C hairpin construct

amiR-1Cs hairpin construct

amiR-1D hairpin construct

amiR-1Ds hairpin construct

As a basis for the amiRNA constructs, the ACMNPV-pri-miR-1 transcript served as a backbone [20].
The original siRNA duplex within the transcript was replaced with a synthetic one containing a siRNA
sequence previously proven to be highly effective against its original target eGFP [29]. Furthermore,
small changes were applied to the stem sequences, to create overall four altered versions of the
AcMNPV-miR-1 hairpin structure: amiR-1A, amiR-1B, amiR-1C, and amiR-1D. In addition to the
diversity in the stem-loop structures, there are differences in the length of the flanking regions that
were obtained from the natural AcMNPV-pri-miR-1 transcript. Moreover, for each of the amiRNA
constructs, a corresponding control was also created by scrambling up the sequence of the given eGFP
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targeting siRNA duplex incorporated in the amiRNA backbone: amiR-1As, amiR-1Bs, amiR-1Cs, and
amiR-1Ds. Sequences of the modified amiRNA hairpin constructs and the scrambled controls are listed
in Table 1.

The diverse design of the amiRNA constructs necessitated different cloning procedures for
the structures. For amiR-1B, amiR-1C, and amiR-1D (amiR-1B-D) and amiR-1Bs, amiR-1Cs, and
amiR-1Ds (amiR-1Bs-Ds), a method described previously was applied. Briefly, each of the stem-loop
structures was ordered as two single-stranded, complementary, synthetic oligos from Sigma-Aldrich
(St. Louis, MO, USA). The oligos were then pairwise annealed according to the manufacturer’s
instructions and subsequently cloned between the BamHI and Xbal sites of the mini MCS in
between the 120 nt long flanking regions of the pre-miR-1 hairpin in the donor vector pIDST7amiR,
thus resulting in the plasmids pIDST7amiR-1B-D and pIDST7amiR-1Bs-Ds. Furthermore, for the
transfection experiments carried out in Sf9 cells that served as a preliminary screening of the constructs
(see Section 3.3), the backbone of the pACEBacliel vector was used. To this end, the plasmids
pIDST7amiR-1B-D and pIDST7amiR-1Bs-Ds served as template for the PCR amplification of the six
different fragments, each containing the 120 nt 5" flank, the stem-loop, and the 120 nt 3" flank (without
the T7 RNAP promoter and terminator sequences). The amplified products were subsequently cloned
between the Sall and Notl sites of pACEBacliel, giving rise to the plasmids pACEBaclielamiR-1B-D
and pACEBaclielamiR-1Bs-Ds.

The nucleotide sequences encoding the stem-loops amiR-1A and amiR-1As, including the 31 nt
long flanking regions of the natural AcCMNPV-pri-miR-1 transcript on both sides of the stems, were
chemically synthetized as single pieces by IDT (Leuven, Belgium). For the screening experiments,
the fragments were cloned, after PCR amplification, between the BamHI and EcoRI sites of the
pACEBacliel vector to create the pACEBaclielamiR-1A and pACEBaclielamiR-1As plasmids,
respectively. Furthermore, for the setup of the inducible system, the pIDST7amiR backbone was used
and following another PCR amplification, the resulting stem-loop fragments were cloned between
the T7 RNAP promoter and terminator sequences (Pstl and Kpnl sites) of the donor plasmid. This
removed the 120 nt 5’ flank, the mini MCS, and the 120 nt 3’ flank necessary for the insertion of the
annealed oligos and resulted in the vectors pIDST7amiR-1A and pIDST7amiR-1As. All of the plasmids
described here were confirmed with sequencing.

3.3. Screening of amiRNA Constructs

The preliminary screening experiments for the estimation of the silencing effectiveness of the
different stem-loop constructs comprised of the transfection of insect cells followed by visual estimation
by fluorescence microscopy and subsequent flow cytometry analysis. 5f9 cells were seeded to 6-well
plates with a density of 9 x 10° cells/well and were then pairwise co-transfected with 200 ng of the
reporter plasmid pACEBacliel-eYFP in combination with 2 ug of one of the eight following plasmids:
pACEBaclielamiR-1A-D or pACEBaclielamiR-1As-Ds. The co-transfections were done with FuGene
HD transfection reagent (Promega, Madison, WI, USA) according to the manufacturer’s instructions.
Forty-eight hour post-transcription, the eYFP fluorescence intensity was first evaluated using a Leica
DM IL LED Inverted Laboratory Microscope and the Leica Application Suite v4.6 software (Leica
Microsystems, Wetzlar, Germany). After harvesting the cells, flow cytometry analysis was carried out
using a Gallios Flow Cytometer (Beckman Coulter, Vienna, Austria). For the evaluation of the raw
data, the Kaluzal.2 software (Beckman Coulter) was applied. All co-transfection experiments were
repeated thrice.

3.4. Cloning of the Bacteriophage T7 RNA Polymerase

The T7 genel encoding the bacteriophage T7 RNAP (AM946981) was PCR amplified using the
lambda DE3 prophage as a template present in Escherichia coli BL21(DE3) cells (New England Biolabs,
Ipswich, MA, USA). To target the mature RNA polymerase into the nucleus of Sf9 cells, where it
is needed for the generation of pri-miRNA transcript mimics harboring the amiRNAs, the forward
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primer used for the PCR amplification contained extra 36 nt encoding the SV40 T antigen nuclear
location signal [23,37]. The obtained fragment was cloned within the BamHI and Xbal sites of the
pACEBacliel vector, resulting in the pACEBacliel1T/RNAP construct.

To generate the Ac-ielT7RNAP recombinant AcMNPYV, the pACEBacliel T/RNAP vector was
transformed into Max Efficiency DH10Bac competent cells (Invitrogen). The purified bacmid DNA
was then transfected into Sf9 cells with FuGene HD transfection reagent (Promega) according to the
manufacturer’s instructions. The amplified viral stock of passage three was used to determine the viral
titer by plaque assay.

3.5. Setup of the Inducible Knockdown System

Acceptor—donor fusion constructs were generated via Cre-LoxP recombination by merging
the reporter plasmid pACEBaclieleYFP with either pIDST7amiR-1C or pIDST7amiR-1Cs, resulting
in the T7amiR-1C_ ieleYFP and T7amiR-1Cs_ ieleYFP vectors, respectively. By transforming the
fusions into Max Efficiency DH10Bac competent cells (Invitrogen) with FuGene HD transfection
reagent (Promega) according to the manufacturer’s instructions, the Ac-T7amiR-1C_ ieleYFP and
Ac-T7amiR-1Cs_ ieleYFP recombinant viruses were created. The titers of the amplified viral stocks of
passage three were determined by plaque assay.

The silencing of eYFP using the inducible viral system was evaluated on the protein level with
flow cytometry. To this end, Sf9 cells seeded into T25 flasks at a cell density of 2.5 x 10° cells/flask were
co-infected with Ac-ielT7ZRNAP together with the Ac-T7amiR-1C_ieleYFP or Ac-T7amiR-1Cs_ieleYFP
virus at various MOI combinations. Forty-eight hours post-infection, the cells were harvested and the
eYFP fluorescence intensity was measured with a Gallios Flow Cytometer (Beckman Coulter). For
the data analysis, the Kaluzal.2 software (Beckman Coulter) was used. The co-infections were set up
three times.

3.6. Real-Time Quantitative PCR

Total RNA was extracted from 1 x 10° cells with TRIzol Reagent (Invitrogen) according to the
manufacturer’s instructions. The genomic DNA contamination of the RNA samples was removed with
the TURBO DNA-free Kit (Invitrogen). Reverse transcription and subsequent RT-qPCR was carried out
in a single reaction with the Luna Universal One-Step RT-qPCR Kit (New England Biolabs) according
to the manufacturer’s instructions. For the quantification of eYFP mRNA levels, sequence-specific
primers (F: 5-GGCACAAGCTGGAGTACAAC-3; R: 5-AGTTCACCTTGATGCCGTTC-3’) that were
designed with the GenScript Real-time PCR Primer Design online software were used. As an internal
reference gene, the insect 285 rRNA [38] was applied (F: 5-GCTTACAGAGACGAGGTTA-3’; R:
5-TCACTTCTGGAATGGGTAG-3"). RT-qPCR was performed in 20 pL reactions consisting of 10 pL of
Luna Universal One-Step Reaction Mix (2x), 1 uL of Luna WarmStart RT Enzyme Mix (20x), 0.8 pL of
forward primer (10 uM), 0.8 pL of reverse primer (10 uM), 5 ng of DNA-free total RNA template, and
nuclease-free water (fill up to 20 pL). The experiments were conducted on a BioRad C1000 Thermal
Cycler in combination with a CFX96 Real-Time PCR Detection System (Hercules, CA, USA) using
the following program: reverse transcription at 55 °C for 10 min, initial denaturation at 95 °C for
1 min, 40 cycles of denaturation at 95 °C for 10 s, and extension at 60 °C for 30 s (with plate read).
Specific amplification was confirmed through melting curve analysis. Each co-infection experiment
was repeated three times, and the data were analyzed using the 2~44 method [36]. For the evaluation
of the statistical significance, the Student’s t-test was applied (p < 0.05).

4. Conclusions

In the framework of this study, a novel inducible knockdown system was established and
evaluated in 5f9 cells. ACMNPV-miR-1 pri-miRNA transcript mimics [20] harboring an artificial miRNA
(targeting eYFP) were designed and assessed with regard to their silencing efficiency. According to
plasmid-based screening experiments, the most potent construct was selected for the subsequent
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evaluation on a viral basis. The inducibility of the viral system lies in the fact that the T7 promoter
is inactive in the absence of the prokaryotic T7 RNAP. Thus, separate viruses were created either
carrying the polymerase under control of a baculoviral promoter (iel) or encoding the pri-miRNA
transcript mimic accommodating an amiRNA regulated by the T7 promoter. The presence of mature
amiRNAs was verified in 5f9 cultures co-infected with these viruses. Flow cytometry measurements
revealed a reduction of approximately 30—40% in the target eYFP’s overall fluorescence intensity in
case the RNAP virus was applied in 5-10-fold excess as compared to the virus carrying the amiRNA.
RT-qPCR measurements revealed a decrease in the mRNA level of eYFP, confirming the silencing effect
and the functionality of the inducible system. The main advantage of the system is that even genes
that are essential for baculovirus propagation can be downregulated. As soon as the two viruses are
combined, any desired silencing effect can be triggered. Furthermore, since this system is based on
the heterologous T7 expression system, the transcription of functional amiRNA sequences becomes
independent of cell-specific Pollll promoters and thus becomes a versatile tool for all animal cells.
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Appendix A

Expression and Activity Assay of the Bacteriophage T7 RNA Polymerase

The T7 RNAP is a 100 kDa prokaryotic enzyme known for its tight promoter specificity and high
catalytic activity [39]. The fact that the T7 promoter does not occur in insect cells and is inactive in the
absence of the T7 polymerase served as a basis for a two-vector-based inducible system. In order to test
the functionality of the bacteriophage T7 RNAP in the insect cell system, we created the baculovirus
Ac-ie1T7RNAP expressing the bacteriophage T7 RNAP with an additional nuclear location signal of
the SV40 T antigen [23,24]. Sf9 cells were infected with the Ac-ie1T/RNAP baculovirus, and samples
(cell pellets) were then collected two days post-infection. First, the cell pellets were used to confirm the
expression of the T7 polymerase by Western blot analysis. Second, to assess the activity of the enzyme,
an in vitro transcription assay [23] was carried out using a short DNA sequence downstream of the T7
promoter as a template.

For the detection of T7 RNAP by Western blot analysis and the subsequent activity assay, Sf9
cells cultivated in a 20 mL suspension culture were infected with the Ac-ielT7RNAP recombinant
baculovirus at an initial cell density of 1 x 10° cells/mL with MOI 5. Samples of 1 x 10° cells
taken at two days post-infection were used for subsequent SDS-PAGE and Western blot analysis,
according to standard protocols [40,41]. Briefly, for the protein separation by SDS-PAGE, a NovexTM
4-12% Tris-Glycine Mini Protein Gel (Invitrogen) was applied, followed by electroblotting onto a
PVDF transfer membrane (GE Healthcare Life Sciences, Vienna, Austria). Immunodetection was
carried out using a primary anti-T7 RNA polymerase mouse monoclonal antibody (US170566-3, Merck,
Kenilworth, NJ, USA) in combination with a secondary anti-mouse IgG alkaline phosphatase labeled
goat antibody (A5153-1ML, Merck, Kenilworth, NJ, USA). Subsequently, the results were evaluated by
visual estimation after the development of the PVDF transfer membrane using BCIP/NBT (Promega).
The immunoblot presented in Figure Al proved the presence of the 100 kDa T7 RNAP upon infection
of insect cells with the Ac-ie1T7ZRNAP virus.

M PC NC Test samples

1500 nt—
M 1200 nt—
100 kDa == == 900 nt—"" . —
(a) (b)

Figure A1. Analysis of recombinant T7 RNAP with immunoblotting (a) and in vitro transcription assay
(b). (a) Antibodies binding specifically the T7 RNAP confirmed the expression of the 100 kDa protein
upon the infection of Sf9 cells with the Ac-iel T7RNAP virus in in the pellet of two different viral clones
that were tested. (b) Agarose gel image of the transcript products from the in vitro transcription assay.
The positive control (PC) reaction contained purified, concentrated T7 RNAP. The negative control
(NC) reaction was set up with the cell lysate of 5f9 cells. The test reaction containing homogenized cell
pellet of Ac-ielT7RNAP infected Sf9 cells was set up in duplicate. (M) marker.

To confirm the functionality of the recombinant T7 RNAP, in vitro RNA transcription reactions
were set up [23] using the components of the HiScribe T7 Quick High Yield RNA Synthesis Kit (New
England Biolabs). In all three different reaction mixtures that were applied, a PCR fragment of 900 nt
downstream of the T7 promoter was used as a template. The 20 uL positive control (PC) reaction
contained 2 pL of nuclease-free water, 10 uL of NTP buffer mix, 1 uL of the template fragment (500 ng
DNA), 5 puL (200 U) of a Murine RNase inhibitor (New England Biolabs), and 2 pL of a T7 RNA
polymerase mix. The negative control (NC) and test reaction mixtures were composed of 10 uL
of NTP buffer mix, 1 puL of the template fragment (500 ng DNA), and 5 pL (200 U) Murine RNase
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inhibitor (New England Biolabs). Additionally, the T7 RNA polymerase mix was exchanged to 4 uL of
resuspended cell pellets. The cell lysates were prepared as follows: samples of 2 x 10° cells originating
from an uninfected and the Ac-ielT7RNAP infected Sf9 cultures (see above) were centrifuged at
500 % g for 10 min (Eppendorf microcentrifuge 5415R, Hamburg, Germany) to separate the cells from
the supernatants. The pellets were then resuspended and homogenized in 20 uL of PBS. For the
negative control and test transcription reactions, 4 pL of the non-infected or Ac-iel1T7RNAP-infected
resuspended and homogenized cell pellets were used, respectively. After the transcription (2 h at
37 °C) and DNA-removal step (15 min at 37 °C), the final RNA products were visualized on a 1%
agarose gel (Figure A1) containing 1% v/v sodium hypochlorite for the inactivation of RNAses [42].
Notwithstanding that the concentrated enzyme solution (PC) clearly produced higher amounts of
template transcripts, the test reactions also contained the same size of transcripts, indicating that the T7
RNAP produced in 5f9 cells was active. In contrast, no transcripts were detected in the negative control
reaction. The faint band of ~1400 nt in the PC reaction is most likely due to unspecific amplification by
the concentrated enzyme mix.

Detection of Mature amiRNAs

The functionality of the T7 RN AP on the RNA level was verified with regard to the transcription of
pri-miRNA mimics, of which the processing would subsequently lead to mature amiRNA production
and the degradation of eYFP mRNAs. Thus, co-infected Sf9 samples of the inducible viral system,
originating from the cultures used for the flow cytometry experiments (see Section 3.5) were analyzed
for the presence of mature amiRNAs. As negative control (NC) for amiR-1C and amiR-1Cs, 5f9 cells
were seeded into T25 flasks at a cell density of 2.5 x 10° cells/flask and were infected only with either
the Ac-T7amiR-1C_ieleYFP or the Ac-T7amiR-1Cs_ieleYFP virus at MOI 5, respectively. In the absence
of T7 RNAP, the T7 promoter is inactive and these cultures should not contain processed amiRNAs.

Total RNA was extracted from 1 x 10° infected cells at 48 h p.i. using TRIzol Reagent (Invitrogen)
according to the manufacturer’s instructions. Genomic DNA was removed with the TURBO DNA-free
Kit (Invitrogen). Five hundred nanograms of total RNA were reverse-transcribed using specific
stem-loop primers [43] with the ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs,
Ipswich, MA, USA). The 25 uL end-point PCR reaction mixtures contained 1 pL of cDNA as template,
5 uL of OneTaq Standard Reaction Buffer (5x), 0.5 pL of 10 mM dNTPs, 0.5 uL of 10 pM forward
primer, 0.5 puL of 10 uM reverse primer, 0.125 puL of OneTaq DNA Polymerase, and 17.375 uL of
nuclease-free water. The PCR was run on a Piko 24 PCR machine (Thermo Fisher Scientific, Waltham,
MA, USA) according to the standard protocol recommended by the manufacturer for the OneTaq
DNA Polymerase (New England Biolabs). No-template control (NTC) reactions were also included
in the reverse transcription and end-point PCR steps. The PCR products visualized on a 3% agarose
gel presented in Figure A2 provide a clear proof of the inducible system’s functionality. Bands
representing the mature amiR-1C and amiR-1Cs RNA sequences were only observed in samples of 5f9
cells co-infected with both the Ac-ie1T7RNAP and Ac-T7amiR-1C_ieleYFP or Ac-T7amiR-1Cs_ieleYFP
viruses, respectively. In contrast, no bands were visible in the NTC or NC lanes, as expected. These
results demonstrate the suitability of the T7 inducible system for the production of mature miRNAs on
a viral basis.
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Figure A2. Agarose gel image of PCR amplified amiRNA products originating from the in vitro
transcription assay. Sf9 cells were infected with Ac-ielT7RNAP virus in combination with
Ac-T7amiR-1C_ ieleYFP (amiR-1C) or Ac-T7amiR-1Cs_ ieleYFP (amiR-1Cs) virus. Cell pellets were
harvested 48 h p.i. and total RNA was extracted for a subsequent reverse transcription reaction
using specific stem-loop primers for mature amir-1C and its scrambled control, amiR-1Cs. The
c¢DNA was used for end-point PCR to detect the production of mature amiRNAs (amiR-1C Test
and amiR-1Cs Test). The negative control reactions contained cDNA originating from Sf9 cultures
infected with Ac-T7amiR-1C_ ieleYFP (amiR-1C NC) or Ac-T7amiR-1Cs_ ieleYFP (amiR-1Cs NC) only.
The no-template control (NTC) reverse transcription reactions contained no cDNA. Mature amiRNAs
are produced exclusively upon the simultaneous presence of the Ac-iel1T7RNAP virus together with
either the Ac-T7amiR-1C_ieleYFP or Ac-T7amiR-1Cs_ ieleYFP virus proving the functionality of the
recombinant polymerase and the inducibility of the system. Note that the 21 nt mature amiRNAs
appeared as 62 nt products after the reverse transcription with the stem-loop primers.
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4 CONCLUSIONS

The baculovirus-insect cell expression system is an integral component of recombinant
protein production technologies. The widespread application of this binary system can be
attributed to its advantageous properties, such as high product titers and the extensive
eukaryotic post-translational modifications offered by the insect host. However, the large
scale manufacturing of various, often complex, glycosylated recombinant products with
insect cells is unconventional, as it is linked to a baculovirus infection leading to a complete
viral control over the host cell machinery. Although, this phenomenon strongly affects the
quality and quantity of the recombinant product, so far no systematic studies have been
conducted in baculovirus-infected producer insect cells to elucidate the influencing

parameters on the transcriptome level.

Our hypothesis suggested that the overexpression of a heterologous protein — especially a
secreted one — has an effect on the production host and its stress response during an infection
coupled production process. Certain studies report limited success in improving protein
solubility and secreted product tires upon the co-expression of chaperones during a
production process (Teng et al., 2013; Yokoyama et al., 2000). Based on literature data, we
also selected several chaperones and tested the effect of their overexpression in combination
with the secreted version of Influenza A virus hemagglutinin (unpublished data). However,
the results showed that none of these proteins had any apparent positive influence on the
recombinant product yield, suggesting that the so far uncharacterized interdependence and
synergistic effects of processing enzymes and UPR proteins in infected insect cells need to be

taken into account when designing such experiments.

Therefore, to support the better exploitation of insect cells as an expression system, one part
of the thesis focused on the characterization of transcriptional regulatory and secretory
bottlenecks during recombinant protein production. A comparative transcriptome analysis
was conducted with the alphanodavirus-free Tnms42 cell line comparing the transcriptional
host responses to recombinant AcMNPVs inducing the formation of an intracellular or an
extracellular model protein. Monitoring of the recombinant protein production throughout
the experiment revealed that a large proportion of the secreted model product remained in

the cells, most probably at different stages of its processing, in the form of unfolded or
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misfolded and not properly glycosylated intermediates. Additionally, various chaperones and
heat shock proteins were identified among the most highly upregulated unigenes in the
producer cultures. A special set of 319 genes, specifically regulated in response to the
formation of a secreted recombinant model protein (as compared to the intracellular
product) was identified and subjected to Gene ontology (GO) enrichment analysis. Among the
most highly enriched terms, UPR and protein folding-related categories were found.
According to the KEGG pathway analysis, the second most prominent process these unigenes
engage in is protein folding in the ER, with typical upregulated UPR genes such as BiP and
PERK. Based on this transcriptomic data, the viral infection coupled recombinant protein
production inflicts stress in the producer cells; thus as a specific response, genes involved in
protein processing, glycosylation and UPR are upregulated. These key genes might serve as
targets for future cell line engineering attempts; however, these experiments also proved that
the complexity of the system does not allow us the overexpression of just a single factor in

order to overcome the limitations of the secretory pathway.

The second major objective of the thesis was to develop an inducible system in the
baculovirus-insect cell expression system for the effective downregulation of host or viral
genes. The main motive behind this was the need to downregulate the contaminating
baculovirus particle formation during an infection-coupled production process and thus, to
facilitate the downstream processing of recombinant products. Several publications
demonstrate that a feasible strategy for this would be to delete or downregulate genes that
are essential for baculovirus budding. However, setups that involve the complete deletion of
a gene necessitate the generation of stable cell lines to trans-complement the missing protein
for inoculum production (Chaves et al., 2018; Marek et al., 2011). It is known that stable cell
line generation is cumbersome, not to mention the reduced effectivity when it comes to
inoculum generation. Thus, instead of a complete deletion, another strategy utilizing the
natural RNAI process in combination with the prokaryotic T7 transcription machinery was
developed to be able to downregulate any viral or host genes in a timely defined manner
during an infection process. As a proof of concept, the system was first tested for the
effectiveness using a model protein sequence. Further experiments are currently being

conducted using mimics that target the vp80 and gp64 essential baculoviral genes.
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Four custom-made versions of the A. californica pri-miR1 transcript were designed to harbor
a synthetic siRNA sequence against the target sequence of eYFP (enhanced yellow fluorescent
protein). The mimics were evaluated with regard to their silencing efficiency and the most
promising structure was selected for the setup of the dual viral vector-based, inducible
system. Recombinant baculoviruses were created carrying separately the artificial precursor
mimic under the transcriptional control of the T7 promoter or solely the T7 RNA polymerase
under a baculoviral promoter. Co-infections with various ratios of the two viruses provided
proof for the functionality of the system, as they resulted in the effective downregulation of
the model protein (shown on both the protein and the mRNA level). The main advantage of
the developed system is that inoculums can be raised separately in conventional infection
processes, since the mimic transcripts and the mature siRNAs are only created upon the co-
infection of insect cells with both of the viruses. Additionally, with the heterologous T7
expression machinery, the use of cell specific Pollll promoters can be circumvented, resulting
in an adaptable tool for various animal cells. A patent application encompassing this part of
the work was recently submitted to the European Patent Office (application number:

EP18194719.3).
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Biomarkers of cancer are often glycosylated membrane receptor proteins present on the cellular surface.
In order to develop new antibodies for cancer diagnostics or treatment, it is a main pre-requisite that
these target proteins are available in a native conformation. However, membrane receptor proteins are
notoriously difficult to produce due to their hydrophobic nature and complex architecture. Here, we used
the baculovirus-insect cell expression system to produce budded virus-like particles (VLPs) as the
scaffold for the presentation of complex membrane proteins. Since the human epidermal growth factor
receptor 2 (HER2) is known to be overexpressed in a number of cancers it was chosen as model for a
tumor antigen. VLPs displaying full-length HER2 on the surface were produced in Spodoptera frugiperda 9
(Sf9) insect cells and purified by sucrose gradient ultracentrifugation. The number of secreted particles
was quantified by nanoparticle tracking analysis. To confirm the presence of HER2 protein on the surface,
VLPs were labeled with gold-conjugated antibodies and analyzed by transmission electron microscopy.
Functionality of displayed HER2 was investigated by ELISA and a newly established biolayer interfer-
ometry based technique. Detection was accomplished using the specific monoclonal antibody Herceptin
and filamentous phages displaying a single-chain variable fragment of an anti-HER2 antibody. Significant
stronger binding of Herceptin and anti-HER2 phages to HER2-displaying VLPs as compared to control
VLPs was demonstrated. Thus, we suggest that Sf9 insect cells are highly feasible for the fast and easy
production of various budded VLPs that serve as a platform for full-length membrane receptor
presentation.

© 2017 Published by Elsevier Inc.

1. Introduction

configuration. To date, mammalian cells such as Chinese hamster
ovary (CHO) or human embryonic kidney (HEK) cells are the most

Recombinant production of therapeutically active proteins is the
main pre-requisite and a tremendous challenge for the develop-
ment of cancer specific antibodies, cancer vaccines and diagnostics
[1]. The specific antigen has to be available in an authentically
folded manner with posttranslational modifications similar to its
native counterpart. Tumor antigens are often complex and glyco-
sylated membrane proteins and their production is technically
challenging due to their membrane crossing or membrane attached
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commonly used systems to produce these recombinant proteins
since they are able to generate human like posttranslational mod-
ifications and grow to high cell densities in suspension cultures in
bioreactors [2]. Yet, full-length expression is hardly achieved and
mostly truncated versions of membrane proteins are produced and
purified. Hence, there exists an urgent need to develop alternative
approaches for the expression of native antigens to serve as a basis
for the development of highly specific antibodies and vaccines.
The human epidermal growth factor receptor 2 (HER2) is one of
the most prominent surface tumor antigens of breast cancer cells,
and as such, a valuable target for antibody based therapies [3,4].
Like many other tumor antigens, HER2 is a complex membrane
protein. Recent findings demonstrated, that the HER2 extracellular
domain could be expressed in Drosophila melanogaster Schneider2
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cells in a native state [5]. Based on these findings, we aimed to
express full-length HER2 on the surface of Spodoptera frugiperda 9
(Sf9)-derived virus-like particles (VLPs) in order to evaluate
whether this approach is feasible for expression and display of
functional HER?2, suitable for biomedical applications. VLPs are self-
assembled nanostructures that constitute an attractive scaffold for
the display of various epitopes as well as glycosylated and complex
proteins [6—9]. VLPs consist of viral matrix proteins that, when
overexpressed and transported to the cellular surface, spontane-
ously self-assemble into particles [10]. They are safe since they
resemble the natural virus shells but lack the nucleic acid and are
therefore not infectious, they are easy to be produced on a large
scale [11]. Moreover, VLPs are highly potent of stimulating humoral
and cellular immune responses [9,12]. They can induce strong B cell
responses due to a high avidity of epitopes on the VLP surface [13]
and can also be internalized by antigen presenting cells that acti-
vate CD4" and CD8™ T cells to elicit specific cytotoxic T lymphocyte
responses [14—16]. Previous studies have shown, that VLPs are an
ideal bait for the selection of monoclonal antibodies (mAbs) against
membrane proteins like the G-protein coupled glucagon receptor
[17] or viral envelope proteins like the chikungunya virus envelope
glycoproteins E2 and E1 [18] out of surface display libraries.
Depending on the chosen matrix protein, VLPs are produced as
intracellular entities or as budded particles. In our approach, we
used the Gag matrix protein of the human immunodeficiency virus
(HIV), which covers the inner surface of the viral membrane and is
crucial for the formation of budded VLPs. During the budding
process, naked capsids acquire the host-derived membrane. In a
natural HIV life cycle, the cell membrane is enriched in viral en-
velope proteins that are essential for attachment to the host cells. In
our experimental set-up, no corresponding viral envelope proteins
were present. Instead, we overexpressed the complete HER2 with
the purpose to generate particles that, by budding through the cell
membrane, would result in displaying the full-length membrane
receptor on their surface.

Antibodies against HER2 have been used as successful thera-
peutics and are highly important for diagnostic purposes [4,19].
With the development of next generation scaffold proteins such as
nanobodies [20] and minimalist antibodies [21], additional thera-
peutic HER2 binding molecules are expected to be designed.
Therefore, and for the development of HER2 vaccines, there is a
demand for authentic presentation of this cancer antigen in many
medical research approaches. Using our strategy, we can provide
HER2 in the authentic form and as complete molecule. We chose
the baculovirus-insect cell expression system (BES) for the pro-
duction of VLPs, since the BES has proven to be well-suited for the
expression of eukaryotic proteins and the production of versatile
VLPs including those from influenza virus [22], human immuno-
deficiency virus [9], bluetongue virus [23] and Ebola virus [24,25].
In the past few years different baculovirus-insect cell-derived
proteins have entered clinical application including GlaxoSmithK-
line's and Merck's VLP-based human papillomavirus vaccines Cer-
varix® and Gardasil® respectively or the immune-therapeutic
against advanced prostate tumors PROVENGE® (sipuleucel-T).
From a bioprocessing point of view, insect cells have shown
significantly higher production levels of influenza VLPs as
compared to HEK-293 cells [26], rendering insect cells the more
applicable system for particle production.

Binding studies of surface displayed proteins are often done by
flow cytometry, which is mainly feasible for whole cells. Due to
their small size, VLPs are mostly analyzed by ELISA, Western Blot
analysis and biosensor based techniques instead. The most
commonly applied biosensor based techniques are Surface Plasmon
Resonance (SPR) and Biolayer interferometry (BLI). BLI is an optical
analytical method [27] that was previously shown to be a valuable

tool for diagnostics and pharmacokinetics [28,29]. In contrast to
micro-fluidic SPR, which commonly delivers samples to a station-
ary sensor chip, BLI technology is established in an open shaking
micro-well plate format without any micro-fluidics [30]. Thus,
there is no risk for clogging effects as described for SPR, the samples
can be recovered and used in other assays and the association phase
and dissociation phase are only restricted by evaporation of the
sample. Therefore, we evaluated a biosensor based analytical
approach for detection of HER2 binding in the context of VLPs.

Overall, we present a study on full-length HER2 presentation on
the surface of Sf9-derived VLPs and claim a newly established BLI
based technique to be a fast and simple method to detect specific
binding to functional membrane cancer targets. We suggest our
approach as a valuable contribution for cancer diagnostics, vaccine
production or as bait for antibody libraries.

2. Materials and methods

All DNA manipulations were carried out as summarized by
Sambrook et al. [31]. DNA polymerase, restriction enzymes, T4 DNA
ligase and Calf Intestinal Alkaline Phosphatase were purchased
from New England Biolabs (Ipswich, USA). All enzymes were used
according to manufacturer's recommendation. All primers and oli-
gos were synthesized by IDT - Integrated DNA Technology (Leuven,
Belgium). All chemicals and reagents used were of analytical grade.
Tween20, bovine serum albumin (BSA), Kolliphor P 188, 3,3’-dia-
minobenzidine (DAB), Heparin, HEPES, polyethylene glycol (PEG),
glutaraldehyde 25% and uranyl acetate-dihydrate >98% were pur-
chased from Sigma-Aldrich (St. Louis, Missouri, USA). Sodium azide
(NaN3) was acquired from Merck (Darmstadt, Germany). Sulfuric
acid 25% (H,SO04) was purchased from Roth (Karlsruhe, Germany).
The biotinylated PEG-Cholesterol linker was obtained from Nanocs
(Innovative Life Science Products, New York, USA).

2.1. Cells

Spodoptera frugiperda 9 (Sf9) (ATCC CRL-1711) [32] cells were
maintained using HyClone SFM4 Insect cell medium (GE Health-
care, Little Chalfont, UK) supplemented with 0,1% Kolliphor P188
(Sigma-Aldrich, St. Louis, Missouri, USA) at 27 °C. Adherent cultures
were grown in T-flasks and suspension cultures were grown in 500-
ml shaker flasks at a cell density between 5E+5 and 3E+6 cells/ml
at 100 rpm.

2.2. Recombinant baculovirus generation

Recombinant baculoviruses encoding full-length HER2 and the
HIV-1 Gag matrix protein were generated as follows. The sequence
coding for the transmembrane domain (TMD) and the intracellular
domain (ICD) of HER2 was PCR amplified using a plasmid con-
taining full-length human HER2 (GenBank accession no. X03363.1)
as a template. The resulting fragment was ligated into the MultiBac
acceptor vector pACEBac-1 (EMBL, Grenoble, France) resulting in
PACEBac-1-HER2-TMD-ICD. The sequence of the HER2 ectodomain
(ECD) and the signal peptide (SP) were chemically synthesized by
IDT - Integrated DNA Technology (Leuven, Belgium), equipped with
flanking Pvull and Sall restriction sites. After PCR amplification,
PACEBac-1-HER2-TMD-ICD and Her2-ECD-SP were digested with
Pvull and Sall restriction endonucleases according to manufac-
turer's instructions and ligated, resulting in pACEBac-1-HER2.

The HIV-1 Gag gene was acquired from the complete human
immunodeficiency virus type 1 (HXB2) genome (GenBank acces-
sion no. K03455.1), chemically synthesized by IDT (Leuven,
Belgium) and PCR amplified using primers containing BamHI and
Xbal restriction sites. The digested and purified HIV-1 Gag fragment
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was ligated into a BamHI and Xbal digested pIDC donor vector
(EMBL, Grenoble, France) resulting in pIDC-HIV-1 Gag.

Acceptor-donor fusions were generated by Cre-LoxP recombi-
nation. The HIV-1 Gag-HER2 fusion construct was inserted into the
MultiBac genome via Tn7 transposition using DH10MultiBacY cells
(EMBL, Grenoble, France) according to Fitzgerald et al. [33]. In
addition, DH10MultiBacY cells encode yellow fluorescent protein
(YFP) which gets expressed intracellularly once insect cells are
infected and was therefore used as infection marker in the present
experiments. Recombinant baculoviruses were generated by
transfecting SfO cells with the bacmid HIV-1 Gag-HER2_YFP using
FuGENE HD transfection reagent (Promega, Madison, Wisconsin,
USA) according to manufacturer's instructions. Four days post
infection the viral seed stock was harvested by centrifugation for
10 min at 3000xg (HERAEUS Megafuge16, Thermo Scientific,
Waltham, Massachusetts, USA). The virus was amplified and viral
titers were determined using plaque assay.

2.3. Flow cytometry

To evaluate whether HER2 is expressed on the cell surface, Sf9
cells were infected with the recombinant baculovirus encoding
HER2 or the recombinant virus solely carrying the HIV-1 Gag ma-
trix protein (negative control) at a multiplicity of infection (MOI) of
10 and a cell density of 1E+5 cells/ml. 48 h post infection cells were
harvested and were investigated by flow cytometry. Therefore,
2E+6 cells were stained with 200 pl of Herceptin at a dilution of
1:100 (40 pg), followed by an anti-kappa biotin-labeled antibody
(ABIN375958, antibodies online, Atlanta, Georgia, USA) and
streptavidin-labeled Alexa Flour647 (S21374, Life Technologies,
Carlsbad, California, USA) at a dilution of 1:100 and analyzed using
a Gallios Flow Cytometer (Beckman Coulter, Vienna, Austria). Raw
data were evaluated using the Kaluzal.2 software (Beckman
Coulter, Vienna, Austria).

2.4. VLP production and purification

Sf9 cells were infected with the recombinant baculovirus
expressing HER2 and HIV-1 Gag matrix protein at a MOI of 10 and a
cell density of 1E+6 cells/ml in shaker flasks. Cells were harvested
72 h post infection by low speed centrifugation for 10 min at 3000x g
(HERAEUS Megafuge16, Thermo Scientific, Waltham, Massachu-
setts, USA) at room temperature and for sample clarification a sec-
ond, higher speed centrifugation step for 15 min at 15 000xg.
Pelleted cells and supernatants were investigated by SDS-PAGE and
Western Blot analysis. VLPs were harvested by ultracentrifugation
using a SW-38Ti rotor (Beckmann Coulter, Vienna, Austria) at
30 000 rpm, at 4 °C for 100 min. Pellets were resuspended in
phosphate-buffered saline (PBS) over night at 4 °C. VLPs were
further purified by discontinuous sucrose density gradient centri-
fugation (20-30-40-50-60%) at 38 000 rpm at 4 °C for 16 h using a
SW-41Ti rotor (Beckmann Coulter, Vienna, Austria). Gradients were
harvested in 1 ml fractions and analyzed by SDS-PAGE and Western
Blot. Fractions containing most VLP protein were diluted in PBS,
were pooled and pelleted by ultracentrifugation at 4 °C, 30 000 rpm
for 100 min (SW-41Ti rotor, Beckmann Coulter, Vienna, Austria).
Pellets were resuspended in 20 mM HEPES (Sigma-Aldrich, St. Louis,
Missouri, USA) over night at 4 °C and were analyzed for VLP content
by nanoparticle tracking analysis (NTA).

2.5. SDS-PAGE and western blot analysis
Infected Sf9 cells, supernatants and sucrose gradient fractions

were examined by SDS-PAGE and Western blotting according to
Laemmli [34]. Samples were mixed with 4x NuPage LDS sample

buffer (Invitrogen, Carlsbad, USA) containing lithium dodecyl sul-
fate, pH 8.4. Proteins were separated by SDS-PAGE and electro-
blotted onto a PVDF transfer membrane (GE Healthcare Life Sci-
ences, Vienna, Austria). Detection of the matrix protein HIV-1 Gag
was performed using an anti-human HIV-1 Gag rabbit antibody
(E63H00201, Enogene, Atlanta, Georgia, USA) and a secondary anti-
rabbit IgG alkaline phosphatase-labeled goat antibody (A9919,
Sigma-Aldrich, St. Louis, Missouri, USA). Detection of human HER2
was accomplished using Herceptin (anti-human HER2 antibody)
and a secondary anti-human IgG alkaline phosphatase-labeled goat
antibody (A3187, Sigma-Aldrich, St. Louis, Missouri, USA). Mem-
branes were developed applying BCIP/NBT (Promega, Madison,
Wisconsin, USA).

2.6. Nanoparticle tracking analysis (NTA)

To determine the VLP concentration NTA measurements were
performed using a NanoSight LM-10 (Malvern Instruments Ltd.,
Worcestershire, UK) equipped with a blue laser (405 nm). The NTA
technology utilizes the properties of light scattering and Brownian
motion in order to obtain the size distribution and concentration of
particles in liquid suspension. A laser beam is passed through the
sample chamber, and particles in the path of this beam scatter light in
a manner that they can easily be visualized via a 20x magnification
microscope. For the measurement, sucrose gradient purified VLP
samples were serially diluted in particle-free water to obtain a suit-
able particle concentration (60—100 particles per video frame) for
analysis. Videos of three dilution steps for each sample were
captured for 60 s and were analyzed and evaluated by NTA 3.2
software. All steps were carried out at room temperature. The camera
level and analysis parameters were adjusted manually and were kept
constant during all measurements. The particle number was evalu-
ated for particles with a diameter between 100 and 200 nm [35].

2.7. Transmission electron microscopy (TEM)

Sf9-derived VLPs were pelleted and used for electron micro-
scopy. HER2-displaying VLPs as well as control VLPs were absorbed
for 5 min on copper grids, fixed for 15 min using 2,5% glutaralde-
hyde, washed twice with PBS and stained for 1 h with 2 pg/ml
monoclonal anti-human HER2 (3B5) antibody (MA5-13675,
Thermo Scientific, Rockford, Illinios, USA). Samples were washed
three times with PBS containing 2% BSA and incubated with 30 ug/
ml secondary anti-mouse IgG 10 nm gold-labeled antibody (G7652,
Sigma-Aldrich, Saint Louis, Missouri, USA) for 1 h. Negative staining
was performed using uranyl acetate. Samples were examined using
a transmission electron microscope (FEI Tecnai G> 200 kV, FEI,
Hillsboro, Oregon, USA) at various magnifications.

2.8. Scanning electron microscopy (SEM)

Sucrose gradient purified VLPs were immobilized to biosensors
(see “Biolayer inerferometry”, Materials and Methods section) us-
ing the Octet QK, sensors were collected and their surface was
imaged using the in-lens detector of a Zeiss Supra 55 VP scanning
electron microscope (Zeiss, Jena, Germany). The detector operated
at 2 kV. Samples were coated with a gold-palladium layer before
transferring them into the chamber of the electron microscope.

2.9. Phages

Anti-HER2 phages (C6.5: human single-chain variable fragment
(scFv) isolated from a non-immune phage library binding the tu-
mor antigen c-erbB-2) [36] were kindly provided by G. Wozniak-
Knopp (BOKU, Vienna). Phages were maintained by infecting
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500 pl of mid-log E. coli tg1 cells with 1 ul of commercial anti-HER2
phage. Cells were incubated for 15 min at 37 °C to allow the phage
particles to infect the cells. Infected cells were plated on LB agar
(Sigma-Aldrich, St. Louis, Missouri, USA) containing 10 pg/ml
tetracycline and were incubated at 37 °C overnight. The next day a
single colony was picked and was grown in LB 2x media in the
presence of 10 ug/ml tetracycline at 37 °C and 180 rpm shaking. The
volume of the bacterial cell suspension was increased step by step
from 5 ml to 1 L using tetracycline as selection pressure. Amplifi-
cations were centrifuged at 13 000xg (Avanti JXN-26 Centrifuge,
Beckman Coulter, Vienna, Austria) for 15 min at 4 °C to remove
cells. Supernatants were centrifuged using the same conditions.
0,15 vol of PEG/NaCl were added and mixed. Phages were allowed
to precipitate for at least 2 h at 4 °C and pelleted by centrifugation
at 13 000xg (Avanti JXN-26 Centrifuge, Beckman Coulter, Vienna,
Austria) for 90 min at 4 °C. Phage pellets were resuspended in PBS,
clarified by centrifugation at 14 500xg (HERAEUS Megafuge16,
Thermo Scientific, Waltham, Massachusetts, USA) for 10 min at 4 °C
and NaN3 was added at a final concentration of 0,02%.

Phage titers were determined by infecting E. coli tg1 cells with
the produced phages as described before, plating the cells, incu-
bating over night at 37 °C and counting the colonies. The titer was
determined to be 2,88E+11 cfu/ml.

2.10. Enzyme-linked immunosorbent assay (ELISA)

To evaluate efficient presentation of functional HER2 on the VLP
surface, binding of Herceptin and HER2-specific phages to dis-
played target protein was examined by ELISA.

VLP - antibody ELISA: Wells of a 96 well Maxisorp ELISA plate
(Nunc Thermo Scientific, Waltham, Massachusetts, USA) were
coated with different concentrations of HER2-VLPs and control
VLPs (0-1E+10 particles/well) in PBS over night at 4 °C. The con-
centration of VLPs/well was assessed based on NTA results. Wells
were blocked using PBS +0,1% Tween20 + 0,3% BSA at room tem-
perature for 1 h. After washing three times with 300 ul PBS +0,1%
Tween20 per well, Herceptin (4 pg/ml) was applied in PBS for 1 h at
room temperature while gentle agitation. Plates were washed six
times with PBS and anti-human IgG-HRP-conjugated antibody
(628420, Invitrogen, Carslbad, California, USA) diluted 1:2000 in
blocking buffer was added and incubated at RT for 1 h. After
washing six times with 300 ul PBS, 50 pl of HRP substrate, 3,3',5'-
tetramethylbenzidine (TMB Stabilized chromogen, Invitrogen,
Carlsbad, California, USA) were added to each well. The reaction
was stopped with 2 N H,SO4 and optical density was measured at
450 nm using an Infinite M1000 plate reader (Tecan Group,
Mannedorf, Switzerland). Raw data were evaluated using Excel
spreadsheets (Version 2003, Microsoft, USA).

VLP - phage ELISA: For the phage ELISA, 96 well Maxisorp ELISA
plates were coated with 50 pl of the target HER2-VLPs and control
VLPs at a previously determined optimal VLP concentration of
5E+9 particles/well in PBS over night at 4 °C. Wells were blocked
using PBS +0,1% Tween20 + 0,3% skim milk powder at room
temperature for 1 h. After washing three times with 300 pl
PBS +0,1% Tween20 each well, different concentrations of anti-
HER2 phages (0—2,88E+11 cfu/ml) were added in PBS for 1 h at
room temperature while gentle agitation. Plates were washed six
times with PBS and anti-M13 antibody HRP-conjugated (GE
Healthcare 27942101, UK) diluted 1:2500 in blocking buffer was
applied at RT for 1 h. Development and evaluation were carried out
the same way as described for the antibody ELISA.

2.11. Biolayer interferometry (BLI)

BLI sensing is an optical analytical technique based on the

measurement of the interference pattern of white light reflected
from a reference surface and a biofunctionalized sensor surface.
Any change in the molecule number bound to the biosensor surface
causes a shift in the interference pattern which is a real-time
measure of the change in the thickness of the immobilized bio-
layer [37]. In this study an Octet QK instrument (ForteBio, PALL Life
Sciences, Menlo Park, California, USA) equipped with 8 parallel
biosensors was used to analyze biomolecular interactions between
VLP-displayed HER2 and anti-HER2 phages.

HER2-displaying VLPs and control VLPs were immobilized to a
streptavidin biosensor (PALL Life Sciences, Menlo Park, California,
USA) via a biotinylated PEG-Cholesterol linker (Nanocs, Innovative
Life Science Products, New York, USA). The biotin binds to strep-
tavidin on the biosensor and PEG-Cholesterol inserts into the hy-
drophobic portion of the VLP membrane with sufficient strength to
immobilize the VLPs [38]. The binding of the phages was detected
by 3,3’-diaminobenzidine (DAB) signal enhancement [39]. Thereby
a secondary anti-M13-HRP-labeled antibody (27942101, GE
Healthcare, Little Chalfont, UK) is applied. The antibody recognizes
the phage and the HRP tag oxidizes the substrate DAB, which
precipitates on the sensor surface and causes an enhanced BLI
signal. All steps were carried out in the same buffers as used for the
phage ELISA. In detail, the assay was performed as follows (Fig. 1):
(1) the baseline was recorded in PBS for 60 s, (2) the biotinylated
PEG-Cholesterol linker (7 pM in HQ-H20) was loaded for 300 s, (3)
the sensors were washed in PBS for 60 s, (4) HER2-VLPs or control
VLPs were immobilized on the sensors for 900 s, (5) the sensors
were washed in PBS for 180 s, (6) sensors were blocked in PBST
(0,1% Tween20) + 0,3% skimmed milk powder for 600 s, (7) sensors
were placed into different dilutions of phage samples for 600 s, (8)
sensors were washed in PBST (0,1% Tween20) for 180 s, (9) sensors
were placed into anti-M13 IgG labeled with HRP (1:800 in
PBST + 0,3% skimmed milk powder) to detect the anti-HER2 phages
that were bound to the HER2-VLPs, (10) sensors were washed in
PBST for 180 s, (11) DAB enhancement was performed by dipping
sensors into 0,05% DAB-0,015% H,0, in PBS for 1800 s, (12) sensors
were washed in PBST for 600 s. The stirring speed in measurement
phases before adding VLPs was 1000 rpm, and was reduced to
500 rpm after addition of VLPs. Black, flat-bottom 96 well plates
(Thermo Scientific, Slangerup, Denmark) were used as measure-
ment plates. The temperature during the BLI measurements was set
at 30 °C. Raw data were obtained with the Octet analysis software
version 6.4 (ForteBio, PALL Life Sciences, Menlo Park, California,
USA) and were exported to Excel spreadsheets (Version 2003,
Microsoft, USA). Raw data of the individual steps were aligned to
the corresponding association step and were determined as
response at a defined time. Individual signal responses at each
concentration were calculated as average of three independent
measurements. For the determination of the limit of quantitation
(LOQ) and the evaluation of the significance of the measurements,
the baseline signal was measured by equilibrating the streptavidin
biosensor tip with PBS. LOQ is defined as the lowest concentration
at which the analyte can not only be reliably detected but at which
some predefined goals for bias and precision are met and it's
assumed to be a signal-to-noise ratio of 10:1 [40]. The baseline
noise of the initial 60 s PBS equilibration step was 0,09 nm (n = 8).
Thus, the LOQ was calculated as 0,9 nm.

3. Results
3.1. Flow cytometry studies of Sf9 insect cells
To prove the presentation of HER2 protein on the cellular sur-

face, both, uninfected Sf9 cells and Sf9 cells infected with either
HER2 expressing baculovirus or HIV-1 Gag expressing virus were
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Fig. 1. Complete representative sensogram of the BLI based method. Step 2 indicates loading of the biotinylated PEG-Cholesterol linker, step 4 exhibits the immobilization of
HER2-displaying VLPs, in step 6 blocking with PBST (0,1% Tween20) + 0,3% skimmed milk powder is shown, in step 7 anti-HER2 scFv phages are loaded, step 9 shows loading of the
secondary anti-phage-HRP-labeled antibody and in step 11 (signal enhancement) DAB is applied which leads to a tremendous signal increase by the formation of a metal precipitate
on the sensor surface. Finally, in step 12 the dissociation of the metal complex is indicated. After every loading step, a buffer step was applied.

stained with Herceptin, an anti-kappa biotin-labeled antibody and
Alexa Flour647-tagged streptavidin and were analyzed by flow
cytometry. Efficient baculovirus infection was confirmed by
measuring the level of the intracellular marker protein yellow
fluorescent protein (YFP) co-expressed along with HER2 and VLPs.
99% of cells infected with either the HIV-1 Gag virus or the HER2
encoding virus expressed YFP (Fig. 2A). Flow cytometry results of
the HER2 expression studies indicate efficient presentation of HER2
protein on the surface of Sf9 cells since 86% of cells infected with
HER2 expressing virus gave clearly detectable AF647 signals as
compared to cells solely infected with the HIV-1 Gag matrix protein
where no signal was obtained (Fig. 2B).

3.2. Generation and purification of VLPs

VLPs were generated by infection of Sf9 cells with recombinant
baculovirus encoding HIV-1 Gag and full-length human HER2. As a
control cells were infected with a baculovirus, solely expressing
HIV-1 Gag matrix protein, resulting in VLPs lacking HER2 on the
surface. VLPs were harvested from supernatants of infected cells by
ultracentrifugation. The cell pellet of infected cells, the infection
supernatants and the ultracentrifugation pellet were analyzed by
Western Blotting. HER2 was detected as a protein of approximately
140 kDa in the cell pellet and supernatant of infected cells (Fig. 3),
which concurs with the calculated molecular protein mass of
138 kDa. Control cells and control infections did not show any
signal. An additional specific band was visible at a size of approx-
imately 65 kDa (Fig. 3). Since Herceptin recognizes the most
membrane proximal domain of HER2 (domain IV), it seems that

HER?2 is prone to proteolytic cleavage resulting in a mix of the full-
length receptor and a 65 kDa truncated membrane-bound
fragment.

VLPs were further purified by sucrose density gradient ultra-
centrifugation and separated fractions were analyzed by Western
Blotting. HER2 was detected as a protein of about 140 kDa, again
showing an additional band at 65 kDa (Fig. 4A). HIV-1 Gag was
detected as a protein of 55 kDa (Fig. 4A, B), matching the theoretical
molecular protein mass. Both proteins were present in sucrose
density gradient fractions 3—12 and in the pellet. Fractions 8—11
were considered to contain the most VLP material and were
therefore pooled and examined for their VLP concentration by
NanoSight measurements. The concentration of particles with a
diameter between 100 and 200 nm ranged from 1,6E+11 to
8,1E+11 particles/ml for control VLPs and from 5E+10 to 5,6E+11
particles/ml for HER2-displaying VLPs.

3.3. Transmission electron microscopy studies

To confirm the presence of budded VLPs and to investigate their
morphology, transmission electron microscopy was performed.
Both, HER2-displaying VLPs (Fig. 5B) and control VLPs (Fig. 5A)
appeared spherical and ranged in a diameter size between 100 and
200 nm. For the visualization of HER2 displayed on the VLP surface,
HER2-VLPs as well as control VLPs were stained with 10 nm gold-
labeled anti-mouse IgG antibodies directed against a monoclonal
anti-HER2 antibody and examined by electron microscopy (Fig. 6).
Gold particles were detected exclusively on the surface of HER2-
displaying VLPs (Fig. 6B) but not on control VLPs (Fig. 6A),
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Fig. 2. Flow cytometry analysis of HER2 expressing Sf9 cells. Non-infected insect cells or cells infected with recombinant baculovirus encoding full-length HER2 or solely encoding
the matrix protein HIV-1 Gag (negative control) were stained with Herceptin, followed by an anti-kappa biotin-labeled antibody and streptavidin-labeled Alexa Flour647. In (A) the
infection efficiency is shown by the intensity of co-expressed intracellular yellow fluorescent protein (YFP) and is given as percentage of total cells. In (B) measured AF647-positive
cells are indicated and are given as percentage of cells gated according to the YFP marker.
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Fig. 3. Detection of HER2 protein in uninfected and infected Sf9 cells using Western Blot analysis. Lane 1 indicates the cell pellet and lane 2 the supernatant of uninfected Sf9
cells, lane 3 indicates the cell pellet and lane 4 the supernatant of Sf9 cells infected with the recombinant baculovirus carrying the HIV-1 Gag matrix protein gene, lane 5 shows the
cell pellet and lane 6 the supernatant of Sf9 cells infected with viruses encoding HIV-1 Gag and HER2, lane 7 and 8 present the ultracentrifuged supernatants of Sf9 cells infected
with the HIV-1 Gag carrying virus and the HER2 carrying virus, respectively. Full-length HER2 protein (140 kDa) and truncated HER2 protein (65 kDa) are indicated and were

exclusively detected in samples infected with the HER2 expressing baculovirus.

indicating presence of HER2 on the surface of VLPs.
3.4. ELISA studies applying HER2-displaying VLPs

Efficient display of functional HER2 on the VLP surface was
confirmed by ELISA using Herceptin as detection antibody. Fig. 7A
shows specific binding of Herceptin to HER2-displaying VLPs. No
binding of antibodies to control VLPs was observed. Moreover,
binding of Herceptin was concentration dependent and accom-
plished saturation at a concentration of 5E+9 VLPs/well. In Fig. 7B

the difference in binding of Herceptin to positive and negative VLPs
is depicted at the point of inceptive saturation. 12-fold higher signal
intensity of Herceptin binding to HER2-displaying VLPs compared
to control VLPs alludes efficient display of structurally intact HER2
on the VLP surface.

As phage display is one of the most commonly used technolo-
gies for mAb discovery and has already been successfully applied in
combination with antigen-displaying VLPs [17,18], we had a stake in
the applicability of insect cell-derived VLPs as detection platform
for phages displaying single chain variable antibody fragments
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Fig. 4. Western blot analysis of (A) HER2-displaying VLP fractions and (B) control VLP fractions derived from sucrose gradient (20—60%) ultracentrifugation. HER2 was
detected using Herceptin and a monoclonal anti-human IgG alkaline phosphatase-conjugated antibody. Detection of the HIV-1 Gag matrix protein was accomplished applying an
HIV-1 Gag specific antibody and an anti-rabbit alkaline phosphatase-conjugated IgG antibody. Sucrose concentration increases from lane 1 to 12, P indicates the pellet. (A) Full-
length HER2 and truncated HER2 were detected as proteins of about 140 kDa and 65 kDa respectively in fraction 3—12 and the pellet. (A, B) HIV-1 Gag was detected as a pro-

tein of approximately 55 kDa and was also present in fraction 3—12 and the pellet.

Fig. 5. Representative transmission electron micrographs of (A) control VLPs and (B) HER2-displaying VLPs. Sucrose density purified VLPs were negative stained and
investigated using a transmission electron microscope (FEI Tecnai G? 200 kV, FEI, Hillsboro, Oregon, USA). Both types of VLPs appeared spherical and ranged in a diameter size

between 100 and 200 nm.

(scFv). For that purpose, a 96 well plate was coated with the pre-
viously determined VLP concentration at inceptive saturation
(5E+9 particles/well). Detection was accomplished by applying
target specific phages. In Fig. 7C unique and concentration depen-
dent binding of anti-HER2 phages to HER2-displaying VLPs is
shown. Only low background binding to control VLPs was obtained.
At the highest phage concentration (2,88E+11 cfu/ml) around 6-
fold higher signal intensity of anti-HER2 phages binding to HER2-
displaying VLPs compared to control VLPs was attained (Fig. 7D).

3.5. BLI studies applying HER2-displaying VLPs

Fast and reliable detection of target specific binding to VLPs was
approved by a newly established BLI based technique (Fig. 8).

Therefore, HER2-displaying VLPs were immobilized to a streptavi-
din biosensor via a biotinylated PEG-Cholesterol anchor [38].
Immobilization of the VLPs induced a negative BLI signal in the
resulting sensogram (Fig. 1), occurring when large molecules bind
to the sensor surface [27]. Stable immobilization and consistent
distribution of VLPs on the BLI tip were confirmed by SEM (Fig. 9).
After immobilizing both, HER2-displaying VLPs and control VLPs,
HER2-specific phages were applied. HER2-displaying VLPs gave
clearly detectable and concentration dependent signals indicating
specific binding of phages to displayed HER2 (Fig. 10A). In Fig. 10B
the specific responses at the time t = 1800 s are shown. According
to the LOQ-based principle for reliable measurement (see “Biolayer
interferometry”, Materials and Methods section), the mean
response of triplicates of DAB precipitation towards the control
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Fig. 6. Representative transmission electron micrographs of immunogold-labeled (A) control VLPs and (B) HER2-displaying VLPs. Anti-HER2 antibodies exclusively detected
the membrane receptor HER2 on HER2-displaying VLPs, binding to control VLPs could not be observed.

A —@—HER2VLPs  —m— Control VLPs B 18
1.8 l 1.6
16 -8 ~ .
1.4

1.2

— 12 z

£ E

] ]

=3 =

a 0.8 o 0.8

O 06 = 06
0.4
0.2 0.4

— =
0 - = 0.2
0 2E+09 4E+09 6E+09 8E+09 16410
0 =
VLPs/well
! / ! HER2 VLPs Control VLPs
C —@—HER2VLPs  —#— Control VLPs D 12
1.2 l
1
1
os 0.8
E £

§ 06 2 06

o (=)

© 04 ° 0.4
0.2

B
= 02
0
0 1E+11 2E+11 3E+11
0

Phage [cfu/ml
ge [cfu/mi] HER2 VLPs Control VLPs

Fig. 7. Binding of Herceptin (A, B) and HER2 specific phages (C, D) to HER2-displaying VLPs and control VLPs using ELISA. (A) A 96 well plate was coated with different
concentrations of HER2-VLPs and control VLPs. Detection of HER2 was accomplished using Herceptin. In (B) the difference in binding of Herceptin to HER2-VLPs and control VLPs at
a concentration of 5E+9 VLPs/well is shown. (C) A 96-well plate was coated with 5E+9 VLPs/well. Detection was carried out applying HER2 specific phages. In (D) the difference in
binding of anti-HER2 phages to HER2-VLPs and control VLPs using a phage concentration of 2,88E+11 cfu/ml is depicted. Both, Herceptin and HER2 specific phages exclusively
bound to HER2-displaying VLPs in a concentration dependent manner. Results are shown as average of two independent measurements. Arrows signify data points which are
indicated in the bar diagram.

VLPs was significantly below the calculated threshold value of breast cancer; CA125 for ovarian cancer; CEA for colon cancer,

0,9 nm (data not shown). CA19-9 for pancreatic cancer, and PSA for prostate cancer. Out of
these, PSA is the only serological biomarker used to screen
4. Discussion asymptomatic patients, which is still controversial due to inade-

quate sensitivity and low specificity (90% and 21%, respectively)
Only a few regulatory-approved serum cancer biomarkers are [41]. Cancer biomarkers are often glycosylated membrane receptor
currently available, including HER2/neu, CA27-29, and CA15-3 for proteins present on the cellular surface. In order to develop highly
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Fig. 8. Biosensor based assay format for the detection of HER2 displayed on the
VLP surface. HER2-displaying VLPs were immobilized to a streptavidin biosensor
using a biotin-PEG-Cholesterol linker. Phages, displaying a single chain variable frag-
ment (scFv) of an anti-HER2 antibody were applied and detected via an anti-M13 (p8)
IgG HRP-conjugated secondary antibody. The signal was enhanced with 3,3’-dia-
minobenzidine (DAB), which is oxidized by HRP and forms a metal precipitate on the
sensor surface.

Fig. 9. Representative scanning electron micrograph of a VLP functionalized
biosensor. Sucrose gradient purified VLPs were immobilized to a streptavidin
biosensor and investigated using a scanning electron microscope (Zeiss Supra 55 VP,
Zeiss, Jena, Germany). Arrows indicate a spherical VLP and a rod-shaped baculovirus.

specific and sensitive screening methods for early cancer detection
or to select new antibodies for cancer diagnostics or treatment, it is
a pre-requisite that the target proteins are available in an authentic
form in terms of structure and glycosylation. However, membrane
receptor proteins are notoriously difficult to produce due to their
hydrophobic nature and complex structures. The human epidermal
growth factor receptor 2 (HER2) is known to be overexpressed in a
number of tumors including breast cancer, lung cancer, gastric
cancer and glioblastoma multiform [3,42] and was therefore, cho-
sen as the model for a tumor antigen in our studies. Here we used
the baculovirus-insect cell expression system (BES) to evaluate the
feasibility of Sf9 insect cells to express functional HER2 and budded
virus-like particles (VLPs) serving as a scaffold for the presentation
of complex membrane proteins. We are aware of the fact that
glycosylation patterns of insect cell derived proteins differ from
human glycosylation patterns. However, glycoengineering in insect

cells [43] as well as on baculoviruses [44] has successfully allowed
for the production of human-like glycan structures in Sf9 and High5
cells.

We showed that HER2 was efficiently expressed and displayed
on the surface of Sf9 cells by flow cytometry. Cells were gated ac-
cording to the infection marker YFP (yellow fluorescent protein)
and were then investigated for their HER2 expression. Since 86% of
all infected cells displayed HER2 on the surface (Fig. 2B), we
confirmed the transport of the target protein to the cell membrane.
Next, recombinant baculoviruses coding for both, the HER2 and the
HIV-1 Gag matrix protein were generated and used to infect Sf9
insect cells. Since it was expected that VLPs would be released from
the cells, a Western Blot experiment was performed to provide first
evidence of VLP presence in the supernatant of infected cells. Cell
pellets were analyzed as well. Results showed HER2 expression in
both, the cell pellet and the supernatant of infected cells (Fig. 3),
suggesting the presence of budded VLPs. Moreover, we found that
Herceptin bound to two fragments where one represents the full-
length HER2 (138 kDa) and the other represents a truncated
membrane-bound portion of HER2 (65 kDa). Apparently the re-
ceptor is prone to proteolytic cleavage resulting in a mix of full-
length protein and the truncated membrane-bound fragment.
Interestingly, the observed HER2 shredding effect seems to be
native as both, the HER2 ectodomain and the truncated membrane-
bound domain were previously detected in HER2-overexpressing
breast cancer cells [45] and also in serum of breast cancer pa-
tients [46]. Also in this study, presentation of full-length HER2 on
the surface of VLPs was accompanied by the presentation of a
truncated membrane-bound version.

Since there is always co-production of recombinant baculovirus
in Sf9 cells [47], resulting VLPs were purified by sucrose density
gradient ultracentrifugation to reduce viral impurities. Size and
surface properties of baculoviruses and VLPs are similar. Several
methods such as filtration and size exclusion chromatography have
been tested, however, in our hands sucrose gradient centrifugation
usually worked best and gave the highest yield of VLPs. After pu-
rification only a few rod-shaped baculovirus particles could be
detected using SEM (Fig. 9). The VLP concentration was measured
by nanoparticle tracking analysis using a NanoSight LM-10. This
method was evaluated as a suitable and accurate characterization
method for nanoparticle analysis giving an approximate particle
concentration and size information [48]. Electron microscopy of
purified VLPs showed the typical size and shape of HIV-1 Gag
nanoparticles which is comparable to results of previous studies
with Sf21-derived HIV-1 Gag VLPs [49] and studies based on HEK-
293-derived Gag VLPs [26]. In addition, the presentation of the
membrane receptor HER2 on the surface of the VLPs was confirmed
by immunogold staining (Fig. 6).

Since VLPs can be easily coated onto ELISA plates [18] we used
purified HER2-displaying VLPs as target in an ELISA assay to assess
efficient presentation and functionality of displayed HER2. For the
detection, we applied Herceptin, which binds to HER2 at its C-ter-
minal portion of domain IV [50]. The antigen-antibody interaction
is mediated by three regions of HER2 [50], indicating that only
proper folded HER2 enables antibody binding. Results showed
specific binding of Herceptin to HER2-displaying VLPs (Fig. 7A, B).
Also filamentous phages that displayed a HER2 specific single chain
antibody bound to the VLPs and were suitable for detection in an
ELISA format. Only low background binding to the control VLPs was
visible (Fig. 7C, D). This could be due to the sticky nature of the
phages and the fact, that VLPs are membrane-derived and there-
fore, not only contain the target protein but also other cell surface
proteins.

Biolayer interferometry (BLI) is a standard tool for monitoring
almost all biomolecular interactions in a label-free, real-time and
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Fig. 10. Detection of interaction between HER2-displaying VLPs and target specific phages using biolayer interferometry. In (A) the BLI responses of different phage con-
centrations (A = 5,7E+10 cfu/ml, B = 2,3E+10 cfu/ml, C = 1,1E+10 cfu/ml) binding to HER2-VLP functionalized sensors are shown. In (B) the visualization of the interaction at
t = 1800 s is indicated. Specific and concentration dependent binding of anti-HER2 phages to HER2-displaying VLPs can be observed. Curves, bars and error bars represent the
average of three independent measurements. The mean response of the association (DAB precipitation) towards the control VLPs was significantly below the calculated threshold

values of 0.9 nm (data not shown).

high-throughput manner [27]. In our study, we wanted to evaluate
the feasibility of BLI to detect target specific binding to VLPs. Since
our particles were enveloped by a lipid bilayer, we used bio-
tinylated PEG-Cholesterol as anchor, which allowed us to immo-
bilize HER2-displaying VLPs as well as control VLPs to the surface of
a streptavidin biosensor. Through the possibility of immobilizing
control VLPs we provide a valuable blank that could be beneficial
when working on the selection of target specific molecules.
Moreover, our strategy can not only be used for budded VLPs, but
could also be applicable for all other enveloped particles, produced
either in insect cells or mammalian cells. For screening and selec-
tion of tumor specific antibodies, it is highly important to display
the cancer antigen in an authentically folded manner, to provide
accessibility to the pool of binding molecules, and in the case of
phage display libraries, to be able to recover specifically bound
phages in an infectious state. In our study we incubated the VLP-
functionalized sensor with a phage, displaying a HER2 specific
single chain antibody. Results showed specific and concentration
dependent binding to HER2 present on the surface of immobilized
VLPs (Fig. 10A, B). Binding to control VLPs was below the calculated
LOQ and therefore negligible. Hence, we were not only able to
confirm findings observed in the ELISA studies, but also demon-
strated that Sf9-derived VLPs can be used in a highly sensitive
biosensor based assay for the detection of target protein specific

phages. When compared to ELISA, in our hands, BLI was the more
convenient method for detection of target molecules as it was
much faster, required less target protein and sample volume, was
easy to handle and furthermore bears the advantages of real-time
measurements [37]. Therefore, BLI, utilizing VLP-functionalized
biosensors, is considered as preferred method for the detection of
target specific phages. But not only for detection, also for library
screening purposes this method bears great potential since we
managed to recover phages, previously selected by a VLP-
functionalized sensor surface, which retained their infectivity
(data not shown).

5. Conclusions

In conclusion, it was shown that the baculovirus-insect cell
expression system (BES) is a feasible system for the expression of
complex full-length membrane proteins such as the cancer target
HER2. In addition the BES was highly efficient in producing self-
assembled budded nanoparticles based on viral matrix proteins.
Such budded VLPs, solely consisting of the HIV-1 Gag matrix pro-
tein and the Sf9-derived membrane, were also feasible for the
display of the target protein. In several binding studies including a
newly established biosensor based technique, successful presen-
tation of functional HER2 on the surface of the infected Sf9 cells as
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well as on purified VLPs was shown. To the best of our knowledge,
this is the first work showing that Sf9-derived VLPs, immobilized to
a biosensor via a PEG-Cholesterol linker, can be utilized to detect
target specific phages in a real-time biosensor based assay, alluding
the potential of this method to be used for antibody screenings.
Besides our model protein HER2, many other membrane proteins
including cancer antigens, various immune cell markers and im-
mune receptors could be expressed in high avidity, in a pure
manner and in sufficient amounts. As such, VLP surface display may
contribute markedly to antibody selection and engineering as well
as cancer vaccine design and diagnostics.
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