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ABSTRACT

The work presented in this thesis aimsfugher the understanding and implementation of the
Baculovirus Expression Vector System (BEVS) for varied uses such as protein production and
viral vector production. To this end, three projects have been presented, two of which deal with
methods to quaify baculovirus titres and the last deals with tracking baculovirus transcripts in
infected insect cells.

The first project examined assumptifsae analysis as a method for data analysis of Real Time
PCR data in order to enable direct comparison of bacubtitres between samples, without the
need for a traditional standard curve. It concluded that assunfpt®mnalysis was well suited

for this purpose and fold differences of baculovirus titres of different samples obtained using this
method correspuled to real differences in sample titres.

The second project aimed to develop a cheap and reliable method for sample preparation for Real
Time PCR which would remove the need for the use of commercially available extraction kits.
Samples were subjectéal various combinations of Triton-X00 at different concentrations and
different numbers of freeze/thaw cycles in order to determine the combination which would
provide the best baculovirus genome exposure. One of these combinations was found to be at
leasst as good as commercially available kits in reliably extracting baculovirus DNA and
providing baculovirus titres that are at least as accurate.

The third project was a preliminary study examining the effects of multiplicity of infection on the
levels of aculovirus Gg64 transcript in insect cell culture. The study concludes that at high
multiplicities of infection, there seems to be no increase in baculovirus transcripts when the
multiplicity of infection is further increased. This study served to allowfémiliarization with
tracking transcript levels, and the principles and techniques demonstrated here will form the basis

for an exhaustive future study on the same subject.
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CHAPTER 1

INTRODUCTION

Baculoviruses were first exploited for human benefit as insecticides, where their narrow host
specificity and high infectivity was exploited to create highly safe insecticides. Over the past 20
years, however, their use has been expanded to applicatiohsasurecombinant protein
production(T. A. Kost, Condreay, & Jarvis, 20Q9nd more recently as vectors for gene transfer

to mammalian cells, and as scaffolds for the surface display of various proteins.

The most important current use of this systerfoisthe production of recombinant proteins in
insect cell culture and insect larvae. This is due to the use of suspension insect cell cultures which
can be grown to high density, as well as the use of baculovirus promoters which can drive very
high levelsof expression of the gene (or genes) of interest, which in turn can be very large due to
the large packaging capacity of the baculovirus genome. The utility of this system has resulted in
its use in the production of a wide range of proteins, protein lexep and virudike particles

(M. G. Aucoin, Mena, & Kamen, 2010; Y. Hu, 2005; T. A. Kost et al., 20D8juding several
commercial products such as the human papillomavirus (HPV) vaccine C&fvarfom

GlaxoSmithKline and the influenza vaccine FluB®from Protein Sciences.

The increasing utility of this system has resulted in the requirement to be able to accurately
qguantify amounts of baculovirus in a sample, which is necessary for large scale protein and
baculovirus production. Therefore, thérave been substantial efforts to develop an accurate and
reproducible method of baculovirus titration, with methods such as the plaque asspginénd

dilution assay and flow cytometry, among several others. Real Time PCR has also been



investigated as apid and accurate method for quantifying baculovirus in a sample.

The work presented in this thesis aims to further develop Real Time PCR as a method for
guantifying virusand understanding the progression of infectibm do this, it looks at methods
of analysing Real Time PCR data, as well as new methods for preparing baculovirus $ample

analysis by Real Time PCR, and methods for tracking the transcription of viral genes.

The main hypotheses of this work are that-traditional Real Time PCR analgsmethods can

be used to calculate differences in abundances of template in between samples, and that
baculovirus sample generation can be simplified in order to reduce the cost and time associated
with this process, and that the simplified method caruded at least as reliably as current

established preparation methods.

The first chapter of this thesis is a detailed literature review which gives an overview of the
baculovirus system and its variouses. It explains various factors involved in the esafthis
system, particularly for protein production and concludes with a section on baculovirus
guantification methods, with particular emphasis on Real Time PCR and Real Time PCR data
analysis methods. The second chapter of this thesis is a commomaldaiad Methods section,

with protocols common to subsequethiaptersChapter 3 of this thesis descrilteg benefits of

using assumptioffree analysis aan alternative to comparativer @nalysis, especially for the
evaluation of quantification protocalevelopmentThis was done to reduce the dependence of
data analysis on the dilution of a set of standards and on the generation of a standard curve, as
well as to address other deficiencies of toenparative € based method of data analysis. The
fourth chapter of this thesis details efforts to validate a new method of baculovirus sample
preparation for Real Time PCR, which is easier and cheaper than conventional kit based
extraction methodsYarious combinations of treatments using TritorlOO and freez/thaw

2



cycles were studied to find the treatment scheme whichedaldmple as suited for Real Time
PCR.The last chapter of this thegisesentavork involving tracking levels of baculovirusgene
transcript in infected insect cells, over the coursarofinfection cycle, anfborms the basis of

future work in this area.



CHAPTER 2

Literature Review

2.1 Baculoviruses

Baculoviruses are a group of DNA viruses that infect only organisms of the plAytbnopoda

(Miller & Lu, 1997), with most viruses infecting species of the order Lepidoptera. Baculoviruses
are present in two forms: the occluded form in which virus capsids are embedded within a protein
matrix, and are responsible for virus transmisdietween hosts, while the budded form is an
enveloped virus and mediated transmission within a Bastulovirus capsids are usually 4®0

nm in diameter and 200400 nm in length and enclose angene that is between 80200 kilo

bases (kb)n length Baculovirusescan be divided into two genera that differ by the sind
composition of their occlusion bodies: the nuclear polyhedrosis viruses (NPVs), which
encapsulate many virions in large structures called polyhedra and the granulosis viruses (GVSs)
which have only one or two virions encased in smaller occlusion bodies called granules (Funk,
Braunagel, & Rohrmann, 1997The best studied among these viruses is Algographa
californica multiple nuclear polyhedrosis virus (AcMNPV) which infects the &dfdboper

Autographa californica

2.2 Baculovirus replication cycle

Much of what we know about baculovirus biology is from the study of ACMNPV infection of



insect cells in culture. Within insect cell culture, baculovirus transmission is mediated by budded
virus which are taken up into insect cells mainly by receptor nestliedocytosis (Blissard &
Wenz, 1992; Volkman & Goldsmith, 1985), but also by direct membrane fusion (Volkman &
Goldsmith, 1985). Following entry, nucleocapsids travel to the nuclear pores, following which the
genomic material is released into the nucleusich is followed by synthesis of viral RNA and

viral DNA. The baculovirus infection cycle is divided into three phases: the early, late and very
late phases of infection. The early phase consists of the immedidyeand delayedarly phases
where thammediateearly phase involves the expression of genes controlled by immedidye
promoters which can be transcribed by the host
Weaver, 1981), while expression of delaydly genes rely on the presencerofriediateearly

gene products. Early gene products include transcriptional activatorgpaptotic factors, and
components of virally encoded polymerases. The synthesis of these early genes starts
immediately after cell infection (B. J. Kelly, King, & Bee, 2007) and extends to about 6 hours
post infection and is followed by expression of the late proteins from about 6 hours post
infection, which is mediated by a viral RNA polymerase (Fuchs, Woods, & Weaver, 1983), and
continues till 24 hours post infiéen. This phase corresponds to replication of baculovirus DNA
and also to the production of budded virus. Infection of insect cells by baculoviruses also
corresponds to cell cycle arrest at the G2/M phase of replication (Braunagel, Parr, Belyavskyi, &
Summers, 1998), the gradual shutdown of host protein production from about 6 hours post
infection (Carstens, Tjia, & Doerfler, 1979) and the decrease in levels of several host mMRNAs in
the late phase of infection (Nobiron, O'Reilly, & Olszewski, 2003). Thg late phase of the
infectious cycle starts from at about 20 hours and involves the expression of high levels of
proteins necessary for the production of occluded virus particles, such@sythedrinandpl10
proteins. In insects the very late phasénééction would correspond to the embedding of virus

capsids within a polyhedrin matrix, and the subsequent occlusion of these particles.



2.3 Uses of the Baculovirus system

Baculoviruses were first exploited for use as pesticide due to their narrowamgs, high
infectivity and high biosafety. Since then, baculovirus have been used for several different
applications which make use of their versatility, with improvements being made continuously to
expand their utility to new systems and applicatiohsnust be noted that several works have
been published which give much more comprehensive reviews of the uses and implementation of
the baculovirus system (Y. Hu, 2005; T. A. Kost et al., 2005) and these may be referred to for

further information. A few bthese uses are given below.

2.3.1 Protein production in insect cells:

The most important use of the baculovirus system has been for the production of proteins, protein
complexes and virulike particles in insect cells and insect larvae, with the mawartage being

the high levels of protein expressed and modified with eukaryotic processing mechanisms. The
system also has the advantage of being able to accommodate large foreign genes, and is safe for
use as it does not infect humans. Given that tmsnmes the most common use of baculoviruses,

a detailed review of protein production in insect cells using baculovirus is given in the section

titled fiThe Baculovirus Expression Vector Syster

2.3.2 Baculovirus mediated gene delivényo mammalian cells

Baculoviruses were first reported in 1983 to be able to be taken up into a variety of different non
target cells, without resulting in virus replication (Volkman & Goldsmith, 1983). This work was
expanded upon subsequently by various research groupsnghexyiression of genes of interest

in mammalian cells, when placed under the control of a mammalian promoter such as the widely
used cytomegalovirus (CMV) (C. Hofmann et al., 1995), or the Rous sarcoma virus (RSV)

6



promoter (Boyce & Bucher, 1996). Baculayges have been found to transduce a wide variety of
cells with varying efficiencies, with the list of permissive cells including popular cell lines such

as HeLa and CHO cells (Y. Hu, 2005), and primary cells such as human hepatic cells (C.
Hofmann et al.1995) and neural cells (Sarkis et al., 2000). These baculoviruses which were
capable of gene expression in mammalian cells were termed BacMam viruses. The mechanism by
which baculovirus can transduce this wide variety of mammalian cells is not knowrs but i

thought to involve some form of endocytosis (Dee & Shuler, 1997).

The capability of baculovirus to introduce genes into a wide range of mammalian cells and cause
transient expression of these genes, as well as the safety profile of baculovirusegnhas be
exploited for gene therapy, with studies being done on imetlivo and exvivo gene transfer.
However,in-vivo gene transfer suffers some limitations such as baculovirus inactivation by the
complement system (C. Hofmann & Strauss, 1998) and the pi@veritthis phenomenon is an

area of continuing research.

In addition to gene therapy, baculoviruses have been used as vectors for protein production in
mammalian cells, and is especially advantageous if mamméd&aprocessing is required for the
expressed protein products. The system has been used in the production of secreted proteins
(Ramos et al., 2002), virdike particles (Wang et al., 2005) and viral vectors like adeno

associated virus (AAV) vectors (Sollerbrant et al., 2001).

2.3.3 Baculovirussurface display

The ability of baculovirus to incorporate expressed membrane bound proteins into their outer
membrane has led to surface modified baculoviruses being produced and used for various
purposes. These modified viruses have been used in vappigations such as improving
transduction efficiencies of nguermissive cells using proteins such as avidin (Raty et al., 2004)

7



and antibody fragments (Mottershead, Alfthan, Ojala, Takkinen, &-Blan, 2000). They have

also been used for screeningtepe libraries (Ernst et al., 1998), for the assembly of active
protein complexes (Hayashi et al., 2004; Loisel et al., 1997; Masuda et al., 2003), and as vaccines
by expressing antigens on their surface. To this end, baculovirus vaccines have beeroshown t
induce immune responses in animals against viruses such as influenza (T. Abe et al., 2003),
psuedorabies virus (Aoki et al., 1999) and Hepatitis C virus (Facciabene, Aurisicchio, & La

Monica, 2004), among others.

24 The Baculovirus Expression Vect@®ystem(BEVS)

The use of baculoviruses coupled with insect cells has become increasingly popular due to the
ability of the system to produce large quantities of protein product, which can sometimes
approach the vyield of prokaryotic systems (D. L. Jan@87). This is due to a combination of
factors including the ability of insect cells to be grown in suspension culture, the high tolerance of
these cells to osmolality and4pyoduct concentrations (lkonomou, Schneider, & Agathos, 2003),
and the use of stng baculovirus promoters such as glayhedrinand p10 promoters to drive

high levels of protein expression. This system has become particularly valuable for the expression

of protein products which require eukaryotic pwanslational modifications.

The BEVS system has been used to express many different types of proteins in insect cells, due to
the properties listed above, as well as other factors like the large gene insert capacity of the
baculovirus genome and their lack of pathogenicity. The mtemu of proteins by the
baculovirus expression system has been reviewed elsewhere (Y. Hu, 2005; T. A. Kost et al.,
2005). In addition, the large packaging capacity of the baculovirus, and consequently the ability
to package multiple foreign genes witlairsingle baculovirus, as well as the ability to infect a cell

8



with multiple baculoviruses coding for one or more genes of interest, have made this system very
valuable for the production of single and muslibunit products such as virlike particles
(VLPs). The production of viral particles using the insect cell system has been reviewed
elsewhere (Y. Hu, 2005; T. A. Kost et al., 2005), and a detailed list of VLPs produced using the
system is given in other works (M. G. Aucoin, 2007). The system is afsabte of producing
enveloped virus particles such as influenza particles (Latham & Galarza, 2001; Pushko, Tumpey,
Bu, Knell, & Smith, 2005), among others. In addition, infectious viral vectors such as AAV

vectors have been produced in insect cells (Uabmg, & Kotin, 2002).

A wide variety of insect cell lines are available for protein production, with the most commonly
used being lines such as Sf9 and Sf21, isolated 8patoptera frugiperdaand High Five cells
isolated fromTrichoplusia nj due to their ease of culture. They also benefit from the ability to be
grown in suspension culture. Detailed reviews of the cell lines used and comparisons between
these have been given elsewhere (M. G. Aucoin et al., 2010; lkonomou et al., 2003;00//)n, 2

The main baculovirus vector which has been used to transfer genes to the insect cells is the

AcMNPV virus which remains the best studied of the baculoviruses.

2.4.1 Recombinant Baculovirus Production

The production of recombinant baculovirusesitaming the gene(s) of interest has been done
using several technigues, which aim to produce purely recombined virus, with as little
contaminating nomecombined virus as possible. All these techniques generally use a transfer
vector, with one or more gen of interest under the control of various promoters, into a
baculovirus genome. One of these techniques involves the use of transfer vectors and linearized
baculovirus DNA with an essential gene deleted, which can be replaced when the linear DNA
recombires with a transfer plasmid containing the deleted gene, along with the gene of interest,

9



thus producing recombined virus (Kitts & Possee, 1993). The transfer plasmid contains the gene
of interest downstream of a baculovirus promoter sequence, and isdfléykesequences
complementary to parts of the baculovirus genome which facilitates homologous recombination
of the promotegene DNA fragment into a negssential region of the baculovirus genome,
usually thepolyhedringene. The percentage of recombinegintis in the virus population can
reach to nearly 100% using this method (Possee & King, 2007). Other methods include
conducting the recombination with bacteria by inserting the gene of interest by site specific
recombination into a bacmid containing tha&cblovirus genome, and selection using a marker
gene (Airenne, Peltomaa, Hytonen, Laitinen, & -Warttuala, 2003; Luckow, Lee, Barry, &
Olins, 1993). A third method involvas-vitro site specific transposition for the insertion of a
foreign gene, and imcporates a negative selection marker for the elimination ofecambined
baculovirus DNA (Zhao, Chapman, & Jones, 2003). Detailed reviews on the generation of
recombined baculovirus are published in other works (T. A. Kost et al., 2005; Possee & King,

2007).

2.4.2 Limitations of the Baculovirus Expression Vector System

2.4.2.1 Posttranslational modifications in the baculovirus system:

The BEVS system along with the insect cell has been used for the production of proteins which
require eukaryotic podtanslational modifications; however, the pathways in insect cell lines are
not always similar to that of higher organisms. In addition, existing processing pathways may be
affected due to the shutdown of host protein production and downregulation ofmRd&A
production mentioned earlier, and may also be overwhelmed by the large amounts of recombinant
protein produced by most baculovirus vectors, both of which can lead to inefficient post

translational modification of produced protein.
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2.4.2.2 Proteolytc cleavage:

The baculovirus expression system has been used successfully to produce and process several
proteins which require proteolytic cleavage of their prosequences for biological activity, such as
interleukin2 (Smith et al., 1985). However, therevhabeen many reports of overexpressed

proteins such as HIV gp160 (Wells & Compans, 1990), the influenza hemagglutinnin (Kuroda K,

Hauser C, Rott R, Klenk HD, & Doerfler W, 1986) being inefficiently cleaved by insect protein
processing mechanisms. Howevitis may be overcome by expressing processing enzymes in

the insect cell system. It has been shown that expressing a mammalian furin convertase along
with TGIFb i mproved the amount of bioactive TGI

1998).

2.42.3 Glycosylatin

While insect glycosylation pathways are similar to those found in higher eukaryotes, they do
show some differences (Altmann, Staudacher, Wilson, & Marz, 1999; D. L. Jarvis, 1997; T. A.
Kost et al., 2005). These differences inclimeompletely elongated oligosaccharide chains with
incomplete sialylation of N glycans in thedlycosylation pathway, and lack of production of the
sialylated galactos®-N-acetylgalactosamindrisaccharide. These differences are due to the
absence of vawus mammalian glycosyltransferase enzymes and so efforts have been made to
introduce these transferases into insect cells, with one article reporting the generation of an insect
cell line which incorporated five glycosyltransferases, along with two furémzymes for
conversion of the sialyic acid precursor, and showed that this cell expressed a GST protein which
was fully N-glycosylated, with no unglycosylated forms detected (Aumiller, Hollister, & Jarvis,
2003). In addition, cell lines such as Ea4 (OgjunFreedman, Jenkins, Patel, & Rooney, 1996)
have been isolated which show higher glycosylation capabilities th@rc&fs. Detailed reviews

have been published regarding glycosylation in insect cells and efforts to address its limitations,
(lkonomou etal., 2003; D. L. Jarvis, 1997; T. A. Kost et al., 2005)
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In addition to the issues listed above, the baculovirus system has also been found to have other
limitations such as inefficient phosphorylation and acylation, among others. Further information

on these limitations can be found in the above mentioned reviews.

2.4.2.4 Proteolysis in the BEVS system

Proteases are produced in a baculovirus infected insect cell during the very late phase of
infection, at a time when recombinant protein expression és Highest in conventional
polyhedrin driven vector systems. These proteases are produced both by the cell, during cell lysis,
or can be encoded by the baculovirus, probably to dissolve the cell and insect host to facilitate
release of the polyhedra. Thesazymes are mostly cysteine proteases (Gotoh, Miyazaki,
Kikuchi, & Bentley, 2001), and can cause degradation of produced recombinant proteins.
Deletion of protease genes suchvwasath and chitinasechiA have been shown to reduce
degradation of recombing proteins (Monsma & Scott, 1997) and can be used to prevent
problems caused by the proteolytic nature of the BEVS system. In addition, the use of protease
inhibitors has been explored (Gotoh et al., 2001). Another option to circumvent the problem of
proteases during the very late phase of infection is to use promoters which are active at earlier
phases of the baculovirus infection cycle (discussed later). A detailed review on this subject can

be found in other published work (lkonomou et al., 2003).

2.43 Promoters used for the expression of foreign genes

Many of the proteins produced till now have used baculovirus vectors in which recombinant gene
expression is driven by the baculovirus very late polyhegraihl promoter, which has been
found to be oa of the strongest known promoters and drives high level expression of the
polyhedrin gene in wildype baculovirus. In addition to thgolh promoter, the very latp10
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promoter has also been used for protein expression and is active slightly earlidretpath
promoter, but is weaker and drives lower levels of protein expression, and therefore is not as
widely used (D. L. Jarvis, 1997). However, the use of very late baculovirus promoters means that
the proteins are produced at a time when much of tee dedl pathways such as the secretory
pathway have been disrupted to some extent (D. L. Jarvis & Summers, 1989), and therefore
cannot efficiently produce the active forms of these proteins efficiently (T. Tsao et al., 1990),
especially due to the overwhghg amounts of protein produced by the strong very late
promoters. In addition, the very late phase of infection corresponds to the presence of high levels
of baculovirus and cell encoded proteases, as discussed earlier. Therefore, earlier baculovirus
promoters have been used to drive gene expression, even though they are not as strong as the very
late promoters. It has been found that earlier and weaker promoters like thie-dgslypmoter

(D. L. Jarvis, Weinkauf, & Guarino, 1996) and the Ig&9 coding for the basic protein
(Bonning, Roelvink, Vlak, Possee, & Hammock, 1994; -Rifirkins & Possee, 1990; T. A. Kost

et al., 1997; Lawrie, King, & Ogden, 1995), when used to drive protein expression, can be used to
produce the same or higher levels of aetwotein than the polyhedrin promoter. Tp@&.9

protein promoter has also been shown to drive higher levels of protein production than the two
very late promoters (Bonning et al., 1994; T. A. Kost et al., 1997). The baculgprGd
promoter, which codefor the gp64 transmembrane protein which is essential for infectivity of
budded baculovirus and is expressed in the late phase of the infection cycle, can be used to drive
expression of foreign genes, with the reasoning being thatrnaostational proessing will be

optimal during this phase in which the baculovirus proteins are being produced that have to
undergo postranslational processing (Possee & King, 2007). Other promoters such @&9the
capsid promoter have also been used in transfer vectors designed to produce recombinant

baculoviruses (Possee & King, 2007).
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2.4.4 Multiplicity of Infection

One of the main parameters describing the infection of a cell culture with virusnaittigicity

of infection, or the MOI, which is the ratio of infectious virus particles to the number of cells in
the culture. The MOI can be used to estimate the proportion of cells infected by viruses and the
fraction (F) of cells infected by a specifiamber of virus particles (n) can be calculated using the
following formula (Murhammer, 2007):

Equation 1:

s 00 OA@P0O OO
oen 0 O A

When the MOl is low, an asynchronous infection is set up where only a part of the cell population
is infected,whereas a high MOI such as 3 will cause a synchronous infection, with nearly all the
cells being infected by at least one virus particle. High MOIls are usually used for quick and
predictable protein production in small scale experiments. However, duriggr |&cale
production, the establishment of high multiplicities of infection becomes problematic due to the
need for large amounts of virus inoculum and therefore, becomes impractical. In addition, it has
been found that defective interfering particles famened during the passage of baculovirus in
culture, due to the loss of parts of the genome (Kool, Voncken, Van Lier, & Tramper, 1991).
These propagate in cell culture using helper functions from fully functional baculovirus and can
cause reduction in prein production (Wickham, Davis, Granados, Hammer, & Wood, 1991).
However, this can be avoided by producing baculoviruses at low multiplicities of infection (M. P.

Zwart, Erro, van Oers, de Visser, & Vlak, 2008).

At low multiplicities of infection, bacwvirus infect a small proportion of cells, which then
release virus to infect other cells in the culture. In the meanwhile thenfemted cells

continually divide. Therefore, the low MOI system is not easily predictable and this is
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exacerbated by the sstivity of low-MOI infections to initial conditions like virus titres and cell
density, which can be inaccurate, and this reflects the importance of accurate quantification

methods for baculovirus titration.

Additional factors to be considered when tryit@ maximize protein production include the need

to reduce the time in which recombinant protein production takes place, in order to reduce
proteolytic degradation of these proteins, which has been shown to be an issue in low MOI
infections (Radford et gl1997). This would indicate a need for synchronous infection as is found
in high MOI infections. In addition, low MOI infections run the risk of having very high cell
densities which would cause nutrient depletion and therefore, loss of productivitiorgRad
Cavegn et al., 1997; K. T. K. Wong, Peter, Greenfield, & Nielsen, 1996). It has been shown that
careful manipulation of the cell density and time of infection (TOI) can enable the use of very
low multiplicities of infection (K. T. K. Wong et al., 189 This approach requires the
establishment of accurate baculovirus titres.
initially leading lowered productivities due to insufficient cell density, or alternatively an
insufficient number of cells could hefected at the outset, leading to high cell densities and

consequently, lowered protein productivities.

It has been previously reported that changes in protein yields from insect cell culture with respect
to increase in MOI is significantly affected Hyetgrowth phase of cells in the cell culture (Licari

& Bailey, 1991; Schopf, Howaldt, & Bailey, 1990) .In particular, it has been noted that when the
cells are infected in the early exponential phase of cell culture, recombinant protein production
shows noobvious correlation to the MOI. This is in contrast to what was observed when cells
were infected in the late exponential phase of cell growth, where product yield showed a clear
correlation to MOI, with higher MOI's resulting in higher product yields. dwtrolling the

initial cell density, TOl and MOI carefully, low MOI strategies have been used to produce
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proteins at comparable levels to high MOI strategies (K. T. K. Wong et al., 1996).

Further information on the effects of MOI in the BEVS systemhmaffiound in other works (M.

G. Aucoin et al., 2010).

2.4.5 Co-infection

An extension to the infection of insect cells with more than one virus is the ideardécion,

which involves infecting a single cell with more than one type of virus codirgjfferent genes.

This is especially important for the production of protein complexes such adiké&ymarticles
(VLPs). It has also been used extensively for the provision of helper functions for protein
processing by expressing enzymes necessaryoB#tianslational modification of proteins, such

as glycosyltransferases and enzymes for sialic acid synthesis, to provide manik®lian

modifications (Chang, Chen, Lin, Chen, & Chen, 2003; Hill, Aumiller, Shi, & Jarvis, 2006).

The use of multiple bacoviruses to deliver genes into insect cells allows for the control of
expression of different genes by controlling the proportion of each virus added to cell culture (Y.
Hu & Bentley, 2001; L. Palomares A., Lopez, & Ramirez, 2002). Since all cells ieliralture

will not be infected with all of the viruses used, protein complexes will have a range of
compositions and particles being formed having a desired average composition. While this
suggests that a high MOI is necessary to ensure that a lapy@to of cells are infected with

all recombinant virus, an alternative strategy involves setting up a low MOI infection, such that
after the first round of baculovirus, a secondary synchronous high MOI infection will be set up

for the rest of the culturge. |. Tsao, Mason, Cacciuttolo, Bowen, & FolenaWasserman, 1996).

A further complicating factor involved in baculovirus-icdections is the fact that in some-co
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infected populations of cells, the expression of genes delivered-imfecting viruses diered
significantly from what was predicted by analysing Poisson distributions (J. A. Mena, Ramirez, &
Palomares, 2007). Therefore, production runs involving virdsfeation have to be optimized

for every new system used.

2.5 Baculovirus Quantification

The accurate quantification of baculoviruses is critical for the establishment of multiplicities of
infection, which is in turn critical for establishing a productive infection cycle, as discussed
earlier. In brief, over or underestimation of baculosititres can cause the setting up of nhon
synchronous infections, prolonged protein production periods, thereby leading to the possibility
of degraded proteins, and can cause lowered protein productivities due-optisadl cell

densities at the time pointhen the bulk of protein production takes place.

Many methods have been described for the quantification of both infectious and total baculovirus
particles. These include traditional techniques such as the plaque assay anepthiatadillition
assayas well as other methods based on cell size and viability, among others. Physical particle
titres can be obtained by methods such as flow cytometry and Real Time PCR. Many of these
methods, especially infectivity assays are usually cumbersome and leRgilolaq, Oliveira,
Carrondo, & Alves, 2009) and sometimes have high variability between runs (L. Nielsen, 1992).
In order to circumvent this, quantification methods have been developed involving the expression
of reporter genes, as well as colorimetric gss&ome of the methods commonly used to obtain

baculovirus titres are presented in the following sections:
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2.5.1 Plague Assay

The plague assay involves using diluted virus samples to infect cells grown as a monolayer and
counting the number of plaguésrmed. The number of plaques formed from several cultures
infected with different dilutions of virus can be used to determine the titre of the virus stock.

The plaque assay is thought to be more accurate than thgoimdlilution assay, but is more
labaious (L. K. Nielsen, Smyth, & Greenfield, 1992). In addition, plaques formed by baculovirus

are not always obvious and complicates the implementation of this method.

2.5.2 End Point Dilution Assay

The End Point Dilution Assay (EDPA) used for baculovititikation is based on the Tissue
Culture Infectios Dose50 (TCIDsg) method developed by Reed and Muench (Reed & Muench,
1938) and modified by others (Darling, Boose, & Spaltro, 1998; King & Possee, 1992) where
different dilutions of virus are used to @t a number of cultures to statistically determine the
point at which 50 per cent of the cultures infected with that dilution of virus show cytopathic
effect. This is then used to extract the titre of the infectious agent, which in the case of
baculovirugs infecting insect cell culture is reported as plaque forming units per ml or pfu/ml. A
sample equation set (King & Possee, 1992) for the calculation of infectious titres is given below:
Equation 2a:

50 v Pi %6 MQuod &G B
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Equation 2b:
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where PD is the proportional distance and V isvitleme of added virus

The endpoint dilution assay is especially useful in cases where plagues formed by virus are not
readily distinguishable, and is easierperform than the plaque assay. However, unless a large
number of replicate cultures are infected with each virus dilution and analysed, the EDPA assay is
not as accurate as the plaque assay (L. K. Nielsen et al., 1992). The use of reporter genes such as
GFP (Cha, Got oh, -galacBsidade |(Sessman, 1) Rave been usbd to easily
distinguish between infected and uninfected wells and therefore increase the accuracy of this
method. In order to remove the problem of small plaques anelméous infection, a method

has been developed whereby infected plates are incubated for 7 days and the supernatants are
used to infect a plate with fresh cultures for an additional 4 days, which improved the ability to

distinguish between infected and unicted cultures (Roldéo et al., 2009)

2.5.3 MTT assay

The MTT assay (J. A. Mena, Ramirez, & Palomares, 2002) is used to determine the presence of
infected cells in a manner similar to the TGgJBssay. In this assay, replicate cultures are infected
with seial dilutions of virus and incubated. Following incubatiohiatolyl blue tetrazolium
bromide(MTT) is added to the culture which forms insoluble MiBfmazan due to the action of
dehydrogenases of living cellBhe cultures can then be put through acspghotometer and the

virus titre calculated by the following set of equations:

Equation 3a:
o 0 0
°© 0 QQa
P ©s
Equation 3b:
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Where A is the absorbancé,, is the maximum absorbancehich is ®t to 100 after data
normalization) Apoom iS thebaseline absorbaneghich isset to 0 after dataormalization, EG

is thedilution that provokes @esponse halfway betweenaximum and baselinenddil is the

virus dilution. The MTT assay while accurate is also labour intensive and time consuming

(Pouliquen, Kolbinger, Geisse, & Mahnke, 2006).

2.5.4 AlarmarBlue Assay

The AlarmarBlue assay (Pouliquen et al., 2006) is tsedbserve cell cycle arrest caused due to

baculovirus infection. It is based on the principle that proliferating cells are capable of reducing
the reagent AlamarBIi¥ to a reduced fluorescent state which can then be measured using a
fluorescence detectorhe obtained data can be used to determine the infectious titre of the virus

stock using the following equations:

Equation 4a:
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Equation 4b
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Equation 4d

DEMAG a6 T T Ol 1¢6 OGa &  uvd @ X

Where Gl is thegrowth inhibition,t,, and t values are the fluorescence values for control and
infected cultures at 24 and 0 hours respecti®glis the minimum growth inhibitioundisturbed
cell growth), A is themaximum growth inhibition (100%fected cells), D is the dilution factor,

Dy is the dilution at which the growtinhibition was 50%and pis a slope factor.

The AlamarBIu&" method is rapid as it can be done in about a day (Pouliquen et al., 2006;
Roldao et al., 2009), and this prevents erroneous readings of fluorescence valoesedandary

virus infections (Pouliquen et al., 2006).

2.5.5 Cell Size Assay

The cell size assay (Janakiraman, Forrest, Chow, & Seshagiri, 2006) is used to measure the titre
of virus stock using the changes in cell size distribution after virus infedtisact cells infected

with virus generally exhibit size increases after infection and the increase in mean cell size of
cultures infected with different dilutions of virus is used to determine the titre of virus stock. The
cell size distribution can bestermined using a cell counter. There are several methods which can
be used to estimate the parameters required for titre determination (Janakiraman et al., 2006;

Roldao et al., 2009).

The advantages of this method include the ability to titrate virugstia about a day. However,
cell size readings have to be conducted less than 24 hours post infection to avoid the effects of
secondary infection, which can seriously affect titre determination (Roldao et al., 2009). In

addition, the method requires theeuof a cell counter which may not be accessible to all
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researchers.

2.5.6 Flow Cytometry Assay

The flow cytometry assay is used to determine the total number of viral particles in a sample. It
involves labelling the virus with an agent such as SY§Been and then running the virus through

a flow cytometer (Brussaard, Marie, & Bratbak, 2000) and has been adapted for use in for the
guantification of baculovirus (Shen, Meghrous, & Kamen, 2002). This method is relatively rapid

and has low rwto-run varability (Roldao et al., 2009; Shen et al., 2002).

257 Real Time PCR

Real Time gquantitative PCR has been used extensively for the quantification of DNA
(Kaltenboeck & Wang, 2005) and RNA (Bustin, 2000). It has been used for the quantification of
severalviruses (Mackay, Arden, & Nitsche, 2002) and has been proven to be a sensitive and

accurate method for virus quantification and detection.

Real time PCR has been extended for use in the baculovirus system and has been used by several
groups for baculovirs quantification. Its main advantages are its rapidity and the accuracy of
measurement (Rold&o et al., 2009). The use of Real Time PCR for baculovirus titration has been
described by Lo and Chao (Lo & Chao, 2004) and Hitchman et al (Hitchman, Siateot, i

King, 2007).

A wide variety of primers have been used to target various regions of the baculovirus genome
including essential genes suchggs64 (Hitchman et al., 2007)e-1 (Kato, Manoha, Tanaka, &
Park, 2009; C. Liu et al., 2008), the-41 gene (C. Liu et al., 2008), the viral DNA polymerase
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genednapol(Rosinski, Reid, & Nielsen, 2002), as well as the incorporated transgenes (Roldao et

al., 2009; Vieira et al., 2005).

While several papers have stated that the titres obtained from RedPTiRieorresponds closely

to titres obtained by other methods such as the EDPA (Lo & Chao, 2004) and the plaque assay
(Hitchman et al., 2007), others have found that the titres obtained by Real Time PCR €an be 1
logs higher than other methods, but withywaigh reproducibility between runs (Rold&o et al.,
2009). This discrepancy has been thought to be due to the presence of defective interfering
particles (discussed earlier in the section on multiplicity of infection), but can also be caused by

residual DM\ in the samples used for quantification.

Real Time PCR involves monitoring the change in amounts of double stranded PCR product in
the system, from which information can be gathered about the starting quantity of template
material in the sample. This idone by using a fluorescent tag to monitor the levels of
fluorescence in the system at each cycle of DNA amplification. The two most commonly used
Real Time PCR detection chemistries are the SYBR Green and TagMan® chemistries. SYBR
green is a dye that cdme excited and fluoresces when bound to double stranded DNA. Therefore
this enables the monitoring of the accumulation of double stranded DNA in each cycle of a
reaction. The TagMan® chemistry, on the other hand, was first developed in 1991 (Holland,
Abramson, Watson, & Gelfand, 1991) and has since been further developed by others (L. G. Lee,
Connell, & Bloch, 1993). The technology as it stands currently involves the use of a probe which
binds specifically to the region targeted for real time PCR. The probwins a fluorophore
attached to the 56 end and a quencher on the 386
fluorophore by Fluorescence Resonance Energy Transfer (FRET). When PCR occurs, the DNA
polymerase in the reaction mixture displaces tlwb@mvhich is then degraded by the polymerase
exonuclease activity. The fluorophore is no longer quenched and can therefore fluoresce.
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Successive synthesis cycles will cause the accumulation of fluorescence which can be monitored.

2.58 Real Time PCR datanalysis

In a typical Real Time PCR, the fluorescence level of the reaction initially fluctuates randomly at

a low background fluorescence level, with the signal, due to the amplified product, being too low
to be differentiated from background noise. Atcartain cycle during the reaction, the
fluorescence signal increases in a linear fashion above the background noise and passes a
threshold fluorescence level set by the-RTR analysis software or the user, and the cycle
number at which this occurs is ke the threshold cycle or the Ct value. As can be expected, a
higher starting template concentration will translate to a lower Ct value. As the primers and
nucleotides start becoming depleted, the reaction plateaus out until a constant fluorescence level

is reached indicative of a constant amount of product DNA.

The most common method to analyse Real Time PCR data makes use of standard curves
generated by running known standards through the reaction and recording Ct values for each of
the standards, whidls used to generate a standard curve. The Ct values of the samples can then
be compared to this standard in order to obtain the titre of template in the sample. While it is
relatively straightforward to implement and robust (Cikos, Bukovska, & Koppelf)2@0is

limited in that it makes assumptions such as the constant efficiency of the amplification reactions
for the sample and standard, as well as assumptions regarding the same baseline fluorescence
values for all reactions. In addition, the standamdve method requires the generation of a
standard curve, even for studies where absolute quantification of DNA is not required. The
standard curve method is the only one to be used for baculovirus quantification, as far as we

know.
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The basic equation f6*CR product formation in a sample is given below:
Equation 5a:

0 6z p ©O

Where G is theinitial copy numberC, is thecopy number at cycle, m is thenumber of cycles
andE is theefficiency of target amplificationSince the copy number igrectly proportional to
the intensity of fluorescence, the equation can beritten as:

Equation 5b:

Y Yz p O

Where R is the initial fluorescence level and R the level at cycle number n.

To circumvent the limitations of the standamdrve method, several groups have investigated

alternative methods to analyse Real Time PCR data. Most of these methods were originally

developed to aid comparison of fold differences of expression between genes of interest and an

exogenous control (Cikaat al., 2007). Some of these are described below.

2.5.8.1 Comparative ¢Method

The comparative Gnethod (Livak, 1997) attempts to remove the need for a standard curve by

making the assumption of ideal efficiency. A modified method has been develop#l] PPD1)

which allows for deviations from ideal efficiency. The equation can easily be adopted for

absolute quantification of DNA by substituting the terms for the reference gene by those for a
DNA standard of known quantity.

Equation 6:
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Where R is the ratio of target gene expressed in a sample versus a control in comparison to a
target gene, et iS the PCR efficiency of a target gene traiptc Er.s is the efficiency of the
reference ¢ ed&s theCadiference ibgivteen tacgé€t control and sample reactions

a n d . pthe Ct difference between the reference control and sample.

2.5.8.2 Liu and Saint method

The Liu andSaint method (W. Liu & Saint, 2002a) determines the efficiency of each reaction
from the florescence and cycle numbers at two threshold fluorescence levels, as shown below:

Equation 7:

o Yjy ! p

Where E is the efficiency of a reactiomydhd R are the fluorescence intensities angabd G;

are the cycle numbers of a reaction at these intensities. The initial fluorescence level (which
correlates directly to initial template abundance) can then be calculated by the basic equation for
a PR amplification reaction (Equation 5b). However, this method depends on the subjective

selection of two threshold points, which could confound efficiency estimation and initial

fluorescence level determination.

2.5.8.3 Sigmoidal Curve Fitting

The Sigmoidh Curve Fitting (SCF) method (W. Liu & Saint, 2002b) uses the whole
amplification data (not just the exponential phase, like other methods) to fit a sigmoidal equation

to this curve. The equation used by the original authors to describe the curve isejwen

Equation 8:
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WhereR is fluorescence dye strength in real time PCRsRackgroundremoved fluorescence
dye strength in real time PCR at cycleRgjs the background fluorescence dye strength, Re
maximalfluorescence dye strengthyrthe cycle number when fluorescence dyength is half
of the Rax K the slope factor of increase in fluorescedge strengthThe efficiency is given by
the equation:

Equation 9:

Which, ignoring the Rterm from equation 4 becomes:
Equation 10:
3 € pfi ¢ epfi
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The initial fluorescence value,Ran be calculated using the equation:

Equation 11:
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2.5.8.4 DART-PCR

The Data Analysis for Redlime PCR (DARTPCR) method (Peirson, Butler, & Foster, 2003) is

a combination method which uses linear regression to extract the efficiency of the reaction for
each sample at the mpbint of the exponential phase, and a conveati@h based method to

determine initial fluorescence valug fier the sample. The equations used are shown below:
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Equation 12:

Where M is the midpoint of the fluorescence signal rangg, iR the maximum signal inteity

and Ryiseis calculated is the background level of fluorescence.

Points in the amplification plot are selected which lie close to the M value, a line is fitted through
these points, and efficiency E of the reaction is determined by the equation

Equaton 13:

0o pm! p

Knowing the efficiency, the initial fluorescence value Ro can then be calculated from Equation

5b.

2.5.8.5 Assumptiorfree analysis

Assumptionfree analysis (AFA) also uses linear regression, which is implemented slightly
differently to DART-PCR (Ramakers, Ruijter, Deprez, & Moorman, 2003; Ruijter, Ramakers,
Hoogaars, Karlen, Bakker, van den Hoff, & Moorman, 2009b). AFA is available for use as a
program package called LineRegPCR and uses an algorithm to find the linean pdrthe
amplification plot, and fits a line to the points within the linear range. Using the slope and
intercept of this line, the efficiency and initial fluorescence level of each individual reaction can

be determined. The method is described in greftizil in Chapter 2 of this thesis.

Of these methods used, the methods using individual efficiencies to determine initial fluorescence
are very sensitive to changes in individual reaction efficiencies due to small variations in initial

conditions, thergpleading to issues of reproducibility. Therefore, using the average efficiency of
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similar types of reactions has been shown to increase the robustness of these methods (Cikos et

al., 2007).

All the data analysis methods listed (except for the standare: guethod) give an arbitrary
fluorescence value which can be compared with that of a standard to give an absolute value for

guantification of template in a sample.

Detailed information on the relative benefits and disadvantages of each methoelzive
comparisons between methods have been published in other works (Cikos et al., 2007). Briefly,
the assumptioffiree analysis method seems to be the best method to use due to its precision, and
accuracy, which it shares with the DAHPCR method, butalso due to its excellent

reproducibility.

2.6 Summary

The use of baculoviruses in a wide range application illustrates the versatility of this virus and its
potential for benefit to mankind. While much work has been done on improving its usage for
various processes, many process related issues need tdhee $tuitlied such as improvement of
processing in cells and optimal production and infection conditions. In particular, the issue of
baculovirus guantification needs to be urgently addressed due to the current lack of a universally

accepted method of qudiitation as well as the lack of a standard reference material.
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CHAPTER 3

Common Materials and Methods

The procedures given below are those which have been common to all of the work presented in

this thesis. Variations to these methods in eachragp chapter, as well as additional protocols

and methods, are listed in the individual chapters.

3.1 Cell culture and Baculovirus Production

Spodoptera frugiperd&lonal isolate 9 (S9) cells (GIBCO, Carlsbad, California, USAyere
maintained in cappkglass Erlenmeyer flasks in-80011l media(GIBCO, Carlsbad, California,
USA) at a temperature of 2Z onan orbital shaker rotating &80 rpm. Cultures were seeded at a
density of k10° cells/ml and infected with BacGFP which was kindly provided byRubert
Kotin (National Institutes of Health, Bethesda, Maryland, U.SThe cultures werallowed to
grow till the viability dropped to 7®0%, after which the culture medium was harvested and
centrifuged at 1000g for 10 minutes in order to spin dowis eeld cell debris. The supernatant

was removed and used as baculovirus stock for experiments.

3.2 TemplateGeneratiorlJsing DNA ExtractionKits

Viral DNA was extracted and templétr PCR was generated using threethods. The first two
involved the use of two kits: the High Pure Viral Nucleic Acid kit (Roche Diagnostics, Laval,
Quebec, Canada) and the DNeasy Blood & Tissue Kit (QIAGEN, MississaljaC&hada).
Nucleic acid material from 200 pl of virus stock wawified using the two kits as described by
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the manufacturero6s protocol s.

Briefly, for the High Pure Viral Nucleic Acid Kit, 200 ul afolution containingirus was lysed

by incubatingthe sample at 72°C for 10 minutes with 50 uL of Proteinase K (20 ayid)a 200

pl of a working solution made by mixing 4 pl poly(A) carrier RNA (supplied with the kit), with
250 ul Binding Buffer (6 M guanidinelCl, 10 mM TrisHCI, 20% Triton® %100 (w/v), pH 4.4
(25°C)). An additional 100 pl of Binding Buffer was then addand the solution transferred to a
High Filter Tube purification column. The solution was then centrifuged for 1 minute at 8,000 x g
and the flowthrough was discarded. This step was repeated with 500 pl of Inhibitor Removal
Buffer (5 M guanidineHCI, 20 mM Tris-HCI, pH 6.6 (25°C), ethanol) and two 450 ul additions

of Wash Buffer (20 mM NaCl, 2 mM TAEICI, pH 7.5 (25°C), ethanol), with centrifugation steps
being performed in between each addition. A final centrifugation step was done for 10s at 13,000
X g to remove residual Wash Buffer, after which DNA was eluted out of the column using 200 ul
of Elution Buffer (nucleaséree, sterile, doubleistilled water) and centrifugefbr 1 minute at
8,000 x g. DNA concentration was determined by NanoDrop®1800 Spectrophotometer

(NanoDrop products, Wilmington, U.S.A).

For t he DNeasy Blood and Tissue Kit, the manuf
cells without initial centrifugation and +®uspension steps. Briefly, 200 ul of virus stock was

lysed byincubatingthe sample at 56°C for 10 minutes with 20 pl Proteinase K solution (supplied

with the kit) and 200 ul Buffer AL containing guanidine hydrochloride, after which 200 ul

absolute ethanol was added to the sample and the solution placed into a DNgaspin

column. The solution was then centrifuged for 1 minute 8000 x g, and the flosthrough was

discarded. This step was repeated with additions of 500 ul of Buffer AW1 and 500 pl Buffer

AW2, following which the column was centrifuged at 20,008 to dry the column membrane.

The DNA was eluted out of the column using 200 pl of Elution Buffer and the DNA
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concentration was determined by NanoDrop®-NIDO Spectrophotometer (NanoDrop products,

Wilmington, U.S.A).

3.3 Plasmid Standard Generation

The plasmid standards for RFCR analysis ere generated by the fiolwing approach. Firstly,
Gp-64F and Gp64R primers were used to clone out a 72 bp region in thé4Ggene. This
region was then cloned into the Sacl site of the pAcSG2 plasmid (BD Pharm8aemiego,
California, USA) using a combined restriction digestion/ligation reacfitwe ligation of thesp-

64 fragment into the vectatestroyedthe Sacl site preveing therecirculariation without the
desiredfragment. The enzymes used were FastRidgeacl and T4 DNA Ligase (both from
Fermentas Life Sciences, BurlingtonNOCanada The new plasmid was then used to transform
chemically competent Di3 (Escherichia colibacteria, which were grown on LB plates with
100pg/mL ampicillin. Individual coloies were then isolated and grown in 5mL LB media
supplemented with 150 pug/mL ampicillin. After 16 hours, the plasmid of interest was extracted
from the cul tures using the GeneJETE Pl asmid
Burlington, ON, Canada Theplasmid was tested for the presence of the inserte@43mgment

by PCR using the Gf4 F and R primers followed by running the PCR products on a 1.5%
agarose gel to check for the presence of amplified product in the size range of-@de Gp

fragment.

34 Real time PCR

All RT-PCR reactions were conducted on a StepOne PlusTieal PCR system (Applied
Biosystems, Burlington, ®, Canada) and were prepared in MicroAmp Fast Opticalvé&lb
Reaction Plate(Applied Biosystems, Burlington, X Canada Each eaction consisted of 2 pl
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sample, 10 ul of 2X Power SYBR® Green PCR Master Mix (Applied Biosystems, Burlington,
ON, Canada), forward and reverse primers at a concentration of 900 nM each, and nuclease free
water, for a final volume of 20 pl. Successive ptrdilutions were conducted by the addition of

2 ul concentrated sample into 18 pl of nuclease free water in 1.5 mL microcentrifuge tubes. 6 pl
of these were then added along with 54 pl stock mix of 2X Power SYBR® Green PCR Master
Mix, forward and revess primers and nuclease free water into one well of an optical PCR plate
The solution was mixed and distributed between three wells of the PCR plate. The plate was then
sealed with MicroAmp Optical Adhesive Film (Applied Biosystems, BurlingtoN, Ganada)

and centrifuged brieflyat 1000g in a Eppendorf 5804R centrifuge (Eppendorf Canada,
Mississauga, ON, Canada) centrifuge with anDA®P flat plate rotor (Eppendorf Canada,
Mississauga, ON, Canadamplification cycles were conducted according to condéianich

were described in literature for the primers usgukcific cycling conditions and primers used are

described in each individual chapter.

Each sample was run in triplicate to provide statistical validity and confidence in the data
obtained. Datm bt ai ned from each reaction was analysed
the controller for the StepOne instrument, and assumfrié@nanalysisvas conducted on the

data sing the program LinRegPCR (11 (Ruijter, Velden, & ligun, 2009).

35 Titre Determination byComparison witiStandards

Prepared plasmid standard dilutions were subjected t&®®R along with samples, and a

standard curve of threshold cyclerj(s. standard concentration was generated. The threshold

cycle is the cycle number atweh fluorescence of a sample increases beyond a certain threshold

set automatically by t he i nstrument control S
Biosystems, Burlington, B, Canada}o be significantly higher than the background noise. The
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Cr values of the samples were then compared with the standard series to determine the

concentration of baculovirus DNA in samples.

3.6 Titre Determination by Assumptieinee Analysis

The completel@iorescencerofile over timefor each individuawell wasused todeterminethe

initial concentratiorfluorescence level of DNA in the welin the portion of the profile where
there is an exponential increase in the fluorescehed|uorescence level is related to theoamt

of starting material by the followingquaion (Ramakers et al., 2003):

Equation 1:

Log(Nc) = Log(No) + Log(Eff) X C

Where N¢ is the ratio of the fluorescence emission intensity of the reporter dye to the
fluorescence emission intensity of the passive referenceNdyes the stating concentration of
materialin arbitrary fluorescence unjt&ff is the efficiency of the reactiprmandC is the cycle

number

Briefly, the N. values for eaclwvell, after each cycle wreobtainedand plotted against each other.

The fiwindow of I|linearityd was then determined
concentration (in arbitrary units) of starting material and efficiency of the PCR reaction for the

well weredetermined from the intercept and slope, respelstivi he arbitrary concentration was

then compared to that of a standard wmdlving a known concentratiprand an absolute
concentration of DNA was derived in terms of a ratio to the amount of standard DNA. All steps
were performed uisg the program LinRgPCR (Ruijter, Velden et al., 2008pwnloaded from

http://LinRegPCR.nbn January 14, 2010 he assumption free analysis parameteesdifferent

baselines and thresholitliorescencevalues for each group of samplegrouped as having
different dilutionsandtreaments (See Chapter 3 for a description of dilutions and treatments)
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CHAPTER 4

The Use of Assumptionfree Analysis for Quantification of Baculovirus

4.1 Introduction

Real Time PCR has become an establishethod for general gene and transcript quantification
(Kaltenboeck & Wang, 2005; Snider, Wechser, & Lossos, 2001), and for the quantification of
both DNA and RNA viruses (A. Abe et al.,, 1999; Ngaosuwankul et al., 2010; Podgorska &
Stadejek, 2010; Trujille@t al., 2006). The system has therefore been used for the quantification of
baculovirus by various groups (Hitchman et al.,, 2007; Lo & Chao, 2004). Traditionally
baculovirus quantification assays using Real Time PCR have required the generation of a
standad curve of threshold cycle (Ct) vs. DNA copy number with various standard dilutions, to
which the threshold cycles of samples are then compared and sample titres determined. This
method assumes that the efficiency of sample and standard wells are théhsamkiciency of

the PCR reaction remains constant over the course of a run (Ramakers et al., 2003). Slight
differences in efficiencies between sample wells, however, can mean that samples with different
levels of starting material can have similan@tues which can cause a large variation in values

obtained for the number of template copies.

Several groups have attempted to develop methods of analyzing Real Time PCR data to
overcome the problems associated with the standard curve method. Thede thelliu and
Saint method, which account for variations in efficiency over the exponential phase of

amplification (W. Liu & Saint, 2002a); the comparative Ct method (Pfaffl, 2001); the BART
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PCR method which calculates efficiency by trying to accuratstimate the exponentially
increasing portion of an amplification plot (Peirson et al.,, 2003); sigmoidal curve fitting
(Rutledge, 2004); and assumptifsae analysis (Ramakers et al., 2003). Despite the emergence of
these methods, the standard curve mettemdains one of the most widely used methods for
nucleic acid quantification (Karlen, McNair, Perseguers, Mazza, & Mermod, 2007). A detailed
review of the most well known methods in Real Time PCR data processing has been given in the

Literature Review ofttis thesis.

Given the benefits of assumptifmree analysis for the quantification of baculovirus, including its
potential use for senguantitative determination of titres high level of precision (Cikos et al.,
2007; Feng, Zeng, & Chen, 2008), we haveidkst to investigate its applicability to the

guantification of baculovirus.

Assumptionfree analysis of quantitative RFCR (Ramakers et al., 2003) is a method that, has
seen widespread use lately for both DNA and RNA quantification (Buck et al., 201@t \alg

2010), but as far as we know, has not been for establishing virus titres except for work done by
Feng et al on the cucumber mosaic virus (Feng et al., 2008). Therefore, this method was tested to
compare its accuracy, robustness and precisioadnlbvirus titre determination against standard
curve based quantitative Real Time PCR. Assumgtiem analysis was developed by Ramakers

et al (Ramakers et al., 2003; Ruijter, Ramakers, Hoogaars, Karlen, Bakker, van den Hoff, &
Moorman, 2009a) to addreds limitations of traditional quantitative PCR usingd@mparisons

with standards by determining the efficiency of each reaction from the exponential phase of each
PCR reaction. This is done by first plotting the log of the fluorescence values agailest c
number for each sample and using an algorithm to determine the region where the graph increases
linearly (Ruijter, Ramakers, Hoogaars, Karlen, Bakker, van den Hoff, & Moorman, 2009a). This

is done by an iterative algorithm which searches for a gréupto 6 points which have the
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highest R value and the maximum slope in the amplification curve. A line is then fitted to the
linear portion of the graph, whose slope represents the efficiency of the reaction and from this, a
starting concentration of sgle in each well can be found in arbitrary fluorescence units, which

is called an Nvalue. The utilization of this method is demonstrated in Figure 4.1, with the bars
on either side indicating the large changes in calculated No values which occur alth sm
changes in efficiency. Therefore, small variations in reaction conditions can give large changes in
the N, value and so, an average efficiency value from replicate reactions has been shown to give
more accurate and reproducible results as comparechém \mdividual efficiencies are used

(Cikos et al., 2007).

0.5

-0.5

Threshold fluorescence

Log(Fluorescence)

.2258x - 4,022
R?=0.9958

-2.5

-3.5

Threshold cycle

/

-4.5
0 5 10 15 20 25 30 35 40 45 50
Cycle Number

Figure 4.1: Assumptiofree analysis: Log fluorescence values are plotted against cycle number and the window of
linearity determined, where there is exponential amplification. A linear trendliten fitted to the points within the
window of linearity and the slope and intercept determined and used to calculate the efficiency and No values.
Efficiency = 10”slope = 1.69, No = 10”intercept = 9.8.E
An absolute value for concentration of teatel can then be found, if desired, by comparing this
arbitrary measurement with that of a defined standard. Because the fluorescence in a sample is
directly proportional to the level of DNA inside a sample, the initial fluorescence level in a
sample is ingtative of the amount of template DNA present in the sample originally (Peirson et

al., 2003). Therefore, an additional advantage to this method is that, in the absence of a standard,
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N, values can be directly compared between sample wells to determiratatinee abundance of

initial template in samples.

In this study we analyse two sets of preparations of 9 baculovirus stocks to determine whether

there is an advantage to titres obtained using No analysis compared to those obtained by

conventional standd curve comparisons. Furthermore, we investigated whether this method

could be used to determine the fold difference of template material in these samples, without the

use of standard curves.

4.2 Materials and Methods

The materials used fahis study are described éhapter3 with the modifications detailed below.

4.2.1 Cell culture and Baculovirus Production

Cell culture and baculovirus stock generation was conducted as described @antipurified
samples of baculovirus (Stocks91 culture supernatantwhich were previoushguantified by

flow cytometry were kindly provided byr. Amine Kamen (Biotechnology Research Institute,
National Research Council Canadand have been used elsewhere (Transfiguracion, Mena,

Aucoin, & Kamen).

4.2.2 Template generation

Viral DNA was extracted and template for PCR was generated using two metinedérst
involved the use of theéligh Pure Viral Nucleic Acid kit (Roche Diagstics, Laval, Quebec,

Canada), as described in Chapter 3.
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The second nthod involved diluting 2ul virus stock in 198 pl PBS and then subjecting it to
Triton X-100 at a concentration of 0.1% Triton-I00 volume/volume in the final reaction

mixture, followed by 2 freeze/thaw cycles using dry ice and ethanol, arftCasgiter lath

4.2.3 Realtime PCR

Real Time PCR reactions were conducted as described earlier. The set of primer used in this
reaction were targeted against a region in thééGpgengHitchman et al., 2007The sequences

of the primers are given in Table 4.Amplification cycles were conducted according to
conditions describedreviously (Hitchman et al., 2007)Briefly, initial denaturation was
conducted at 95°C for 3 minutes, followed by 45 cycles of denaturation at 95°C for 30 seconds
and annealing/extension @0°C for 30 seconds. The results were then analysed by comparison

with standards, or by assumptifree analysis.

Table 4.1: Sequences of primers used in this study.
Primer Sequen8®)( 506

Gp-64 F CGGCGTGAGTATGATTCTCAAA
Gp-64 R ATGAGCAGACACGCAGCTTTT

4.2.4 Titre Determination by Assumptiefree analysis

Fluorescence data for individual wells at each cycle number were used to determine initial
concentrations of material. The fluorescence level is related to the amount of steatiEmgl by

this equatiofRamakers et al., 2003)

Equation 1

Log(Nc) = Log(Ny) + Log(Eff) X C

WhereNc is the measured fluorescence data and is the ratio of the fluorescence emission intensity
of the reporter dye to the fluorescence emission intensity of the passive refereridg idythe

starting concentration of material, in arbitrary fluorescences,uisif is the efficiency of the

reaction and is ideally 2.C is the cycle number
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Briefly, the N: values for each cell, at each cycle nhumiere obtained anda fluorescence

versus cycle numbaurvewas pl otted. The fiwindaomwnedahdal i near it
linear equation was fitted to this line. The concentration (in arbitrary units) of starting material

and efficiency of the PCR reaction for the well could then be determined from the intercept and

slope, respectively. This measured arbitraryoamtration was then compared to that of a

standard well, and an absolute concentration of DNA in the sample well was derived in terms of a

ratio to the amount of standard DNA. All steps were performed using the program LinRegPCR

(11.6) (J. M. Ruijter, Svan der Velden, A. llgun, Heart Failure Research Center, Academic

Medical Center, Amsterdam, the Netherlands) and downloaded Hittgri/LinRegPCR.nlon

January 14, 2010, which calculates threshold and Ct values andreffidor each reaction (and

then mean efficiency) from the window of linearity, which is then used to calculate, thadUé

for each sample. The assumption free analysis parameters included using different baselines and
thresholdfluorescencevalues for ach group of samples where each group contained different

dilutions of DNA or treated baculovirus that had been preparadingle consistent manner

The average Nvalues of samples were compared with the average&aNies of standards,

computed by asraging N values of various dilutions of standards, to determine the absolute

guantities of virus.

4.2.5 Statistical Data Analysis

Data analysis using the two tailetest as well as determination of confidence intervals of slopes
of linear regressionwas conducted on the data in Microsoft Excel 20R&dimond, Washington,

U.S.A).
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4.3 Resultsand Discussion

Assumptionfree analysis has been used widely for titre determination of RNA and DNA, with
the original paper by Ramakers et(Rlamakers etl., 2003)being referenced more than 600
times at the time this manuscript was being prepared. However, as far as weheose of this

system for the quantification of viruses has only been reported once (Feng et al., 2008).

Assumptionfree analysiswas originally investigated in this lab as part of an effort to find
methods to compare the amounts of template DNA in different samples without the use of a
standard curveThis methodwas usedlue toits ability to account for changes in amplification
efficiency between sampleflRamakers et al., 2003), its accuracy over other methods of data
processing (Cikos et al., 2007; Feng et al., 2008) bhadause of itsrelative ease of
implementation(Feng et al.,, 2008)Al t er nati ve met hods ofwarictuh as
samples cannot be used for determining fold differences in template material without the use of
standards, as this would require the use of an efficiency factor, which would involve either using
a standard curve to determine efficiency (whichulelaagain introduce the assumption of uniform
efficiency in all wells of the reaction plate) or would require the assumption of perfect efficiency.
Due to the nature of assumptitmee analysis, it is a very sensitive method; small changes in the
efficiency of a samplecan causéargedispersion of N values(Cikos et al., 2007; Karlen et al.,
2007) even between replicates of the same sanipies is a limitation of the method as it can
confound det er mi gvaldeiofahe sample. This eatiofi in efficienty isNmost

likely caused due to random error and may not be indicative of a real difference between
reactions (Nordgard, Kvalgy, Farmen, & Heikkila, 2006). The accuracy and reproducibility of
this method is greatly improved when the mefficiency of a group of reactions is averaged and
used as the basis for determining Whlues(Cikos et al., 2007). A group consists of similar
samples, which were treated in a similar manner. An example would be that all standard dilutions
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were considereds one group and their mean efficiency was used as the basjsatblations

for standards.

4.3.1 Determination of efficiencies

The efficiencies of the different reactions were measured by assurmeoranalysis and
compared to the average efficigrand the efficiency of the overall reaction as determined by the

slope of the standard curve. The results are given in Table 3.2.

Run 1
Number of Efficiency of Average Efficiency from standard curv
copies sample efficiency

2.00E+07 89.3(0.84)

2.00E+06 933(1.93)

2.00E+05 94.2 (0.95) 931 1008

2.00E+04 94.2 (0.27)
Run 2
Number of Efficiency of Average Efficiency from standard curv
copies sample efficiency

2.0(E+08 94.2 (0.95)

2.0CE+07 83.5(3.74)

2.0(E+06 87.5(1.98) 921 963

2.0(E+05 100.2 (0.20)

Table 4.2: Efficiencies (expressed in % form) for two sets of plasmid standards analysed in two Real Time PCR runs
on two different days. Individual and average efficiencies have been determined by asstreptoalysis, whilehie
efficiency from standard curves by plotting the jlpdluorescence) values against the copy number of the standard.
Standard deviations obtained from triplicate runs are given in parentheses.

It can be seen that concentration does not appear to pidg im determining the efficiency of a
reaction, as there seems to be no clear trend. However, efficiencies obtained between different
wells and samples do change and the mean efficiency obtained using asstraetamalysis

differs substantially fronthe mean obtained from a standard cuiMeis is a result which has

been observed earlier and can be attributed to various factors including the assumption that the
reaction at the threshold cycle @ at optimal efficiency in the exponential amplificat stage

(Rutledge & Stewart, 2008), which is made to be common for all reactions when subjected to
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analysis using standard curves. It can be seen from Table 4.2 that there is not much variation in
efficiency between triplicate samples, which could be tduhe methodology used, where each

triplicate reaction is prepared together and then dispensed into the different wells

In addition, it can be seen that the efficiency obtained from standard curves is higher than that
obtained from assumptiefinee analysis. This is in accordance to previous reports which state that
the standard curve method seems to -@&timate reaction efficiencies (Tichopad, Dilger,

Schwarz, & Pfaffl, 2003; M. L. Wong & Medrano, 2005).

4.3.2 Correlations between titres obtaingsing standard curves and usingddalysis

Data obtained from two separate runs were analysed by comparison with standard curves and by
assumption free analysis and the titre obtained from each method was determined. The results of
this analysis are shvn in Figure 4.2It can be seen that the titres obtained are correlated almost
exactly, even if they do not have exactly the same values. Therefore, it is likely that any fold
differences seen inNalues of different samples can be regarded as fdiereifces in between
template concentrations of these samples. This is based on the assumption that titres obtained
using standard curves are correlated with the real titres of virus. The slopes of both graphs were
found to be significantly different from at the 95% confidence interval (with 95% confidence
limits for the slopes being 0.759 0.0167 and 0.927% 0.011 respectively). This could be
indicative of a bias between the two methods of treatment, where the standard curve method

reports higher titrewhen compared to assumptifree analysis.

This was further confirmed when data obtained for dilutions of standards used to generate
standard curves were also analysed hyhblysis. When the JNvalues of different dilutions of
standards were used tdadate to the Nvalue of the lowest dilution of standard (i.e. calculating
back to the N value of the most concentrated sample by multiplying thevdlue of diluted
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standard with the dilution factor), it was seen that the values obtained from vadodard

dilutions appeared to be almost equal (Figure 4.3). This gives added evidence that fold

differences in Nvalues correspond to real fold differences in template concentrations. Variations

in N, values such as those observed in Figure 4.3 can pydbalattributed due to a combination

of factors such as the possible presence of inhibitors (Wilson, 1997)and variations in reaction

components and variations in early amplification (Bustin, 2000; M. L. Wong & Medrano, 2005).

>

2.00E+10

1.60E+10

1.20E+10

8.00E+09

4.00E+09

Titre obtained using No analysis

0.00E+00
0.0

Run 1 Treated

=0.759x+ 1E+08 /.

R?=0.9994

o

el

1.000E+10 2.000E+10
Titre obtained using standard curve

00E+00

3.000E+10

B

2.50E+10
2.00E+10
1.50E+10
1.00E+10

5.00E+09

Titre obtained using No analysis

0.00E+00
0.0

Run 1 Extracted

y=09271x+3E+08 _#
R?=0.9973

s
e
/

00E+00

T T 1
1.000E+10 2.000E+10 3.000E+10
Titre obtained using standard curve

Figure 4.2:Titres of various stocks of virus, treated by two methods to expose DNA, was obtained by analysing RT
PCR data by comparison with standard curves as well as by assufnpdicemalysis. The two titres were plotted
against each other to obtain the graptmwshabove. 4.2 (a): Treated samples, 4.2 (b): Extracted samples.
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Figure 4.3: N values of dilutions of standards, which have been used to calculatg tiaéul of the lowest dilution.
Two sets of dilutions were run on two separate days on separtgs. laand B are two representative runke
different dilutions were compared by 2 tailed studetaists, with the results being presented by * values above each
bar on the two graphs, with *n meaning that the data in the dilution factor is signjficéfferent from the data in
dilution factor n at the 95% confidence level.

It was decided to look at intelay variability in baculovirus titres obtained using both standard

curve analysis and assumptifsee analysis, for baculovirus stocks subjected to kit extractions

and for those subjected to freeze/thaw and TritebOB treéaments (Figure 4.4). These samples
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were separately extracted and treated from the same stock for each of the two runs. Therefore,
discrepancies between values obtained between the two days can be attributed to inconsistency in
treatment or extraction betem the two days, as well as due to error due to running the Real

Time PCR reaction on two different days, as described earlier.
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Figure 4.4: Titres of various stocks of virus, treated by two methods to expose DNA, was obtained by analysing RT
PCR data bycomparison with standard curves as well as by assumfgéenanalysis. The two titres were plotted

against each other to obtain the graphs shown above. Run 1 samples were run on Day 1 on the same plate, whereas run
2 samples were run on Day 2 on a difetrplate.

It can be seen that for the treated samples, was good correlation between values obtained from the
two runs (R values between 0.91 and 0.93), when results were analysed by the two analysis
methods. In contrast, there was relatively pooratation between samples isolated by extraction

kits. However, this correlation seems to be improved slightfyirfBreasesrom 0.21 to 0.61)

when the RTPCR data is analysed by assumption free analysis, as can be seen in Figure 4.4 and
it can be seethat using N analysis to determine titres for the two runs helped reduce some of the
variability in between the runs. Therefore, it is possible that usingnillysis can reduce errors
associated with determining titres using standard curves, due tossben@ion of uniform

efficiency, and therefore, help better elucidate the effects of other underlying factors. In this case,
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it may allow better visualization of error in titre determination introduced due to sample

extraction efficiency.

4.4 Conclusions

It can be seen that assumptibee analysis seems to correlate well to titre determination using
standard curves and can be used to compare the template copy numbers between samples without
the use of standards. It was seen that for the our reactiars, Was no great effect due to
efficiency differences, but it was desired that in the future Real Time PCR analysis could be
conducted without having to worry about the effects of variation in efficiencies between

reactions. Therefore, this method was iempénted in further research for this purpose.
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CHAPTER 5

Alternative Sample Preparation involving freeze/thaws and Triton X100 for
Baculovirus Titre Determination by Real Time PCR.

The following chapter details studies on a simplified method to expose baculovirus DNA, for use

as a template preparation method for Real Time PCR.
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Alternative Sample Preparation involving freeze/thaws and Triton X100 for

Baculovirus Titre Determination by Real Time PCR.

5.1 Overview

The increasing use of the Baculovirus Expression Vector System (BEVS) has generated
significant interest into technigques for quantifying baculovirus stocks of which one method

involves theuse of quantitative Real Time Polymerase Chain Reaction. This work aims to further

develop this method for the quantification of baculovirus by examining a simple method for

template generation from baculovirus stock, involving freeze/thaw and Tritb®OXreatments,

with the final goal of reducing the cost associated with sample preparation for baculovirus
guantification by Real Time PCR. From our experiments we concluded that combinations of

these treatments could, in fact, provide a valid sample ptepamethod for Real Time PCR.

5.2 Background

The capability of baculovirus to infect insect cells has been harnessed in the Baculovirus
Expression Vector System in which baculovirus are used to insert a gene of interest into insect
cells, where they are expressed. Briefly, this process involvesrdideigtion of recombinant
baculoviruses, which have a gene of interest under the control of a baculovirus promoter. These
baculoviruses are then inserted into insect cells where the gene of interest is expressed. The
Autographa californicanuclear polyhedmsis virus (AcMNPV) has become the most widely used
baculovirus for this purpose due to its stability and easy propagation in cell culture (Miller, 1997).

In recent years, the Baculovirus Expression Vector System (BEVS) has become one of the most
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widely used systems for the production of recombinant proteins (T. A. Kost et al., 2005). This
stems from the ability of this system to produce high yields of recombinant proteins and the
ability of the system to produce proteins with pianslational modificatios such as
glycosylation, disulfide bond formation, phosphorylation and fatty acid acylation which are
similar to mammalian cell produced proteins (B. J. Kelly, King, & Possee, 2007). In addition, this
system is relatively rapid, and cheap to implementerwhompared to mammalian cell based

systems (Cox, 2004).

Baculoviruses have also been studied as biosafe insecticides (B. J. Kelly et al., 2007), and as
vectors for gene delivery into mammalian cells (Cox, 2004; T. A. Kost et al., 2005). Recent
researchhas focused on improving this system by retargeting these vectors to different types of
cells, and using these cells in applications such as gene therapy or as scaffolds for surface display,

among other applications (T. A. Kost et al., 2005).

The increaimg interest in baculovirus biotechnology, particularly the BEVS system has
stimulated research into eliminating bottlenecks within the production process, of which one of
the most significant has been the quantification of baculovirus stocks (Lo & CB@d).2
Quantification is important because accurate titres are a prerequisite for establishing accurate
multiplicities of infection (MOI) which have been shown to be critical in baculovirus stock
amplification, where high MOls cause formation of defectiggiples (Kool et al., 1991). Also,
accurate MOls are required for optimal recombinant protein production (M. G. Aucoin, Perrier, &
Kamen, 2006a; Roldao et al., 2009) and for batch to batch process consistency (Roldao et al.,
2009). Traditionally, methodsuch as plaque assays, gqmuint dilution assays and antibody
based assays have been used to quantify baculovirus titres (Ramakers et al., 2003); however,
these assays are time consuming and labour intensive and so, alternative assays have been
developed sing techniques such as flow cytometry (Shen et al., 2002), magnetic cell sorting
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technology (Philipps, Forstner, & Mayr, 2004), microfluidics based bioanalysers (Malde & Hunt,

2004), measurement of changes in cell size distribution (Janakiraman €0}, &0l viabilility

assays using3-(4,5dimethylthiazol2-yl)-2,5diphenyl tetrazolium bromide(J. A. Mena,

Ramirez, & Palomares, 2003), quantitative real time polymerase chain reaction (Lo & Chao,
2004) and assays bas e dgalatosidases(Busamane 1995pamch ggeen s uc h
fluorescent protein (Cha et al., 1997). Among these, real time PCRUR]) appears to be the

most rapid technique, only requiring about two to three hours to complete (Rold&o et al., 2009),

as well as being highly amerato high throughput titre determination (Hitchman et al., 2007).

These advantages could possibly allow the use ofPRR for routine baculovirus titre

determination, in spite of its higher cost as compared to other techniques (Rold&o et al., 2009).

RT-PCR has been demonstrated to be a valid and accurate method for determining baculovirus
titre as compared to plaque assays (Hitchman et al., 2007) ajbiandlilution assays (Lo &

Chao, 2004) and has been widely used for baculovirus titre determifB@tioand & Lightner,

2002; Garnier, Gaudin, Bensadoun, Rebillat, & Morel, 2009; Kato et al., 2009; Ke, Wang, Deng,

& Wang, 2008; C. Liu et al., 2008; Rosinski et al., 2002; Vanarsdall, Okano, & Rohrmann, 2005;
M. P. Zwart et al.,, 2008; M. P. Zwart et aQ08). Sample preparation for Real Time PCR
requires the use of nucleic extraction kits, which is necessary because traditional methods such as
phenolchloroform extraction do not allow for consistent nucleic acid recovery from baculovirus
samples (Lo & Cho, 2004).In our study, we compare the yield and quality of sample
baculovirus DNA isolated by two different kits, the Rodétigh Pure Viral Nucleic Acid Kitand

the QIAGENDNeasy Blood & Tissue Kit

In addition, we explore the use of two previously diésd sets of primers for conducting
guantitative real time PCR. These include a set of primers targeting a regionGp-6@#egene
(Hitchman et al., 2007) and a set of primers amplifying a region itethegene (Lo & Chao,
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2004). Although others havéasen tcamplify regions in foreign genes in baculoviid§eira et
al., 2005), the use of sequences sucle-dsandGp-64 allow for the quantification of all types of

baculovirus and are not dependent on a single transgene.

One of the factors contribag to the expense associated with baculovirus using Real Time PCR

is the high cost of sample preparation for those who rely on commercial kits. Since routine
implementation Real Time PCR as a baculovirus quantification method requires that the cost
associted with its implementation be reduced, we decided to look at alternative methods of
sample preparation. In addition to the cost, these kits could suffer from problems such as loss of
nucleic acid material during the purification process, during the dgndf nucleic acids to
membranes and the subsequent washing and elution steps. Therefore, we decided to study a
method of sample treatment which involved subjecting the baculovirus to multiple freeze/thaw
cycles followed by treatment with Triton-X00. Ths treatment strategy was based on methods
previously used to prepare baculovirus samples for quantification by flow cytometry (Shen et al.,
2002). This method would be attractive because of the much lowered sample preparation cost and
lack of steps in whit nucleic acid material could be lost, due to the absence of nucleic acid
purification by binding to a membrane. Our final goal was to determine if a combination of
freeze/thaw and Triton 400 treatments would provide samples suitable for use as Real Time

PCR template, as kit extracted DNA.

53 Materials and Methods

The materials used for this study are described in the chapter Common Materials and Methods,

with the modifications detailed below.
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5.3.1 Cell culture and Baculovirus Production

Cell culture and baculovirus production was conducted as described previauatidition, 9
unpurified samples of baculovirus (Stocks9l culture supernatantwhich were previously
analysed by flow cytometrgnd hgh-performance liquid chromatograpifPLC) were kindly
provided byDr. Amine Kamen (Biotechnology Research Institute, National Research Council

Canada])Transfiguracion et al., ).

5.3.2 Template generation using DNA extraction kits

Viral DNA was extracted and template for PCR was genersad) two methodslhe first two
involved the use of two kits: the High Pure Viral Nucleic Acid kit (Roche Diagnostics, Laval,
Quebec, Canada) and the DNeasy Blood & Tissue Kit (QIAQ#ENSsissauga, Ontario, Canada),

as described earlier.

5.3.3 Experimental strategy for determining optimal combinatiorfreéze/thaw cycles and

Triton X-100

A third method for template generation, not relying on kits, involved subjecting baculovirus
stocks to various combinations of freeze/thaw and TritelO® treatments. Freeze/thaw cycles
were conducted by alternating between freezing the samples in dry ice and ethanol and thawing
them in either a 3T water bath or at room temperature (223°C). The five factors which were
combined in all possible combinationgre:

1. Concentrations of sample material

2. Concentrations of Triton 200

3. Number of freeze/thaw cycles

4. Temperature of thaw

5. Order of treatments
Different concentrations of sample were evaluated by diluting samples phosphate buffered
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saline (PBS) by facrs of 16, 1¢* and 16. Triton X-100 concentrations were varied betwe@n

0.01 and0.1% in final solution and the number of freeze/thaw cycles varied betvegn2

freeze/thaw cycles. Thawing was conducted at eith® 7 room temperature (3€). Samples

were subjected to three treatment schentbei For war do tr eat ment , wher e
subjected to freeze/thaw cycles and then treated with Tritd®0{thefi Rever se0 tr eat me
where Triton X100 was added before subjecting samples to dfdeav cycles ant he A Room
Temper at ur which i$ a varmettomuod thet Forward treatment with the thawing occurring

at room temperature.

5.3.4 Realtime PCR

The two sets of primers used for the reactions have been described earlier and wex@ target
against a region in the & gene (Hitchman et al., 2007) or against a region iretheyene (Lo

& Chao, 2004). These are given in Table 5.1. Some experiments involvirig-thprimers
contained additions of 25 mM Mgglifor reaction optimization, ith nuclease free water being
used to adjust the final reaction volume to 20 ul. Amplification cycles were conducted according
to conditions described in literature previously (Hitchman et al.,, 2007; Lo & Chao, 2004).
Briefly, for the Gp64 primers, initihdenaturation was conducted atf@3or 3 minutes, followed

by 45 cycles of denaturation at°@for 30 seconds and annealing/extension &C6f@r 30
seconds. For thke-1 primers, initial denaturation was conducted®atC for 30 s for one cycle,
followed by45 cycles ofdenaturatiorat 95C for 30 s,5 s of annealing at 63°C, and &Qof
primer extension at 72 °G-ollowing PCR, a melt curve analysis was performed by heating the
final mixture to 98C for 15 seconds followed by annealing at°®0for 1 minute. The
temperature was then ramped up in 0.3 degree increments°® f66 15 seconds, with

fluorescence being measured during the ramping stage.
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Table 5.1: Sequences of primers used in this study.
Primer Sequen@8éd)( 56

Gp-64 F CGGCGTGAGTATGATTCTCAAA

Gp-64 R ATGAGCAGACACGCAGCTTTT

le-1 F CCCGTAACGGACCTCGTACTT

le-1 R TTATCGAGATTTATTTGCATACAACAAG

5.3.5 StatisticalData Analysis

Statistical data analysis to determine confidence intervals of linear regressions was conducted
using MicroExcel 2007 (Redmond, Washington, U.S.A).

Two factor ANOVA analysis was used in data analysis in section 5.4.3 and was implemented
using the AnalysigookPak in Microsoft Excel 2007 (Redmond, Washington, U.S.A). The data
used was normalized to untreated samples for each dilution. All ANOVA tests were conducted at

the 95% confidence level.

In addition, two tailed-tests were used in section 5.4.4d déime paired comparison test in section

5.4.3, both of which were implemented in Microsoft Excel (Redmond, Washington, U.S.A).

54 Results

5.4.1 Comparison of the primers targeting regionteil andGp-64

Two previously described sets of primers were compared to see the choice of primer could affect
titre determination. The primers targeted regions in the AcCMKEPA64 gene (primers G4 F
and Gp64 R) and in thde-1 gene (lel F and lel R). A plot of theshold cycles vs. sample

dilutions using both sets of primers is shown in Figure 5.1.
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Figure5.1: Mean Ct values of triplicates of differentudions from two different PCR reaction¥wo sets of primers

Gp-64 F, Gp64 R and lel F, lel R were used imeactions using serial dilutions of QIAGEN purified DNA as
template. The Ct values were plotted against dilutions and a linear equation was fitted to the linear portions of the plot.
Here the Ct values obtained from both kits were plotted against thmnlifactors of the samples with respect to the
original sample. Error bars signify 1 standard deviation above and below the mean of replicates. The confidence
intervals on the slopes denote the error of the slopes at the 95% confidence interval.

It wasseen that the amplification efficiencies of the reaction were about 73% with-1freadied

le-1R primers, while the reactions with G&@ primers show an efficiency of 103%, which
correspond to slopes of 3.2396 and 4.186, respectively (Figure 5.1) andveresedistinctly
different at the 95% confidence level. Therefore, it was attempted to optimizeltredetion in
accordance with what was stated in the paper from which these primers were obtained (Lo &
Chao, 2004). Accordingly, reactions were supplet@eé with 25mM MgC] in order to increase

Mg** ion concentrations in the reactions by +1, +2 and +2.5 mM. The results of these reactions
are given in Figure 5.2A.It can be seen that increasing ttfé ddgcentration by +2.5 mM did

not increase the efficiey of the reaction to acceptable levels. Further increasing’ Mg

concentrations by +3 and +4 mM had very little effect on efficiencies (Figure 5.2B).
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Figure 5.2: Mean Ct values of triplicates of differeritufions, obtained from a singRT-PCRexpeiment The primer

set lel F, lel R was used in reactions using serial dilutions of QIAGEN purified DNA as template, along with
different amounts of additional 25 MgCto increase Mg ion concentrations in the reactions @@y +1, +2, and +2.5

mM and b) +3 and +4mM. The Ct values were plotted against dilutions and a linear equation was fitted to the linear
portions of the plotHere the Ct values obtained from both kits were plotted against the dilution factors of the samples
with respect to theriginal sample. Error bars signify 1 standard deviation above and below the mean of 3 replicates.

To further investigate the suitability of these primers for Real Time PCR, the presence of primer
dimerization was checked for by melt curve analysis. Apanson of the negative reactions (no
template) using either sets of primers showed the reduced presence ofdomeer in reactions

using the lelF and lelR set of primers, as can be seen in Figure 5.3. In addition, it can be seen
in Figure 5.4 that # peaks observed in the negative (no template) samples for both sets of
primers are distinct from those seen in samples with template. Therefore, the peaks in the

negative samples are not caused due to amplification of template and must result from primer

56



dimerization. It should also be noted that the fluorescence due to primer dimerization was much
greater in negative samples with -64 primers than for & primers, indicating that there is

more final Gp64 primerdimerization product.
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Figure 53: Amplification plots of Real Time PCR reactions with no template with two different sets of pri@gers
64F and R and {&éF and R

le-1 Gp-64

Melt Curve Melt Curve

Melt Curve Peak for
Melt Curve Peak for Samples with Template

Samples with Template

Melt Curve Peak for
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Figure 5.4: Melt curves of Negative samples (no templatesantgples with template for reactions with two different
primer setsGp-64F and R and {&éF and R
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Based on the above results, it was decided to use th&Gpsed primers .These primers were
suited to our needs because our sample abundances weresilffitigh so as to overwhelm the
signal from primerdimerization. In addition, these primers were used in a later study to track
baculovirus expression levels (Chapter 6) and so they were used here in order to have

commonality between projects and to beeomore familiar with the system.

5.4.2 Real Time PCR template generation using DNA extraction &id comparison of

recovered DNA
Baculovirus stocks were used to generate template material fQRTusing two nucleic acid
extraction kits: the HigtPure Viral DNA Extraction kit from Roche Diagnostics and Eideasy
Blood & Tissue Kitfrom QIAGEN. The yields of the two extracted samples could not be
confirmed directly by UV spectrophotometry as the presence of poly(A) RNA masks the signal
generated byiral DNA. Therefore, we chose to compare the nucleic acids extracted by the 2 kits
by conducting RTPCR on dilutions of kit extracted DNA and comparing thev&lues of each of
these dilutions. The results of this are given in Figure 5.5. ThalNe wa used to compare the
original template concentrations for each of the extracted samples as this enabled a direct

comparison of the concentrations, unlike Ct values

It can be seen that in general, the DNeasy kit seems to have extracted roughly hatfuthieoim
DNA as the High Pure kit. While the data below indicates that the DNeasy Blood and Tissue kit
extracts nucleic acid more consistently than the High Pure Viral Nucleic acid kit, we desired to
recover as much of the DNA present in the sample ashbesBherefore, it was decided to use

the High Pure extraction kit for all future studies.
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Figure 5.5: Figure representing the No value of the undiluted samples obtained by extracting DNA from two nucleic
acid extraction kitsthe High Pure Viral DNAExtraction kit from Roche Diagnostics and the DNeasy Blood & Tissue

Kit from QIAGEN and putting samples through Real Time PCR using the prime4Bmand GgB4R. Each value
was obtained by averaging thg Walues of triplicates of successive dilutionseath sample. Standard deviations were
obtained by averaging the standard deviations between triplicates of each dilution of each sample.

5.4.3 Protocol Development for AlternatiReal Time PCR template generation

To determine the combination of freetb@v and Triton X100 treatments which would give the

best result in terms of viral genome exposure, it was decided to perform a systematic series of
experiments as described in the materials and methods section. Briefly, samples were subjected to
0 and 2freeze/thaw cycles and the addition of TritoriB0 concentrations of 0, 0.01 and 0.1% in

the final reaction mixture. In addition, the order of treatments and thawing temperature was
varied. The generated samples were run through Real Time PCR and tte aealysed by
assumption free analysis (LineRegPCR), to generat@aNes for each sample, with a higher N

value corresponding to a higher level of genome exposure. Thalbes of different samples

were then compared to give fold differences betwssmmples. The error bars for each figure
represent the standard deviation of triplicate Midlues divided by the mean,Nalue of the
untreated sample. The error bars for the untreated samples represent the standard deviations

between Nvalues of triplicée samples.

It was observed that in general, increasing the concentration of TrHb@0OXn the reaction
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beyond 0.01% seemed to have very little effect in influencing theaNies obtained for the
different dilutions of baculovirus sample (Figure 5\hen ANOVA analysis was conducted, it

was determined that both Triton-200 concentrations and dilution factors seemed to have an
effect on genome exposure, with an interaction effect also being observed at the 95% confidence
level. It is possible that thiinteraction effect is caused due to the increase in the abundance of

Triton X-100 relative to the number of baculovirus particles, at higher dilutions.
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8 0.01% Triton X-
100
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m0.1% Triton X-
2 100

1 3 5

Dilution Factor 10"x
Figure 5.6 Effect of Triton X100: Samples were treated with 0, 0.01 and 0.1% Tritek®X and runin triplicate

through Real Time PCR. The results were analysed by LineRegPCR. The figure shows the fold incrgaakiefofl
the different treated samples at different dilution factors, as compared to untreated sample at that dilution factor.

It wasobserved that freeze/thaw cycles seemed to have some effect on genome exposure (Figures
5.7 and 5.8). However, as can be seen, the temperature at which the thawing is performed affects
the level of genome exposure, with genome exposure being increasedhehsamples were
thawed at room temperature £2. ANOVA analysis determined that the number of freeze/thaw
cycles at 39C was significant in genome exposure at the 95% confidence level. However, when
thawing was conducted at room temperature, the dilution factor seemed to play a role in genome
exposure as well, as determined by ANOVA at the 95% confidence level, the f@agstich is

not known.
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Figure 5.7 Effect of freeze/thaw cycles: Samples were treated with 0 and 2 freeze/thaw cycles with thawfi@ at 37

and run in triplicate through Real Time PCR. The results were analysed by LineRegPCR. The figure shows the fold

increase of Bvalue of the different treated samples at different dilution factors, as compared to untreated sample at

that dilution factor.
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Figure 5.8 Effect of thaw temperature in freeze/thaw cycles: Samples were treated with 0 and 2 freezadtbsw cy
with thawing at 39C and 22C, and run in triplicate through Real Time PCR. The results were analysed by
LineRegPCR. The figure shows the fold increase gfvAlue of the different treated samples at different dilution
factors, as compared to untreatample at that dilution factor.

Combinations of the two treatments (freeze/thaw and TritehOX treatments) were then
conducted (Figure 5.9). When the two treatments were combined in the Forward treatment
scheme, it could be seen that freeze/thawesydid not increase genome exposure when coupled
with Triton X-100 treatments. Results obtained from two factor ANOVA experiments conducted

on this data which indicated that this conclusion was valid at the 95% confidence level.

In contrast to this resylfreeze/thaws seemed to have an effect in the Reverse treatment scheme
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(Figure 5.10) and to a lesser extent in the Room Temperature scheme (Figure 5.11). In both these
schemes, increasing freeze/thaw cycles and TritdfOX concentrations seemed both dan

effect on genome exposure, as determined by two factor ANOVA. In addition, ANOVA analysis
on all three samples determined that the dilution factor seemed to play a role in level of genome
exposure in the various samples. It is possible that thisgause of experimental inaccuracies
which have been amplified during assumptitee analysis, especially for samples with lower

abundance of DNA such as those diluted by a factor bf 10
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Figure 5.9 Samples treated by the Forward treatment schemezefthaw cycles followed Triton 400 treatments.

Samples were treated with 0 and 2 freeze/thaw cycles with thawind@tz8® run in triplicate through Real Time

PCR. The results were analysed by LineRegPCR. The figure shows the fold incregsaloébf the different treated

samples at different dilution factors, as compared to untreated sample at that dilution factor.
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Figure 5.10 Samples treated by the Reverse treatment scheme: Tribd0 Xreatments followed by freeze/thaw
cycles. Samples weteeated with 0 and 2 freeze/thaw cycles with thawing 8€3and run in triplicate through Real

Time PCR. The results were analysed by LineRegPCR shows the fold increaseadfidlof the different treated

samples at different dilution factors, as comgaceuntreated sample at that dilution factor.
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Figure 5.11 Samples treated by the Room Temperature treatment scheme: freeze/thaw cycles followed-I0ion X

treatments. Samples were treated with 0 and 2 freeze/thaw cycles with thawi@ ar@Rrunin triplicate through
Real Time PCR. The results were analysed by LineRegPCR. The figure shows the fold increasalwé Nf the
different treated samples at different dilution factors, as compared to untreated sample at that dilution factor.

5.4.4 Comparison of Freezilnaw and Triton X100 samples with kit extracted DNA for use as

It was decided to compare the efficiency of the various treatment strategies at various

RT-PCR template

concentrations of baculovirus sample, with genome exposure bytextrasing the High Pure

extraction kit. The results of one such experiment are given in Figure 5.12. It can be seen that at

higher concentrations of baculovirus sample, the High Pure Viral Nucleic Acid Extraction Kit

seems to result in a higher, Maluet h a n

t hat

obt ai

ned

f

or

t

he

sampl

treatments for each of the three treatment strategies (Forward, Reverse and Room Temperature).

However, it can be seen that at lower concentrations of sample, the Reverse treatment strategy

with 0.1% Triton X-100 in the final reaction, seemed to result in highgvaiues when compared

with the kit extracted samples as can be seen in Figure 5.12(b), which was confirmedtdyt

the 95% confidence level. The trends for the Forward and Reveaenént schemes were

observed in multiple experiments. The room temperature experiments were conducted only once

and so, the reproducibility of its trend is not known. The error bars for each figure represent the

standard deviation of triplicate,Naluesdivided by the mean Nvalue of the untreated sample.
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Figure 5.12: Comparison of effectiveness of treatment schemes and kit extraction: The Forward, Reverse and Room
Temperature treatment schemes involve sample treatment using 2 freeze/thaw dycktiment with 0.1% Triton

X-100. Samples for kit extraction were diluted by various dilution factors in PBS, extracted and run in triplicate

through Real Time PCR along with treated samples. The results were analysed by LineRegPCR and are shown as fold
increases of fvalue of the different treated samples at different dilution factors, as compared to untreated sample at
that dilution factor. Figure 5.12 (a) Forward Treatment scheme compared with kit extraction Figure 5.12 (b) Reverse
treatment scheme ogpared with kit extraction. Figure 5.12(c) Room Temperature treatment compared with kit
extraction. The error bars denote 1 standard deviation above and below the mean of triplicate samples.

No of undiluted sample
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5.4.5 Quantification of viral stockby Real Time PCR: comparing titres obtained using

extraction kits and treated samples

The treatment method which seemed to give the best genome exposure (Reverse treatment with
0.1% Triton %100 followed by 2 freeze/thaw cycles with thawing af@y7was ompared with

the DNA extracted with the Roche High Pure Viral Nucleic Acid Extraction kit to see which
method would allow for accurate titre determination of 9 different stocks of viruses using Real
Time PCR. Two sets of the same 9 samples were subjectieel two methods as follows: one set

of samples was diluted 100 fold and subjected to the Reverse treatment and the other set of 9
samples was put through the Roche kit according to the recommended protocol. Both samples
were then subjected to Real TIimEMR and titres determined by comparing ¥&alues with a
standard curve produced using plasmid DNA standards. Validity of results were examined by
comparing the titres with baculovirus counts using FACS and HPLC data, which directly measure

the number of vinis particles in the samples. The results are given in Figure 5.13 and Table 5.2.

As can be seen from Figure 5.13, the titres for the various baculovirus stocks obtained using Real
Time PCR seem to correlate far better to titres obtained by FACS whestothkes have been
subjected to treatment using TritonIX0 and freeze/thaw cycles, than when they have been put
through the DNA extraction kit. This indicates that recovery of DNA may not always reflect the

abundance of DNA in the sample being put throtnghkit.
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Figure 5.13: Comparison of Reverse treatment and kit extraction: Each reaction was run in triplicate using treated

baculovirus (Stocks-# diluted 100 fold and treated with 0.1% Tritor1RO0 and 2 freeze/thaw cycles) and Roche kit

isolated laculovirus DNAas templateT h e C

plasmid standard in the same reaction, and the average titre of 3 triplicates was determined. The values obtained from

téds were compared

to

a

standard

this analysis were plotted agairnvalues for the same stocks obtained from FACS and a linear trend line was fitted

through the resulting points. 5.13 (a): Run 1: Baculovirus titres obtained from Real Time PCR analysis for various
using DNA extracted using thehRokit, and samples subjected to the Reverse treatment,
plotted against titres obtained by FACS, for these samples. 5.13 (b) Run 2 with samples treated separately from Run 1

stocks of baculovirus,

samples.

In general, the titres obtained through Real Time PCR using extraotedreated samples

seemed to be greater than titre values obtained from FACS analysis or HPLC (Table 5.2). A

paired comparison test conducted on the data given in Table 2 revealed that while the titres

obtained from Real Time PCR using the two differentagee extraction methods seemed to

belong to the same population at a confidence level of 95%, they were significantly different from

titres obtained by the flow cytometry and HPLC methods, which in turn were significantly

different from each other at th&% confidence interval. Therefore, it can be concluded that the
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use of the treatment scheme involving Tritori®0 and freeze/thaw cycles is at least as effective

as kit based extraction for baculovirus genome exposure.

RT-PCR, kit RT-PCR, treated Flow cvtometr HPLC

StocRtreatment | extracted samples samples y y
3.411E+09 3.770E+09 8.223E+08

Stock 1 (2.296E+08) (2.124E+08) (5.08E+07) 2.27E+09
1.600E+10 1.053E+10 1.999E+09

Stock 2 (1.706E+09) (1.644E+08) (8.31E+07) 2.96E+09
4.679E+09 7.377E+08 2.441E+08

Stock 3 (1.366E+08) (2.437E+07) (2.09E+07) 2.65E+08
1.224E+10 1.913E+10 2.970E+09

Stock 4 (4.344E+08) (8.473E+08) (1.57E+08) 5.01E+09
3.657E+09 7.411E+09 1.150E+09

Stock 5 (1.857E+09) (3.325E+08) (1.70E+07) 2.58E+09
8.398E+09 2.238E+09 4.946E+08

Stock 6 (4.695E+08) (5.785E+07) (3.43E+07) 7.23E+08
1.010E+09 1.321E+09 2.937E+08

Stock 7 (4.074E+07) (2.346E+07) (1.70E+07) 2.90E+08
9.258E+09 3.385E+09 6.409E+08

Stock 8 (4.059E+08) (2.222E+07) (8.91E+07) 9.43E+08
2.636E+09 2.512E+09 9.088E+08

Stock 9 (6.627E+08) (2.084E+07) (8.04E+06) 3.66E+09

SemiPurified 1.205E+12 1.845E+11

Stock 10 (7.868E+10) (6.303E+09) 1.660E+10

Table5.2 Table showing titres of baculovirus genomes in various samples (From St@ciadLPurified Stock0)

obtained from a single RPCR experimentand compared to values obtained from flow cytometry and HAbE

values in brackets indicate standard deviations between triplicate samples. Each reaction was run in triplicate using
treated baculovirus (sangpbiluted 100 fold and treated with 0.1% TritoAlBO and 2 freeze/thaw cycles) and Roche

kit isolated baculovirus DNA as template. The semiified stockwasdiluted 10,000 fold and then treated with 0.1%

Triton X-1 00 and 2 fr eez e/ drchcamparedyocalstanslard clire gené&dted by rumning dilutions of
plasmid standard in the same reaction and the average values of 3 triplicates determined and reported as baculovirus
titres. All values, other than that for BaclTRGFP were obtained framgéesReal Time PCR run.

55 Discussion

Quantitative Real Time Polymerase Chain Reaction has been examined in the past by several
groups as a rapid and accurate method to quantify baculovirus (Hitchman et al., 2007; Lo &
Chao, 2004). As has beelescribed earlier these groups use a comparativeethod whereby

Cr values of samples are compared to those of standards to generate an absolute value of virus
titre, and they report satisfactory quantification results using this method. The advafftdjes o
method are its speed as well as the capability to quantify multiple baculovirus samples in the

same reaction. Factors such as sample cost, however, prevent the method from being widely used
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in baculovirus quantification. In addition, factors likebeptimal primer design and template
preparation could confound baculovirus quantification by Real Time PCR. Therefore, we decided
to examine these factors to better understand the quantification process and ultimately to develop
strategies to simplify andeduce the costs associated with Real Time PCR for quantifying

baculovirus.

Two previously described sets of primers were studied in our experiments and were found to have
varying efficiencies of amplification and extents of prirdaner formation. An idal primer

would allow for a ~100 % amplification efficiency and cause little to no interference from
primerdimer formation. The primers targeting thelleegion of the baculovirus genome were
found to result in poor amplification efficiencies, with Bttbrimerdimerization. It was decided
against using this set of primers as lowered reaction efficiency would correspond to later Ct
values for each reaction, due to which low abundance samples may not be detected. The primers
targeting the Gy®4 region, wile providing good efficiencies of amplification, were found to
create primedimers. However, the signal generated by pridierers was considered to be low
enough to not affect analysis for the template concentrations being used in our experiments and
mdt curve analysis was used to screen for samples containing gimers. Primer
dimerization, however, will hinder the interpretation of signals from samples with low abundance
of template DNA and therefore serves to highlight the importance of prirsgndie RTFPCR.
However, the G4 based primers were well suited for our work, as explained earlier and so,

these were used in subsequent experiments.

To further advance RPCR as a viable method for baculovirus quantification we examined the
process ofemplate generation from baculovirus samples. Generally, this has involved extraction
of DNA from samples using either column kits or methods such as lysis and ethanol purification
of DNA. It has been found that column purification is a superior methodNigx isolation, as it
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has a recovered DNA with greater consistency than lysis and phenol/chloroform extraction (Lo &
Chao, 2004). Accordingly, it was decided to evaluate two kits in terms of their ability to generate
template to be used in quantitative -RTR. Both kits norspecifically isolate all nucleic from
samples, in spite of one, the kit from Roche, being labelled specifically as a viral nucleic’acid kit
It was seen that the Roche High Pure Viral Nucleic Acid kit seemed to isolate more DNA than the
QIAGEN DNeasy kit. Therefore, we decided to use the High Pure extraction kit for all
subsequent DNA extractions, as it would give a better estimate of the total amount of viral

nucleic acid in each sample, due to its higher recovery.

In light of the high cost of these kits, an alternate method was pursued for template generation
which involved subjecting the baculovirus samples to multiple freeze/thaw cycles and treatment
with Triton X-100. This approach was adapted from previous womksch involved
permeabilizing baculovirus with freeze/thaw and Tritorl00 treatments to fluorescently label
baculovirus DNA with SYBR Green | for detection by flow cytometry (Shen et al., 2002). Based
on this method, combinations of freeze/thaw andomriX-100 treatments were conducted with

the number of freeze/thaws, concentrations of TritehOX in the final reaction and the order of
treatments being varied to determine which treatment would cause the maximum level of genome
exposure and facilitateugntification by Real Time PCR. Additional evidence for the validity of

this approach comes from the finding that baculovirus seem to be degraded when exposed to

concentrations of Triton 2100 as low as 0.01% volume/volume (Transfiguracion et al., ).

It was found that the Reverse treatment involving 0.1% TritekOX followed by freeze/thaw
cycles seemed to be the most effective method for exposing baculovirus genomes, and at low
concentrations of template material the treatment seemed to perform aslees as sample
preparation by kit extraction. The reason for the improved performance of the Reverse treatment
over the forward treatment, where freeze/thaw cycles seemed to have no effect when coupled
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with Triton X-100 treatments, is thought to be doethe fact that the Triton -400 treats the
outside membrane first after which the capsid proteins are denatured by freeze/thaw cycles,
whereas in the Forward treatment scheme, the membrane may be intact during the initial
freeze/thaw cycles, which coulohfluence the degree to which capsids are broken down.
Therefore, it seems possible that a kit free sample preparation method could involve diluting
samples followed by treatments by the Reverse treatment, which would provide a cheap, easy,
rapid and eabi scalable method for sample preparation. The only source of error in this sample
could be at the time when the sample is diluted, whereby small differences in measurement of the
sample to be diluted could translate into large errors in baculovirus nsimbehe diluted

sample, and therefore, in the amplified DNA obtained by PCR.

When comparing treatment strategies, we analysed Real Time PCR results using asgtgaption
analysis, to compare fold differences in template abundance between samplesrefyiraybn

plasmid standards. In addition, assumpfi@e analysis of Real Time PCR experiments
addresses the shortcomings of traditional comparative quantitative Real Time PCR experiments,
particularly the assumptions about uniform efficiency in all svadf the reaction. While
assumptiorfree analysis does not remove the need for pure standard for absolute titre
determination, variations in efficiency between sample and standard is no longer an issue. In
addition, this method removes the need for a stah@urve and so, uses less material than
traditional comparative methods, which should decrease both the cost and time associated with

guantitative RTPCR.

It was expected that the lack of binding to a membrane and subsequent purification and elution

steps in our treatment methods would ensure that there was no loss of sample material and

t herefor e, the amount of DNA detected from trea
amount of DNA in the sample. To determine if this was true, nine stoeksvidre previously
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guantified using flow cytometry and by a recently developed HPLC method (Transfiguracion et
al.), were subjected to both extraction using the Roche High Pure viral nucleic acid kit, and our
Reverse treatment method. It was found thattilnes obtained from samples treated by the
Reverse treatment method consistently correlated closely with titres from FACS analysis, while
titres obtained from extracted DNA did not correlate as much, and were inconsistent between
extraction runs. Therefe, it is possible that variability in extraction procedure causes the poor
correlation between titres obtained from these samples and from flow cytometry or that possibly
there is a higher specificity for packaged viral nucleic acid. It was also sedm ihagt cases the
baculovirus titres obtained from Real Time PCR were almost the same when the sample was
treated or extracted, which gives support to our argument that the Reverse treatment method can

expose baculovirus genomes to at least the samet esté&it extraction, for diluted samples.

The similarity of the treatment methods for our Real Time PCR and FACS analysis, which also
involves freeze/thaw and Triton-X00 treatments, raises another possible explanation for the
discrepancy between titresbtained from Real Time PCR with extracted samples and FACS
analysis. This is the possibility that the treatment method degrades or reduces the signal from
baculovirus DNA in some way. However, the variability seen between baculovirus titres obtained
from DNA extracted during separate extraction runs indicates that the extraction procedure causes

the poor correlations.

It was seen that the titres of all baculovirus samples (Ste@ks @btained using Real Time PCR
were usually much higher than titrest@ibed using FACS (Table 4.2). One possible explanation
for this phenomenon is that defective interfering particles (DIPs), which are particles lacking
capsid or enveloped proteins which contain genetic material (Kool et al., 1991), may act as
template dung the real Time PCR reaction and so, confound titre determination by Real Time
PCR (Roldao et al., 2009 addition, genetic material baculovirus DNA which was present
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outside of the capsids may also be the reason for the higher baculovirus titngirdetdsy Real
Time PCR.Another possible explanation for this phenomenon could be that there is some
inherent limitation to the flow cytometry method, whereby not all baculovirus DNA is labelled

and therefore detected.

In conclusion, a low cost method fpreparing virus samples is presented in this work, which
aims to address the issue of the high cost of baculovirus titration by Real Time PCR. It is hoped
that this work would be instrumental in increasing the usage of Real Time PCR as a routine

guantification method for baculovirus.

L Private communication with Roche Technical Services
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CHAPTER 6

This project was conducted in collaboration with Janelle Tam, a student at the Waterloo
Collegiate Institute, and YeongHo (David) Suh, my fellgraduate student. The project was
undertaken as part of the Sanéfientis Biotalent Challenge in which Janelle Tam was a
participant. | would like to thank David Suh for his work which included training Janelle and
preparing all cell cultures and monitog and sampling from these cultures at different time
points. Janelle was involved in the processing of these extracted samples and analysing them.

| was involved in designing the experiment and was responsible for the analysis of the Real Time

PCR genertzd, as well as for presenting the results in the form of this chapter.

Tracking baculovirus infections in cell culture by monitoring levels of Gp64

transcript.

6.1 Introduction:

Recent years have seen a large increase in the use of the bacitedoiscell system for the
production of a wide range of products such as proteins and virus pafTiclds Kost et al.,
2005) including well known products such as the vaccine CierVhr produced by
GlaxoSmithKline, as reviewed by Aucoin et @l. G. Aucoin et al., 2010) The optimal
production of these products involves careful monitoring of factors such as the time of infection,
the multiplicity of infection (MOI) and external fams such as pH, temperature and oxygen
(Olejnik, Czaczyk, Marecik, Grajek, & Jankowski, 200A% a result of this need, there has been

substantial effort dedicated to tracking the progression of baculovirus infections in cultures and
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the health of the ctures, including tracking the oxygen uptake rate and carbon dioxide evolution
rate (Kamen, Bedard, Tom, Perret, & Jardin, 1996; L. A. Palomares & Ramirez,, 1§yl
density(Bédard, Perret, & Kamen, 199tracellular ATP measuremer(@lejnik et al, 2004)
NADH dependent fluorescendgiensler & Agathos, 1994and relative permittivity of cell
cultures (Zeiser, Bedard, Voyer, Jardin, & Kamen, 199%hese methods rely on physically
guantifying some aspect of the cell culture and give an idea déve¢ of infection in a cell

culture.

Reverse Transcription Polymerase Chain ReactionRRR), which involves using a reverse
transcriptase enzyme to convert RNA to cDNA, coupled with PCR or Real Time PQGieédras
used widely to detect and tuantify RNA transcripts in a sampl@ustin, 2000) To this end it
has been used in applications like detecting the presence of viral patfidgens, Robertson, &
Gallagher, 1996)for monitoring levels of various transcripts in cand&igche et al., 199%nd

for tracking the course of viral infectiof§loody, Sellers, & Bumstead, 2000)

The objective of this work was to examine how the multiplicity of infection (MOI) of baculovirus
changes the transcription of the viral g&®64 in insect cells, over theoarse of an infection.

Gp-64 is a transmembrane protein which is necessary for virus entry into the cell and is expressed
during the intermediate and late stages of baculovirus infedf®lissard & Rohrmann, 1991)

The Gp64 protein is essential for ieftivity of budded baculovirus by endocytogilkman &
Goldsmith, 1985) and therefore the levels of baculovirus-&bp transcript should reflect the
levels of infectious virus present in the culture. TheB3pgene has been previously used for
baculoviris quantification with good resul{glitchman et al., 2007and therefore, we chose to
track transcription levels of this gene to monitor levels of infectious virus in culture. In addition,
there is some interest in using its promoter to express protspesially glycosylated proteins in

the BEVS system, which require post translational modificati@sL. Jarvis, 1997) and
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therefore, studying the kinetics of @g transcript production would be of use in this aspect.

In this work, cultures were infeetd wi t h hi gh MOl 6s of viruses
transcript were tracked over the course of the culture. To strengthen our analysis, we normalized
baculovirus transcript levels to the level of a housekeeping gene transcript. The housekeeping
gere which was selected was the glyceraldehydgih@phate dehydrogenase (GAPDH) gene
which has been used previously to study various aspects of baculovirus infection of insétt cells

C. Lee, Chen, & Chao, 1998; Lu & Miller, 1995The GAPDH gene catalys¢he conversion of
glyceraldehyde -phosphate to Wylycerate 1,sdbisphosphate during glycolysis and has been
shown to be a good control for RNA quantification. Therefore, comparison of thé4 Gp
transcript levels with GAPDH transcript levels gives theslgwf baculovirus infection in culture

al most on a fAiper cell o0 basis.

This work was meant to serve as a preliminary study to allow familiarization with the system for

a more exhaustive study using a wider range of conditions, which will be performedinuite.

6.2 Materials and Methods

6.2.1 Cell culture and baculovirus infections, sample harvesting

Spodoptera frugiperdalonal isolate 9 (S9) cells were seeded into 9 capped 125mL Erlenmeyer
flasks at a density of 1 X f@ells/mL with 30 mL of SP00IIl media, counted, infected at a
multiplicity of infection of 12, 24 and 36 and kept in an incubator &€2and an orbital shaker
shaking at a speed of 130 rpm. The 9 flasks consisted of three different experimentalr=onditio
(different MOIs) performed in triplicate. A sespurified and quantified baculovirus stock
obtained Dr. Amine Kamen (Biotechnology Research Institute, National Research Council
Canada) having a titre of 1.66E10 particles/mL and an infectious partalet of 1.15E10
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pfu/mL was used for infection. Each flask was counted at 0, 12, 18 and 24 hours. At each time
point a 500uL sample was harvested and frozer2@iC until RNA extractions could be
conducted. Cells were counted using a Fuchs Rosenthal Gg@hiamber (Hausser Scientific,

Pennsylvania, U.S.A).

6.2.2 RNA Extraction

The High Pure RNA isolation Kit (Roche Diagnostics, Laval, Quebec, Canada) was used to
isolate total RNA from all samples. RNA was isolated from 200 ul of mates@dreding to the
manufacturerds protocol. Briefly, 200 Ol of
(4.5 M guanidineHCI, 50 mM TrisHCI, 30% Triton ® X100 (w/v) pH 6.6 (25°C) and vortexing

for 15s. The solution was then transferred to a Highe Rtilter Tube purification column,
centrifuged for 15s at 8,000 x g and flolwrough was discarded. The flow through was discarded
and DNase | was added to the filter tube along with 90 ul of DNase | incubation buffer and the
tube was incubated at roommperature (22C) for 15 minutes. 500 pl of Wash Buffer | (5 mM
NaCl, 2 mM TrisHCI, pH 6.6 (25°C), ethanol) was then added to the tube and this was
centrifuged at 8000 x g for 15s. This step was repeated with 500 ul of Wash Buffer Il (20 mM
NaCl, 2 mM Trs-HCI, pH 7.5 (25°C), ethanol). A third repetition was done with 200 pl Wash
Buffer Il and the tube centrifuged at 13,000 x g for 2 minutes to remove residual Wash Buffer,
after which DNA was eluted out of the column using 100 ul of Elution Buffer (Nuefees,

sterile, double distilled water) and centrifugation for 1 minute at 8,000 x g. The extracted RNA

was stored a80°C.

6.2.3 cDNA Generation

The conversion of total RNA to cDNA was conducted using the High Capacity cDNA Reverse
Transcription kit (Aplied Biosystems, Burlington, Ontario, Canada) using the protocol
recommended by the manufacturer. Briefly, 10 pl of extracted RNA was mixed with 10 pl of a
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master mix consisting of 2.0 ul of 10X RT Buffer, 0.8 pl of 25X dNTP mix, 2.0 pl 10X RT
Random Priers, 1.0 ul MultiScribE" Reverse Transcriptase and 4.2 ul Nuclefase water, for

a total reaction volume of 20 pl. The samples were then placed in a™¥/@@&iWell Thermal
Cycler (Applied Biosystems, Burlington, Ontario, Canada) and cycled at the following
conditions: 25C for 10 minutes, 120 minutes at %27 followed by 85C for 5 minutes. The

converted cDNA was stored @0°C until analysis by Real Time FRC

6.2.4 Realtime PCR

All RT-PCR reactions were conducted on a StepOne PlusTieal PCR system (Applied
Biosystems, Burlington, Ontario, Canada) and were prepared in MicroAmp Fast Optwell 96
Reaction Plate (Applied Biosystems, Burlington, Ontaflapada). The two sets of primers used

for the reactions have been described earlier and were targeted against a region in the baculovirus
Gp-64 geneg(Hitchman et al., 2007and against a region in the GAPDH gene of the insect cell
(Lu & Miller, 1995). Ead reaction consisted of 2 pl sample, 10 pl of 2X Power SYBR® Green
PCR Master Mix (Applied Biosystems, Burlington, Ontario, Canada), forward and reverse
primers at a concentration of 900 nM each, and nuclease free water, for a final volume of 20 ul. 6
pl of sample were then added along with 54 pl stock mix of 2X Power SYBR® Green PCR
Master Mix, forward and reverse primers and nuclease free water into one well of an optical PCR
plate and then, the solution was mixed and distributed between three whBsRER plate. The

plate was then sealed with MicroAmp Optical Adhesive Film (Applied Biosystems, Burlington,
Ontario, Canada) and centrifuged briefly. Each plate had two sets of sample triplicates, with one
set using primers targeted against theB8pepaoter gene (G4 F and R), and the other set
using primers for the control gene GADPH (GADPH F and R). The sequences of the primers
used are shown in Table 6.1. Amplification cycles were conducted according to conditions which
were described in literatufer the Gp64 primers(Hitchman et al., 2007; Lo & Chao, 2004)
Briefly, initial denaturation was conducted at 95°C for 3 minutes, followed by 45 cycles of
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denaturation at 95°C for 30 seconds and annealing/extension at 60°C for 30 seconds. Following
PCR, amelt curve analysis was performed which involved initial denaturation at 95°C for 15
seconds followed by annealing at 60°C for 1 minute. The temperature was then ramped up in 0.3
degree increments to 95°C for 15 seconds, with fluorescence being meastingdramping

stage. The results were then analysed by assurdptieranalysis.

Each sample was run in triplicate to provide statistical validity and confidence in the data
obtained. Data obtained from each rOewhichhis on was
the controller for the StepOne and assumptier analysis conducted on the data using the

program LinRegPCR (11.6) (J. M. Ruijter, S. van der Velden, A. llgun, Heart Failure Research
Center, Academic Medical Center, Amsterdam, the Nethepands

Table 6.1: Sequences of primers used in this work.

Primer Sequen@8é®)(56
Gp-64 F CGGCGTGAGTATGATTCTCAAA
Gp-64 R ATGAGCAGACACGCAGCTTTT

GADPH F GCCATCGCAGCG CCATT

GADPHR ATC GTT GAC GGC CAC CA

6.2.5 Titre Determination by Assumptieinee analysis

Data analysis was conducted by conducting assumfitten analysis on all samples and

comparing N values of samples run with & primers and samples run with GAPDH primers.

6.2.6 StatisticalData Analysis

Two factor ANOVA analysis was implemented using the Analysis TookPak in Microsoft Excel
2007 (Redmond, Washington, U.S.A). The data used was normalized to untreated samples for

each dilution.

78



6.3 Results

6.3.1 Cell counts over 24 hours

The cell countsn each of the flasks over the period of 24 hours are given below in Figure 6.1. It
can be seen that the cell counts in each flask seemed to vary over the course of the experiment,
which is most likely due to the inherent large variability associated aglhcounting using a

hemacytometer.
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Figure 6.1: Total cell counts obtained at various time points of cultures infected with various multiplicities of infection
of a prequantified stock of virus.
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Figure 6.2: Percent viabilities of cell cultures at various time points, infected with various multiplicities of infection of
a prequantified stock of virus.
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6.3.2 Tracking GAPDH levels

All samples were subjected to Real Time PCR using two setsmégitargeting regions in the
Gp-64 gene and th6&APDH gene. Each sample was run twice on the same plate, once with Gp
64 primers and once with the GAPDH primesdth each reaction being conducted in triplicate to
provide statistical significance to thalues obtained from Real Time PCRIl reactions were

run using conditions optimized for the ®g primer pair as it was desired to have a GAPDH
control on the same reaction plate to compare6&Gand GAPDH transcript levels without the
confounding effecbf variability between runs. The PCR data obtained was then subjectgd to N
analysis, which allowed for comparisons between the initial template concentratiGid>BfiH

and Gp-64 cDNA irrespective of differences in efficiencies of amplificatidihe N, values

obtained for the samples containing GAPDH cDNA are shown in Figure 6.3.
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Log (No values of GAPDH cDNA samples)
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Figure 6.3: GAPDH transcript levels: Samples were extracted using the High Pure RNA Isolation kit, followed by
reverse transcription and subjected to Real Time PCR using priargeting the insect cell GAPDH gene. The results

were subjected to assumptiiee analysis and the No values obtained were observed at the four time points A: 0 hours
post infection (p.i), B: 12 hours post infection (p.i), C: 18 hours post infectigra(m D: 24 hours post infection (p.i).

The error bars represent one standard deviation above or below the mean of triplicate runs of three cultures run at the
same conditionand were generated using the standard deviations of the M \ailues
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