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Abstract

The recent global pandemic COVID-19 has taught us the importance of an efficient bio-
logics manufacturing platform that is cost-effective, reliable, and has high product yield and
quality. The baculovirus expression vector system (BEVS) has proven to be a promising
platform for the production of recombinant proteins, vaccines, virus-like particles (VLPs),
viral vectors, and/or other biologics. In the last two decades, many vaccines and thera-
peutics manufactured using BEVS have received licenses for animal and human use. The
majority of the commercially available BEVS transfer plasmids have foreign genes un-
der the viral polyhedrin (polh) or pl0 promoters. Although high gene expression can be
achieved with the endogenous baculovirus promoters pl0 and polh, they are only active
very late in the infection cycle when most of the host cellular machinery is turned off.
Significant work has been done to identify native promoters and other regulatory elements
with expression profiles higher than polh, as well as promoters weaker than polh to express
secretory proteins that require extensive post-translational modifications (PTMs).

Certain regions, such as polh, chiA, and v-cath, in the baculovirus genome are not es-
sential for their in vitro replication or foreign protein production in cell culture. Thus, it is
possible that if there is an expression of genes not required for progeny virus and/or exoge-
nous protein production in insect cell culture, the resources that are being used for their
expression could be ‘an additional burden’, resulting in unnecessary depletion of cellular
resources. Identifying and removing these genes would probably divert resources towards
the production of foreign proteins and progeny viruses, which could improve the BEVS
production platform. Moreover, it was previously demonstrated that there is a ‘compe-
tition effect’ among protein-coding genes for cellular resources when Sf9 cells are either
coinfected with two monocistronic recombinant baculovirus expression vectors (rBEVs)
or infected with a dual-protein producing polycistronic rBEV. This work could point to
a direction where competition can arise among baculovirus genes for the use of cellular
resources, and the knockout of unnecessary genes could presumably lead to appropriate
usage of the resources by the essential genes. Separately, the co-production of rBEVs and
recombinant protein products in the supernatant complicates the downstream purification
process. Disruption of genes essential for virion formation or production could prevent
baculovirus contamination in the culture supernatant, thus reducing the burden on purifi-
cation processes.

In the past, gene disruption or downregulation has been a fruitful strategy to improve
the expression of foreign genes in the BEVS. However, the traditional methods used for mu-
tant baculovirus genome generation are time-consuming, labor-intensive, and sometimes
also produce wild-type viruses, hence requiring additional purification steps. Not until



recently has CRISPR-Cas9 gene editing technology been adapted to the Sf9 insect cells
and the baculovirus Autographa californica multiple nucleopolyhedrovirus (AcMNPV). It
is believed to be an effective tool to scrutinize baculovirus genes by targeted gene disrup-
tion and transcription repression. A systematic study of the late and very late AcMNPV
genes using a CRISPR-Cas9-based transfection-infection assay (T-I assay), disrupting the
unnecessary sequences, and expressing exogenous gene(s) under a late promoter instead of
very late promoters could extend the production time and improve biologics production.
Moreover, in the final production stage, targeting AcMNPYV genes that are required for
progeny virus assembly or release but do not affect foreign protein production could mini-
mize rBEV co-production. In this study, the T-I assay was used to probe late and very late
AcMNPYV genes for their essentiality. Based on the effect of individual gene disruptions on
foreign protein (green fluorescent protein (GFP)) and budded virus (BV) production, 38
targeted AcMNPV genes were categorized as essential (reduced both GFP and BV produc-
tion) and of special interest (reduced GFP production but did not lower BV production).
While we identified 19 AcMNPV genes that are essential for BV production and GFP
expression from the late p6.9 promoter, 19 other genes were identified as of special interest
whose disruption only reduced GFP expression from the late p6.9 promoter.

While phenotypic changes were assessed using the CRISPR-Cas9-based T-1 assay, in-
vestigating the genomes using whole-genome next-generation sequencing (NGS) revealed
further information. First of all, shotgun sequencing was used to generate a consensus
sequence of the p6.9GFP rBEV stock used in T-I assays, and this is the first report on
whole-genome rBEV sequences to the best of our knowledge. This shotgun-sequenced
rBEV served as the reference genome to identify mutations upon CRISPR-Cas9-mediated
gene disruptions. We also provided a set of tiled-amplicon primers based on the reference
genome and adapted a high-throughput tiled-amplicon sequencing assay to control and
targeted rBEV genomes. This sequencing assay, combined with a bioinformatics pipeline
for major species, was able to successfully detect mutations within the gp64 gene when
gpb4 targeting sgRNA was delivered to Sf9-Cas9 cells via a plasmid or rBEV. We further
demonstrated that gp64 disruption lowered BV levels without decreasing GFP production,
thus reducing BV contamination in cell culture supernatant.

To probe the gp64 gene further, we targeted it at six different locations using the T-I
assay. Plasmids carrying one or two sgRNA targets were used to evaluate the impact of
single and multiple targeting sites on virion and foreign protein production. g¢gp64 dis-
ruption with each of these sgRNA targets resulted in decreased infectious and total viral
titers, whereas GFP production from the late p6.9 promoter was enhanced or remained
similar to the control. Low-frequency genomic changes upon CRISPR-Cas9-mediated gp64
disruptions were successfully assessed by the tiled-amplicon sequencing assay and a variant
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calling pipeline based on the computational tool iVar. While the iVar tool was originally
developed to investigate variants in wild-type virus populations, we adapted it to detect
variants in a process system. We also demonstrated that variants can be preserved over
viral propagation in cell culture, that is, variants present in the virus stock were also ob-
served in the rBEV genomes recovered from the T-I assay, thus indicating that they are
not detrimental to viral fitness.
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Chapter 1

Introduction

With the advantages of being more robust, faster growing, and requiring less strict growth
conditions compared to eukaryotic cells, prokaryotic hosts, such as bacteria, are used for
the large-scale production of recombinant proteins (Butler, 2005). However, while smaller
proteins can be easily produced in prokaryotic cells, larger complex proteins require eukary-
otic systems (Demain, Vaishnav, 2009). Moreover, with the enhancement of recombinant
protein technology in the 1970s and 1980s, and the increasing demand for more complex
biotherapeutics that require post-translational modifications (PTMs), eukaryotic hosts of-

fer a more reliable and robust production platform (Butler, 2005).

Eukaryotic systems such as fungi, baculovirus expression vector system (BEVS), and
mammalian cells are usually chosen for the production of recombinant glycosylated pro-
teins. With high protein yields at low cost and the ability to perform glycosylation,
fungi can be used for the production of proteins larger than 50 kDa (Demain, Vaish-

nav, 2009). However, amongst the different eukaryotic hosts, mammalian cells, such as

1



the Chinese hamster ovary (CHO) and human embryonic kidney (HEK293) cells, are pre-
dominantly used for biopharmaceutical production due to their capability for PTMs and
human protein-like molecular structure assembly (Demain, Vaishnav, 2009; Zhu, 2012).
The BEVS, though, is a middle ground between the different eukaryotic hosts, with its
ability to carry out complex PTMs, proper protein folding, and high protein yields (De-

main, Vaishnav, 2009).

The 1850s marked the earliest mention of the non-mammalian baculovirus in the liter-
ature (Summers, 2006). This was followed by research focused on polyhedra purification
from infected insects, infectious virus recovery from polyhedra, and infection mechanism
in insect midgut (Summers, 2006). The baculovirus has also been applied as an insec-
ticide as a part of the integrated pest management (IPM) strategy (Haase et al., 2015),
and the first baculoviral insecticide found its way to the market during the 1970s (Black
et al., 1997). Later in 1983, the use of the baculovirus Autographa californica multiple
nucleopolyhedrovirus (AcMNPYV) for recombinant protein production in insect cell culture
was first established (Smith et al., 1983b), thus marking the birth of the baculovirus ex-
pression vector system (BEVS). Briefly, Smith et al. (1983b) demonstrated the expression
of the human interferon-beta gene under the control of the very strong polyhedrin pro-
moter by infecting insect cells with a recombinant AcMNPV. Once it was known that the
AcMNPYV produces large amounts of the Polyhedrin protein and the corresponding gene
was not essential for virus propagation in insect cell cultures, it largely contributed to the

development of the BEVS (van Oers et al., 2015).

Although a majority of the biotherapeutic products use mammalian cells for produc-

tion, it is well known from the literature that the BEVS is a promising platform for the



production of various proteins of interest owing to its ease of use and versatility. This
platform comprises of a continuous insect cell line, typically Sf9, Sf21, and High-Five™
cell lines, and a recombinant baculovirus expression vector (rBEV) carrying the gene(s)
of interest, that is capable of infecting insect cell cultures (Palomares et al., 2015). The
limited host range of baculovirus and high protein yields make the system a great choice
for the production of recombinant proteins (George, 2016). Additionally, the ability of
insect cells to perform complex mammalian-like PTMs, including glycosylation (James
et al., 1996), phosphorylation (Héricourt et al., 2015), and disulfide bond formation (Hod-
der et al., 1996), makes BEVS a suitable platform for the production of foreign proteins
that require such modifications (Reed, Muench, 1938). Furthermore, the lack of human
adventitious viruses in insect cells (Summers, 2006) and the inability of baculovirus to
grow in or infect mammalian cells (Sokolenko et al., 2012) makes it appropriate for the

production of therapeutic proteins.

The advantages of the BEVS have made it a desirable platform for a large number
of applications. Many higher-order proteins and protein complexes, such as antibodies
(Zu Putlitz et al., 1990), viral vectors (Aucoin et al., 2006), and virus-like particles (VLPs)
(Pushko et al., 2005, 2010), have been produced using this system. Moreover, the BEVS
has been used as a surface display technology for displaying proteins with eukaryotic PTMs
(Kost et al., 2005). Another application of the BEVS is the production of vectors for gene
therapy. The first-ever vector to be approved for gene therapy by the Food and Drug
Administration (FDA), a recombinant adeno-associated virus (rAAV) vector, is produced

in the BEVS (Palomares et al., 2015; Felberbaum, 2015).

Despite the wide range of BEVS applications and advantages, the majority of the



work done with this system is restricted to academic and/or research laboratories. This
could be because — the function(s) of many AcMNPV genes are not yet experimentally
confirmed (Bruder, 2021); the majority of the commercial BEVS transfer plasmids have
the gene(s) of interest under the control of the very late polyhedrin (polh) or p10 promoters
(George, 2016); the co-production of virions with the recombinant products complicates
the downstream purification processes (Marek et al., 2011; Lee et al., 2015; Bruder, Aucoin,
2023a); and the baculovirus is known to have inherent genomic instability (Kool et al., 1991;
Pijlman et al., 2001). Moreover, commercially available BEVS usually have the complete
genome or only a handful of non-essential/deleterious genes removed from their genome,
which leads to the possible expression of many unnecessary genes. Additionally, AcMNPV
gene deletion to improve foreign protein production is not well studied (Hitchman et al.,
2010a). These drawbacks of the system could contribute to the limited industrial exposure
of the BEVS. Nonetheless, it is gaining some popularity for industrial production with quite

a few biotherapeutics being produced in this system in the last decade (Bruder, 2021).

1.1 Hypotheses

The driving hypothesis behind this research is that the large AcMNPV genome contains
genes, driven by late and very late AcMNPV promoters, that are not required for infec-
tious budded virus (BV) production or expression of foreign genes in insect cell culture,
and thereby contribute to unnecessary usage of cellular resources. A systematic study of
the AcMNPYV genes active in the late and very late phases of the infection cycle using

CRISPR-Cas9 and the subsequent disruption and identification of unnecessary sequences



would remove genetic burden from the recombinant AcMNPV genome and direct resources

towards foreign protein or progeny virus production.

More specifically, by using a genetically engineered Sf9 cell line expressing the cas9
gene, the essentiality of AcMNPV genes can be easily probed. Even more specifically, if a
late promoter, such as p6.9, is used instead of very late promoters, such as polh and p10,
which are active when most of the cellular machinery is turned off, sequences that are not
necessary in the late and very late infection phases can be targeted to enhance biologics
production. Thus, using a minimal rBEV genome and expressing foreign gene(s) under
late promoters can shift production to an earlier point in the infection cycle when the host
cells are not completely hijacked (as compared to the current utilization of polh or p10

promoters), as well as enhance the production of biologics.

Another hypothesis evaluated in this study is that there exist AcMNPV genes that affect
BV but not foreign protein production from the late p6.9 promoter, and the reduction of
budded baculovirus contamination in culture supernatants by minimizing or preventing BV
formation will simplify the purification process for bio-industrial applications. Specifically,
sequences that will reduce baculovirus production without compromising foreign protein
production can be targeted by CRISPR-Cas9, while eliminating the need for creating a
trans-complementing cell line, such that it reduces baculovirus co-production and facilitates

downstream purification.

We further hypothesized that whole-genome next-generation sequencing (NGS) can
confirm the CRISPR-Cas9-mediated mutations and detect any possible off-targets. Se-
quencing the rBEV genome before and after targeting is also necessary to determine

whether the effect is due to gene disruption or if the mutation was already present in



the virus stock. Additionally, it was postulated that transient CRISPR-Cas9 disruption of
rBEV genomes, as the virus undergoes its infection cycle, would result in variants in the

genome pool.

1.2 Objectives

The overall objective of this work was to probe the essentiality of late and very late AcM-
NPV genes for BV and foreign protein production from the late p6.9 promoter, as well
as to establish NGS pipelines to sequence the virus stock(s) and confirm CRISPR-Cas9-
mediated mutations. It is to be noted that the lashBAC™ GOLD AcMNPV vector is
used as the backbone in this work, and the baculovirus chitinase (chiA) and cathepsin
(v-cath) genes are already deleted from this genomic DNA (gDNA). The objectives of this
study can be broken down into the following:

(a) screen for genes active in the late and very late phases of the infection cycle to iden-
tify essential and of special interest Ac MNPV sequences through targeted gene disruption
using a previously developed CRISPR-Cas9-based transfection-infection assay (T-I assay).
Briefly, these late and very late sequences are selected based on the presence of a 5'-TAAG-
3’ promoter motif and the literature review, and 2-3 sgRNAs are assessed for the disruption
of each gene target;

(b) use shotgun sequencing to generate a consensus sequence of the virus stock, rBEV car-
rying a green fluorescent protein (GFP) under the late p6.9 promoter (p6.9GFP rBEV),
amplified in Sf9 cells. This shotgun-sequenced rBEV acts as the reference genome for

plasmid-based delivery of sgRNA to Sf9-Cas9 cells for targeted gene disruption. Adapt a



tiled-amplicon sequencing assay to rBEVs by generating tiled-amplicon primers based on
the reference genome and sequencing untargeted and targeted rBEV genomes. Apply the
tiled-amplicon sequencing assay to sgRNA rBEV (carrying GFP and sgRNA for AcMNPV
gp64) amplified in Sf9 cells and rBEV-based delivery of sgRNA to Sf9-Cas9 cells for tar-
geted gene disruption;

(c) disrupt the AcMNPV gp64 gene at multiple locations using the CRISPR-Cas9-based
T-1 assay and evaluate the impact of single (one spacer sequence) and dual (two spacer
sequences) sgRNA targets on BV production and late exogenous protein production. Use
the tiled-amplicon sequencing assay to sequence control and gp64 targeted genomes and

generate a variant calling pipeline to confirm targeted mutations and detect any off-targets.

1.3 Thesis Outline

The first chapter of this thesis consists of a general introduction to the different biologics
production platforms with a focus on the BEVS, some advantages, and applications of
the BEVS, as well as the driving hypotheses and the objectives of this work. The second
chapter is a relevant literature review of the research presented in this thesis. In Chapter
3, the effect of CRISPR-Cas9-mediated disruption of 38 endogenous AcMNPV genes on
foreign gene expression from the late p6.9 promoter and BV production has been presented.
Chapter 4 outlines the adaptation of NGS to rBEVs and the application of NGS to generate
a virus stock consensus sequence and detect transient CRISPR-Cas9-mediated mutations.
Identification of gp64 variants upon targeted mutations and variant conservation upon viral

propagation in cell culture, as well as reduction of virion co-production in cell culture,



have been presented in Chapter 5. Finally, Chapter 6 outlines overall conclusions and
recommendations derived from this work. Chapter 3 has been formatted for submission,
Chapter 4 has been published in Viruses, and Chapter 5 has been published in International

Journal of Molecular Sciences.



Chapter 2

Literature Review

2.1 Baculovirus

Baculoviruses are enveloped DNA viruses belonging to the Baculoviridae virus family,
with a very narrow host range within the arthropod invertebrates (Lu, Miller, 1997; Jehle
et al., 2006). These viruses are divided into two major groups, nucleopolyhedroviruses
(NPVs) and granuloviruses (GVs), based on the morphology of their occlusion bodies
(Rohrmann, 2019c). While the former can form occlusion bodies composed of one or
more virions encapsulated in a polyhedrin protein matrix, the latter can form occlusion
bodies containing a single virion encased in a granulin protein matrix (Funk et al., 1997;
Rohrmann, 2019¢). The baculovirus virions can exist in one of the 