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Abstract

Virus-like particles (VLPs) are virus-based nanoparticles that resemble the native virion but do
not contain the viral genome. Heterologous expression of the viral structural proteins results in
the spontaneous self-assembly of VLPs that have an empty inner cavity. These particles have
an organized, repetitive structure that is very amenable to modification. One can take advantage
of this property and fuse a foreign molecule to one of the viral structural proteins and upon
VLP self-assembly this foreign molecule may be encapsulated within the empty inner cavity
of the VLP. One can also take advantage of the high tailorability of VLPs and functionalize the
external surface with targeting ligands for delivery purposes. Alternatively, the structural
proteins that form VLPs can have inherent amino acid motifs with a natural targeting affinity
for receptors that may be overexpressed on the surface of certain types of cells, for example
cancer cells. These properties impart VLPs with great potential as delivery vehicles of
diagnostic and/or therapeutic molecules. Core-like particles (CLPs) are a derivative of VLPs
that share all the same properties and modification potential, however unlike VLPs, CLPs are
comprised of only the viral structural proteins that form the inner capsid layer or ‘core’ of the
native virion. Herein, two cloning techniques have been used to successfully fuse a fluorescent
protein, enhanced green fluorescent protein (EGFP), to the VP3 structural protein of African
horse sickness virus (AHSV). Plant-based transient expression of the AHSV EGFP-VP3 and
AHSV VP7 structural proteins has been used to generate CLPs from N. benthamiana leaves
that successfully encapsulate the EGFP protein. However, interaction of this particle with the
human integrin receptor, avp3, a receptor that is commonly found overexpressed on the surface
of cancer cells could not be confirmed. These results highlight the potential of AHSV CLPs as
a cargo carrier, but more research is required to elucidate its potential as a delivery vehicle.



Chapter 1: Literature review

1.1 Introduction

The ever-expanding field of nanotechnology encompasses the manufacturing of nanoscale
assemblies with potential applications in cosmetic, industrial and therapeutic industries (Mejia-
Méndez et al., 2022). These nanoscale assemblies, commonly referred to as nanoparticles
(NPs), typically fall between 1 and 100 nm in size and can be produced from polymeric,
inorganic, or biological building blocks. ‘Bionanoparticles’ refer to NPs constructed using
biological building blocks such as lipids, nucleic acids, and proteins (Doll et al., 2013). In
contrast to synthetic nanoparticles, bionanoparticles include a massive variety of well-
organized, highly sophisticated architectures, are monodisperse and can be produced on a large
scale economically (Lee and Wang, 2006). Commonly investigated bionanoparticles include
the lipid-based NPs such as liposomes and micelles (Ojha et al., 2022) and the protein-based
NPs such as ferritins, small heat shock proteins (sHsps), vault proteins and viral nanoparticles
(VNPs)(Lee et al., 2016).

1.1.1 Protein cage nanoparticles

The protein-based NPs are commonly classified as protein cages (Zangabad et al., 2017).
Protein cages can be divided into two categories: non-viral protein cages and VNPs (Ludwig
and Wagner, 2007, Zeltins, 2013, Mateu, 2013). Protein cages are constructed from protein
sub-units that self-assemble into a protein shell with a hollow interior cavity (Rother et al.,
2016). The protein sub-units can be comprised of a single or multiple proteins (Molino and
Wang, 2014), however many copies of each individual protein sub-unit are required to form
the complete protein cage (Rother et al., 2016). The resulting protein cage will possess a highly
uniform, symmetrical structure and exhibit a narrow size distribution (Estrada and Champion,
2015). Protein cages can be broken down into the interior, exterior and inter sub-unit interfaces
(Figure 1) (Zhang et al., 2016) .The interior interface projects towards the hollow protein cage
interior and is separated from the exterior by pores/openings in the protein shell found between
the protein sub-units (Rother et al., 2016, Zhang et al., 2016). The most unique property of
protein cages, not present in synthetic and lipid-based NPs, is their amenability to both genetic
(Brown et al., 2009) and chemical functionalization strategies (Ma et al., 2012, Schoonen and
van Hest, 2014, Lee et al., 2009). Therefore, there are theoretically limitless opportunities for

the precise sub-molecular alteration of protein cages (Lee and Wang, 2006). Additionally, since
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protein cages possess a highly repetitive structure, a single modification will be represented
across the entire particle in a consistent manner (Lee et al., 2016). These advantageous
properties greatly increase the versatility of the protein cage interfaces and enable the
utilization of protein cages as delivery vehicles for various applications (Sharma et al., 2017,
Douglas and Young, 2006, Uchida et al., 2010). The hollow interior cavity can be loaded with
diagnostic/ therapeutic agents and the exterior surface can be functionalized with targeting
ligands. Furthermore, the interactions between the protein sub-units can be manipulated to
open/close pores or prompt the disassembly and subsequent reassembly of the protein cage

after encapsulation of a drug molecule (Choi et al., 2018, Lee et al., 2016).

interior
surface

genetic
and/or
chemical
modification

exterior
surface

\ -
inter-subunit ] ) | |
interfaces '?"\ 7/'\’/}'
\.:.-."‘\ e
~

Figure 1: Schematic representation of the protein cage (interior, exterior and inter-subunit)
interfaces amenable to genetic and/or chemical modification (Zhang et al., 2016).
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1.2 Viral nanoparticles: Virus derived protein nanocages

Viruses have naturally evolved to efficiently infect specific host cells (Yildiz et al., 2011). In
general, either DNA or RNA genetic material and a symmetrical protein coat known as a capsid
are the major constituents of a virus (Villarreal, 2004). Delivery of genetic material into a host
cell is the primary function of the infectious virion (Cohrs et al., 2003) and is made possible
due to the intrinsic ability of viruses to assemble and disassemble (Brown and Bhella, 2016).
Consequently, the ability to successfully infiltrate, target and deliver genetic cargo into a host
are considered inherent negative viral traits. These traits, however, have proven to be extremely
beneficial for nanomedical applications. The same traits that enable viruses to succeed as
effective pathogens can be engineered to create tools for biological delivery (Schwarz and
Douglas, 2015). Viruses are thus an excellent platform for developing vehicles for targeted
delivery of drugs or imaging reagents and can be classified into two distinct groups: viral

nanoparticles (VNPs) and virus-like particles (VLPs).
1.2.1 Structural organization of VNPs and VLPs

VLPs are comprised of one or more viral structural proteins (capsomers) which spontaneously
self-assemble into a particular spatial conformation (Yan et al., 2015, Zdanowicz and
Chroboczek, 2016). VLPs possess a highly organized repetitive structure presenting
viral/antigenic epitopes, thereby mimicking the morphological structure of the native virion
(Marsian and Lomonossoff, 2016, Hill et al., 2018). However, unlike VNPs, they are devoid
of viral genetic material and can be considered a subclass of VNPs (Rohovie et al., 2017, Yildiz
et al., 2011). Thus, VLPs are able to preserve the majority of viral traits without risk of
infectivity (Benjamin et al., 2020). A VLP can therefore be viewed as an ‘empty shell’
(Shirbaghaee and Bolhassani, 2016) comprised of many repeated viral protein sub-units

organized in a precise manner (Steinmetz et al., 2020).
1.3 Cargo loading

The aforementioned structural characteristics impart VLPs with great potential for
functionalization (Hill et al., 2018). Consequently, VLPs are considered attractive nanoparticle
candidates for a plethora of applications beyond the presentation of viral/antigenic epitopes
(Hill et al., 2018). One of the most important capabilities of VLPs owing to their structural
properties is the ability to act as cargo-bearing carriers for delivery applications (Zangabad et
al., 2017). Cargo can either be encapsulated within the empty cavity of the capsid structure
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(Chung et al., 2020, Steinmetz, 2010) or attached to the VLP surface (Zdanowicz and
Chroboczek, 2016, Ramgvist et al., 2007). Cargo loading strategies based on non-specific
encapsulation, genetic engineering and bioconjugation are discussed in detail below.

1.3.1 Non-specific interactions

When cargo proteins are present in high concentrations during VLP assembly, non-specific
interactions may result in cargo encapsulation. Under these conditions, in-vitro assembly using

purified products is required to ensure specific cargo loading (McNeale et al., 2022).
1.3.1.1 Statistical encapsulation

Mixture of free protein cargo at high concentrations with VLP capsid proteins may result in
encapsulation of cargo during in-vitro VLP assembly (Figure 2) (McNeale et al., 2022). This
strategy was notably used to encapsulate the first protein cargo inside a capsid-based VLP,
namely the cowpea chlorotic mottle virus (CCMV) VLP. Researchers accomplished this by
taking advantage of the unique pH dependent gating behaviour of CCMV. The in-vitro
disassembly of CCMV virions was facilitated by a change in pH. Once the viral RNA was
removed, a further pH change resulted in the reassembly of the capsid protein sub-units around
the enzyme horse radish peroxidase (HRP) , thus ‘caging’ this foreign cargo within the CCMV
VLP interior cavity (Comellas-Aragones et al., 2007). Since statistical encapsulation requires
VLPs to be amenable to in-vitro assembly, it is easier to chemically control VLP assembly and
increase cargo loading specificity. However, to successfully encapsulate cargo using this
loading strategy requires a very high cargo concentration which acts as a limiting factor for the

cargo loading density (McNeale et al., 2022).

4
P

1
fx

Excess cargo + In-vitro assembly
I\ capsid protein / /1\ of VLP containing
subunits !, 2 cargo molecules

. \*

v

Figure 2: Statistical encapsulation of a foreign protein cargo. During in-vitro VLP assembly,
cargo present at high concentrations, non-specifically interact with capsid proteins and are
encapsulated within VLPs (Steele et al., 2017).
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1.3.1.2 Electrostatic interactions

Electrostatic interactions between viral coat proteins (CPs) and nucleic acids are responsible
for initiating capsid formation and encapsulation of genomic cargo inside viruses. To initiate
encapsulation via electrostatic interactions, there must be charge complementarity between the
cargo molecule and the particle interior (Figure 3) (Chakraborti et al., 2020). This requirement
IS met by many capsid-based viruses which possess a positively charged interior and can
encapsulate viral genetic material carrying a negative charge. Therefore, it is possible to take
advantage of charge complementarity to encapsulate negatively charged foreign cargo inside
VLPs with a positively charged interior surface (McNeale et al., 2022). However, the intended
cargo may not always carry an inherent negative charge. Fortunately, a negative charge can be
imparted to cargo following nucleic acid conjugation to facilitate charge-mediated
encapsulation (Brasch et al., 2017, Glasgow et al., 2012, Wu et al., 1995) . In one such example,
nucleic acid adapters were chemically linked to the exterior of chosen enzyme cargoes. In doing
so, interaction with an arginine-enriched N-terminal region of CCMV was able to successfully
trigger capsid assembly and charge-mediated encapsulation of the modified enzyme cargo
(Brasch et al., 2017). In summary, this method of cargo encapsulation is simple and has proven
especially useful in cases where VLP assembly requires a charged cargo. However, as one
would expect cargo loading density is lower than encapsulation techniques involving specific
interactions. Despite this, one can tune the cargo loading density by varying the length of
nucleic acid adapters or ionic strength which makes charge-mediated encapsulation a relatively

flexible loading technique (McNeale et al., 2022).

Figure 3: Electrostatic interaction-mediated encapsulation of a foreign cargo. Charge
complementarity between negatively charged cargo and positively charged VLP interior
facilitates cargo encapsulation (McNeale et al., 2022).
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1.3.2 Genetic engineering

A foreign protein cargo can be encapsulated by direct genetic fusion to the the viral CP sub-
units. This loading technique can be described as encapsulation by translational fusion and to
date has been used to encapsulate foreign protein cargo within several capsid-based VLPs
(McNeale et al., 2022). This technique has been utilized to encapsulate a fluorescent protein
cargo inside bluetongue virus (BTV) and rotavirus (RV) VLPs. BTV and RV VLPs are
comprised of 4 different proteins arranged into three layers. However, core-like particles
(CLPs) containing two different proteins in a double layer and subcore particles containing
only one protein in a single layer can also be produced. It was found that an N-terminal fusion
of a green fluorescent protein (GFP) to a scaffolding protein comprising the subcore particle
resulted in successful encapsulation of GFP cargo in both BTV and RV (Brillault et al., 2017,
Charpilienne et al., 2001). Besides encapsulation, genetic engineering can be used to load cargo
to the VLP exterior surface (Yildiz et al., 2011). By doing so, useful cargo such as purification
tags and specific cell targeting sequences can be incorporated into the VLP coat (Yildiz et al.,
2011, Plummer and Manchester, 2011). Thus, genetic based cargo loading can extend VLP
functionality beyond simple cargo encapsulation. Genetic-based cargo loading to the
interior/exterior of VLPs is often achieved after in-vivo capsid assembly during a process
referred to as expression loading (Figure 4) (Shahgolzari et al., 2020). Complete protein and/or
peptide sequences can be inserted, removed from, or substituted into the nucleic acid sequence
of the viral CP (Juarez et al., 2012, Kaczmarczyk et al., 2011), and this can be done at the
termini or within the CP sequence (Balke and Zeltins, 2019, Bendahmane et al., 1999). The
final result is the heterologous expression of a chimera CP, followed by spontaneous self-
assembly of chimeric VLPs loaded with cargo molecules (Shahgolzari et al., 2020). Genetic-
based cargo loading is advantageous as it enables efficient cargo encapsulation at high
concentrations (McNeale et al., 2022) , and allows precise loading of cargo to the VLP surface
(Shahgolzari et al., 2020). Thus, genetic engineering is able to facilitate spatial control over
cargo incorporation and direct production of complex, modified VLPs (Sharma et al., 2017,
Patterson et al., 2012, Patterson et al., 2014). Furthermore, genetic engineering can be used as
a precursor to other cargo loading strategies such as bio-conjugation by controlling the number
of sites available for the covalent attachment of cargo. Additionally, by changing the structural
configuration of the VLP, genetic engineering can alter the physicochemical properties of the
VLP such as its electrostatic potential (Badri Narayanan and Soo Han, 2017). However, one

must be careful when using genetic-based cargo loading as insertion of larger cargo molecules
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may impair the capsid assembly process and/or reduce capsid stability (Shahgolzari et al.,

2020).

A
AA/Tag/Epitope Viral gene
\‘ / CP gene
Cargo-CP ¢cDNA
B

\ / Assembly O
’ >
Chimera CP Chimera-VLP

- /

Figure 4: Expression loading of a foreign cargo during in-vivo capsid assembly. (A) the foreign
cargo (AA/Tag/Eptitope) and the CP gene are cloned into a plasmid where they are fused to
each other. (B) Heterologous expression of the chimeric CP from a recombinant plasmid and
subsequent in-vivo assembly of chimeric VLPs containing a foreign cargo. Reprinted (adapted)
with permission from (Shahgolzari et al., 2020). Copyright 2020 Wiley Periodicals, Inc.

16



1.3.3 Bioconjugation

Bioconjugation involves the chemical conjugation of cargo to the VLP CPs (Wu et al., 2013).
The interior and exterior VLP surfaces are amenable to bioconjugation, therefore cargo
encapsulation and VLP surface functionalization can be achieved with this loading method
(Hill et al., 2018). Loading is mediated by covalent interactions between the cargo molecule
and functional groups of chemically reactive amino acid side chains on the VLP CPs (Chung
et al., 2020, Pokorski and Steinmetz, 2011). The functional groups of the natural amino acids,

particularly cysteine and lysine are the most common bioconjugation targets (Hill et al., 2018).

Lysine

The primary amine group of lysine (R-NHz) reacts with N-hydroxysuccinimidyl-esters (NHS-
esters) to generate an amide bond (Figure 5a, left)(Smith et al., 2013, Sun and Cui, 2020). This
reaction has successfully enabled conjugation of ligands such as PEG, polymers and small
organic molecules to VLPs. Lysine is particularly useful for surface bioconjugation as it is one
of the most prevalent amino acids in any given protein and often exposed on the surface of
VLPs due to its hydrophylicity. As a result, lysine residues provide ideal targets for high density
VLP surface loading (Smith et al., 2013). However, excessive loading may shield other VLP
traits and should be avoided (Carrico et al., 2012). An alternative lysine-related bioconjugation
strategy involves a reaction between amine and thioimidates (Figure 5A, right), but due to high
commercial availability and a simple reaction proccess, conjugation with NHS-esters are

utilized more readily (Running et al., 2012).

Cysteine

A free sulthydryl group on cysteine (R-SH) is able to form an irreversible thioether bond to
compounds with maleimide chemistry (Figure 5b) (Rohovie et al., 2017, Sun and Cui, 2020).
This is referred to as a ‘maleimide-thiol reaction’ and has been used to conjugate a variety of
ligands including fluorescent probes, cancer drugs and peptides to the surface of VLPs. The
simplicity of this reaction makes it an especially attractive option for bioconjugation of cargo
to VLPs (Smith et al., 2013). However, one must take care to avoid unwanted spontaneous
disulfide bond formation between the free sulfhydryl group of cysteine and other sulfhydryl-
containing compounds. To circumvent this issue, one may be required to remove potentially

reactable cysteine residues (Jegerlehner et al., 2002).
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Unnatural amino acids (UAAS)

Although natural amino acids are commonly used for bioconjugation, unnatural amino acids
(uAAs) provide new opportunities for covalent modification of VLPs (Smith et al., 2013). The
incorporation of uAAs into VLP CPs introduces unique functional groups that are bio-
orthogonal to the functional groups of natural amino acids. Furthermore, conjugation to uAAs
is generally more efficient than conjugation to natural AAs, and results in greater VLP
homogeneity (Kim et al., 2013). uAA incorporation strategies and their bioconjugation
chemistries have been described in detail elsewhere (Smith et al., 2013, Rohovie et al., 2017,
Pokorski and Steinmetz, 2011).

Although bioconjugation is an extremely versatile cargo loading strategy, it does have several
downsides. Since this strategy is often carried out in-vitro after VLP assembly, it generally
involves long reaction steps (Schlick et al., 2005) and several purification stages (Destito et al.,
2007) which increases the potential of losing VLPs (Aljabali et al., 2013). However, problems
relating to VLP assembly, stability and unwanted VLP structural changes as a result of genetic
engineering are easily avoided by using bioconjugation strategies (Nassal et al., 2005, Carreira
et al., 2004).
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Figure 5: Bioconjugation strategies based on chemistires possessed by the natural amino acids,
lysine and cysteine. (a) Conjugation of ligand to VLP, whereby the primary amine of lysine
(R-NH) reacts with either an NHS-ester (left) or an imidoester (right). (b) Conjugation of
ligand to VLP, whereby the sulfhydryl group of cysteine (R-SH) reacts with a maleimide-based
compound. Reprinted (adapted) with permission from (Smith et al., 2013). Copyright 2013
Elsevier Ltd. All rights reserved.
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1.4 Targeting

The overall goal of targeting is to maximize the uptake efficiency of a chosen
diagnostic/therapeutic agent in a specific region such as a tumour (Petros and DeSimone,
2010). Targeting is advantageous as it helps to minimize side effects and enhances the
efficiency of therapeutic/diagnostic agents. Therefore, targeting is of great importance towards
ensuring successful treatment of many diseases (Doll et al., 2013). Passive and active targeting
comprise the two major targeting approaches (Benjamin et al., 2020). A schematic

representation of the passive and active targeting mechanisms are represented in Figure 6.
1.4.1 Passive targeting

This targeting strategy does not utilize ligands for specific targeting of tissues/organs (Attia et
al., 2019). It is instead dependent on physical characteristics of the nanocarrier such as particle
size and shape and physiological characteristics of bodily tissues such as its pathological state
(Zangabad et al., 2017). Particle size (diameter) influences the circulation half-life of the
carrier. A reduction in particle size has been shown to increase its circulation half-life and
subsequent accumulation in targeted tissues. Particle shape influences cellular uptake of NPs,
with spherical and rod-shaped NPs displaying the greatest cellular uptake (Albanese et al.,
2012). However, passive tumour targeting primarily relies on the enhanced permeability and
retention (EPR) effect (Figure 6A) to facilitate targeted accumulation of a cargo molecule in
tumour tissues (Zangabad et al., 2017, Brigger et al., 2012). The EPR effect is caused by a
combination of leaky blood vessels and reduced/absent lymphatic drainage which are
commonly found within a tumor microenvironment (Farokhzad and Langer, 2009). As a result
of the enhanced permeability of the tumour vasculature, the EPR effect facilitates selective
accumulation of VLPs in tumour tissue, but not healthy tissue (Fang et al., 2011). Furthermore,
poor lymphatic drainage under EPR conditions reduces the potential escape of VVLPs from the
tumour microenvironment, thereby limiting potential damage to healthy tissues (Molino and
Wang, 2014).

1.4.2 Active targeting

This targeting strategy involves the decoration of a NP with targeting ligands to facilitate
specific targeting of a desired tissue/cell (Figure 6B) (Zangabad et al., 2017, Attia et al., 2019).
These targeting ligands can either be introduced using a genetic engineering approach (section

1.3.2) or via bioconjugation strategies (section 1.3.3) (Schwarz and Douglas, 2015).
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Commonly used targeting ligands include peptides, aptamers and receptor-specific ligands.
Peptides are a popular targeting ligand as they can be produced on a large-scale and enable
targeted localized delivery while generating few side-effects. Aptamers are single-stranded
DNA/RNA oligonucleotides and are useful for active targeting as they possess a high binding
affinity and offer good tissue penetration (Zangabad et al., 2017). Finally, receptor-specific
ligands are typically used to bind specific receptors that are over-expressed on the surface of
tumour cells compared to normal, healthy cells (Attia et al., 2019, Clemons et al., 2018).
Overall, active targeting is advantageous as it limits off-target cargo release (Clemons et al.,
2018), and facilitates greater cellular uptake compared to a passive targeting approach
(Zangabad et al., 2017).
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Figure 6: Passive targeting vs active targeting within a tumor micro-environment. (A) During
passive targeting, non-targeted NPs extravasate from blood vessels into the leaky tumour
vasculature where the drug is released. (B) In the example above targeted NPs displaying
targeting ligands bind to specific cell receptors over-expressed on tumour cells to deliver their
payload. Reprinted (adapted) with permission from (Farokhzad and Langer, 2009). Copyright
2009 American Chemical society.
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1.5 Potential applications of virus-based NPs

VNPs/VLPs are useful tools for achieving biomedical applications (Comas-Garcia et al., 2020).
Figure 7 provides a schematic highlighting a wide variety of these applications (Comas-Garcia
et al., 2020). Two prominent applications — drug delivery and imaging, have been chosen for

further discussion.
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Figure 7: Schematic visualization of several biomedical applications which can be achieved
with the help of VVLPs. Reprinted (adapted) with permission from (Comas-Garcia et al., 2020).
Copyright 2020 American Chemical Society.

1.5.1 Drug delivery
VLPs have the ability to encapsulate and/or attach cargo to their exterior surface and undergo
passive/active targeting. Consequently, VLPs can be used to achieve targeted delivery and

eventual release of a drug cargo within a particular cell, tissue or organ (Lua et al., 2014).
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1.5.1.1 Why virus-based NPs are good drug delivery vehicles

VLPs possess numerous properties that are advantageous for drug delivery applications. They
are biodegradable (Koudelka et al., 2015), display minimal toxicity and high biocompatibility
(Rohovie et al., 2017, Schoonen and van Hest, 2014). The nanoscale size of VLPs aids their
cellular endocytic uptake (Koudelka et al., 2015) and their size uniformity results in more
consistent accumulation at a desired location (Ikwuagwu and Tullman-Ercek, 2022). VLPs also
efficiently protect encapsulated drug cargo from enzymatic degradation during delivery
(Benjamin et al., 2020). Thus, VLP-mediated delivery results in greater drug bioavailability at
a target destination and minimizes the amount of doses required to achieve an effective

treatment outcome (Nooraei et al., 2021).
1.5.1.2 Delivery of chemotherapeutic agents for cancer treatment

Chemotherapy is the most commonly utilized treatment option in the fight against cancer.
During chemotherapy, small molecule drugs known as chemotherapeutic agents eliminate or
limit the proliferation of cancer cells (Shahrivarkevishahi et al., 2022). Chemotherapeutic
agents are generally administered systemically (Sun and Cui, 2020), which results in their
wide-spread distribution throughout the whole body (Rohovie et al., 2017). However, systemic
administration of chemotherapeutic agents which tend to display broad cytotoxicity, can result
in many unwanted side effects (Oun et al., 2018). Systemically administered chemotherapeutic
agents lack effective targeting specificity which results in a low delivery success rate (Sun and
Cui, 2020). To overcome this obstacle normally requires an excessive (‘maximum-tolerated’)
drug dose (Unzueta et al., 2015). However, doing so generates off-target toxicities which are
damaging to normal tissues, thus limiting the therapeutic efficiency of chemotherapeutic agents
(Yan et al., 2015). By using VNPs/VLPs one is able to achieve targeted accumulation of
chemotherapeutic agents within tumor tissues, thereby limiting damage to normal tissues
(Feng, 2004), reducing the required number of drug doses and improving the cancer treatment
outcome (Chung et al., 2020). Many studies have investigated the applicability of VNPs/VLPs
for the delivery of a vast array of chemotherapeutic agents including Doxorubicin (DOX) (Pitek
et al., 2018, Ashley et al., 2011, Chen et al., 2016a), cisplatin (Franke et al., 2017), and
phenathriplatin (Czapar et al., 2016) to name a few. In one such study, researchers used a
bioconjugation strategy to load DOX in the central channel of TMV VNPs and also conjugated
serum albumin (SA) to its exterior surface to improve biocompatibility. Thereafter, the efficacy
of free DOX vs SA-TMV VNPs containing DOX was assessed in a mouse MDA-MB-231
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tumor model. It was found that free DOX did not have any impact on the survivability of the
mice compared to the control group that were injected with PBS alone. On the other hand, mice
which received treatment with SA-TMV VNPs containing DOX, displayed significantly
delayed tumour growth and by the end of the study 80% of the mice remained alive (Pitek et
al., 2018). By looking at this study, it is apparent that virus-based NP delivery of a
chemotherapeutic agent, facilitates a notable improvement in the the effectiveness of a cancer

treament compared to treatment with a ‘free” chemotherapeutic agent.

1.5.2 Imaging

Molecular imaging is a rapidly expanding field of study which has many applications that can
be used to aid the diagnosis and treatment of diseases such as cancer in its early stages (Suffian
and Al-Jamal, 2022, Chung et al., 2020). Molecular imaging enables one to detect/visualize
disease location (Sun and Cui, 2020) and monitor the progression of tumour angiogenesis
(Suffian and Al-Jamal, 2022). In-vitro or in-vivo imaging can be achieved by loading
fluorescent dyes or probes to the interior and/or exterior surface of VLPs (Doll et al., 2013).

1.5.2.1 Why virus-based NPs are advantageous for imaging applications

Imaging agents can be attached to VLPs via bioconjugation to repeating functional groups
present on the monodisperse and multivalent VLP CPs (Chen et al., 2016b). Due to the
monodispersity of VLP CPs, imaging agents can be attached to VLPs with uniform spacing (Li
et al., 2010). When dyes or fluorescent probes are loaded in such an organized manner,
quenching of their fluorescent signal can be somewhat avoided (Doll et al., 2013), and imaging
resoluton can be improved (Li et al.,, 2010). The multivalency of VLP CPs facilitates
attachment of a targeting ligand to a second functional group. This enables targeted localization
of VLPs containing an imaging agent to a specific location in the body (Schwarz and Douglas,
2015). VLPs are available in a wide variety of sizes and shapes and this can be taken advantage
of by selecting VLPs that display high retention times. By doing this, one can improve the
accumulation of VLPs at a desired location and lengthen the duration of imaging (Yildiz et al.,
2011).

1.5.2.2 Optical imaging

Optical imaging with VLPs involves the utilization of fluorescent VVLPs to specifically label a
desired tissue or cell (Chung et al., 2020). The fluorescent signal emitted by the VLP can be
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detected using confocal microscopy, thus enabling one to visualize the location of a fluorescent
VLP. Furthermore, fluorescence enables one to analyse the in-vivo biodistribution of VLPs
and quantify VLP uptake using flow cytometry (Li et al., 2009). Cowpea mosaic virus (CPMV)
particles have been extensively investigated for their applicability in optical imaging
applications (Chung et al., 2020). In an early study, NHS-ester chemistry was used to
successfully conjugate a fluorophore, Alexa Fluor 555 (A555) to CPMV particles. CPMV-
A555 particles were injected into living mice and chick embryos and microscopy enabled
visualization of vascular endothelial cells and blood flow up to a depth of 500 pM.
Furthermore, optical imaging using CPMV-A555 particles facilitated the long-term mapping
of tumor vasculature (Lewis et al., 2006). It was later found that a natural interaction between
CPMV particles and vimentin, a mammalian surface protein allowed imaging of tumour
endothelium (Koudelka et al., 2009). A subsequent study found that this interaction facilitated
the uptake of CPMV particles in many different types of human cancer cell lines which over-
expressed vimentin and enabled in-vivo tumour homing (Steinmetz et al., 2011). More recent
studies involving optical imaging with CPMV particles have focussed on achieving more
specific targeting of tumour neovasculature by modication with targeting ligands (Cho et al.,
2017). Amongst several others, brome-mosaic virus (BMV) VLPs, M13 bacteriophage VLPs
and cowpea chlorotic mottle-virus (CCMV) VLPs have also been used for optical imaging

applications (Jung et al., 2011, Carrico et al., 2012, Cadena-Nava et al., 2011).

1.6 Production of VNPs and VLPs

Viral capsid proteins are typically produced by viral transfection or in heterologous expression
systems (Sun and Cui, 2020). A high titre of VNPs can be produced after viral infection of the
natural hosts, whereas heterologous expression is more suitable to produce VLPs (Yildiz et al.,
2011). Heterologous expression in the context of VLP production occurs as follows: Initially,
the desired viral capsid protein gene(s) of interest are included on a suitable expression vector.
Thereafter, the vector is introduced within a heterologous expression system which produces
the viral capsid proteins required for VLP formation (Sun and Cui, 2020, Mejia-Méndez et al.,
2022). The choice of heterologous expression system is of utmost importance to ensure proper
folding and accurate post-translational modifications (PTMs) of the VLP capsid proteins
(Fuenmayor et al., 2017). One should also consider requirements surrounding the long-term
technical feasibility, stability and price of the production process when deciding on the most

appropriate heterologous expression system for VLP production (Ding et al., 2018).
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Heterologous expression systems which have been successfully used to produce VLPs include

mammalian, yeast, insect, bacterial and plants cells (Kushnir et al., 2012).
1.6.1 What is plant molecular farming?

Plant molecular farming (PMF), a relatively modern branch of biotechnology, describes the
production of recombinant proteins or other biologics in plants for pharmaceutical or industrial
purposes (Rybicki, 2020, Obembe et al., 2011). The PMF process spans from the growth of the
plant itself and includes the subsequent harvesting, transportation, storage, as well as the
downstream protein extraction and purification processes (De Wilde et al., 2002). Recovery
and utilization of the recombinant protein instead of the plant itself is the main aim of the PMF
process (Ma et al., 2003, Stoger et al., 2014, Tschofen et al., 2016). Proteins may be used as a
crude extract but are often purified following extraction and the plant host is merely discarded
at the end of the process (Fischer and Buyel, 2020). The well-studied Nicotiana benthamiana
is often the preferred plant host for production of recombinant proteins due to its ease of
transformation and capacity for elevated levels of heterologous gene expression (Norkunas et
al., 2018). The two different avenues to produce pharmaceuticals including VLPs in-planta are
via stable transformation (transgenic expression) or by transient expression (Marsian and
Lomonossoff, 2016).

1.6.2 Stable transformation

Stable transformation occurs when a foreign (exogenous) gene of interest is incorporated into
the host plants nuclear or chloroplast genome using recombinant methods (Obembe et al., 2011,
Ma and Wang, 2012, Chen et al., 2013a). This process results in the generation of a transgenic
plant of altered genetic makeup which will then express the ‘transgene’ integrated within the
host genome. The stably transformed plant will thereafter possess previously absent inheritable
traits (Obembe et al., 2011). Stable transformation enables efficient upscaling and continuous
long-term production of recombinant proteins since the transgene will be passed down from
the host and maintained across multiple generations (Tremblay et al., 2010). However, stable
transformation is a highly time-consuming process and the production of transgenic plants

expressing usable levels of the protein of interest can take many months (Ma and Wang, 2012).

1.6.3 Transient expression

Transient expression of recombinant proteins offers an attractive alternative to stable

transformation. The virus infection method and agroinfiltration are the two different
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approaches that have been used to transiently express recombinant proteins in-planta (Obembe
et al., 2011, Ma and Wang, 2012). The viral infection method utilizes plant viruses such as
tobacco mosaic virus (TMV) and potato virus X (PVX) as vectors for the delivery of foreign
genes into the plant host (Porta and Lomonossoff, 2002). These plant virus derived vectors can
successfully infect tobacco plants and do not integrate into the plant genome, thereby enabling
in-planta transient expression of a target protein (Obembe et al., 2011). Agroinfiltration takes
advantage of the soil-borne Agrobacterium pathogen, Agrobacterium tumefaciens to facilitate
transient expression of foreign gene(s) in-planta. (Marsian and Lomonossoff, 2016). In nature,
A. tumefaciens causes crown gall disease by transferring a portion of its Ti (tumour-inducing)
plasmid known as T-DNA to the plant nucleus (Chilton et al., 1977). This T-DNA region can
be replaced with a foreign gene of interest thereby ‘disarming’ the Ti plasmid (Marsian and
Lomonossoff, 2016, Kaur et al., 2021). One can additionally insert plant virus regulatory
sequences such as promoters and enhancers in the modified Ti plasmid to create a high-yielding
expression cassette (Sainsbury and Lomonossoff, 2014). A second plasmid containing the
virulence (vir) genes is responsible for mediating transfer of the T-DNA region into the plant
cells. Together these two plasmids create a binary vector system for Agrobacterium-mediated
transient expression in-planta (Figure 8). (Simpson et al., 1986). A. tumefaciens suspension(s)
containing the binary vector system are ‘infiltrated’ into the interstitial spaces of intact leaves
(Kapila et al., 1997). This results in the transfection of millions of plant cells and short-term
transient expression of the transgene without stable integration into the plant genome (Kaur et
al., 2021). In contrast to stable transformation, transient expression enables rapid production of
recombinant proteins within days or weeks. Furthermore, transient expression does not require
costly equipment and supplies and is therefore a much cheaper alternative to stable
transformation for achieving recombinant protein production in-planta (Ma and Wang, 2012).
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Figure 8: Schematic representation of binary vector system production. (a) Disarming of Ti
plasmid and creation of foreign gene expression cassette with plant virus regulatory elements
(b). Infiltration of A. tumefaciens suspension(s) to facilitate transient expression of the foreign
gene in-planta (Sainsbury and Lomonossoff, 2014).

1.6.4 PMF vs other heterologous expression systems

Historically, mammalian, bacterial and to a lesser degree insect and yeast cells have been
chosen as the preferred heterologous expression systems to produce recombinant proteins.
However, plants have since gained traction as an alternative expression system offering a
number of potential benefits. (Obembe et al., 2011). Critical PTMs such as glycosylation
required for the biological functioning of mammalian proteins can be performed by plants (Ma
etal., 2003, Tremblay et al., 2010). Plant expression systems offer a greater safety profile than
mammalian cells as they do not allow replication of mammalian viruses, thereby avoiding
potential contamination with human pathogens. The culturing of plant cells is much cheaper
than using mammalian and insect cells as sunlight is the major source of energy required for
plant growth. Finally, the robust and inert nature of plants simplifies handling and purification

of recombinant proteins from plant tissues (Ma and Wang, 2012).



1.7 Production of AHSV VLPs and CLPs

In previous research conducted within our lab, transient expression was utilized to produce
African horse sickness virus (AHSV) VLPs (Dennis, 2019). The AHSV virion is a non-
enveloped, icosahedral particle approximately 80 nm in diameter with a complex, highly
organized structure (Figure 9) (Dennis et al., 2019). Three distinct, concentric protein layers
surround the segmented AHSV genome which is composed of 10 linear dSRNA molecules
(Mellor et al., 1998, Mellor and Hamblin, 2004). The AHSV genome encodes a total of twelve
proteins, seven of which comprise the structure of the native virion and five which are non-
structural proteins (Roy et al., 1994). The outer capsid layer of the AHSV virion is composed
of two major structural proteins, VP2 and VVP5 (Figure 9). VP2 is the most variable viral protein
and contains epitopes responsible for inducing production of specific neutralizing antibodies
(Burrage et al., 1993, Roy et al., 1996). The core particle consists of an outer VP7 layer and an
inner VP3 layer. VP7 trimers bind the surface of VP3 in a perpendicular fashion enclosing the
AHSV genome and a replicase complex of three minor structural proteins, VP1, VP4 and VP6
(Figure 9). Dennis et al showed that transient co-expression of AHSV VP2, VP3, VP5 and VP7
in N. benthamiana, yielded successful production of AHSV VLPs (Dennis et al., 2019).
Furthermore, AHSV core-like particles (CLPs) which consist of only the AHSV structural
proteins that make up the AHSV ‘core’, i.e., AHSV VP3 and VP7, have been produced in
expression systems such as insect cells and plants (Dennis, 2019, Maree et al., 2016). For
AHSV CLPs, the inner core is formed by AHSV VP3, whereas the outer core is formed by
AHSV VP7 (Maree et al., 2016).
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Figure 9: Schematic displaying the structural and genomic organization of the African horse
sickness virus (Dennis et al., 2019)
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1.8 Project aim

The main aim of this project was to test whether AHSV CLPs made in plants could be
employed to encapsulate a fluorescent protein, namely enhanced green fluorescent protein
(EGFP) as a proof of concept that such particles had cargo carrying potential. Several

objectives were carried out to address this:

The first major objective involved the production of a plasmid construct encoding the

fusion of the fluorescent protein, EGFP, to the AHSV protein VP3 which comprises the

inner core of the AHSV CLPs to facilitate genetic-based cargo loading of enhanced
green fluorescent protein (EGFP) inside the AHSV CLPs.

e The second major objective was to produce AHSV CLPs containing EGFP by
Agrobacterium-mediated transient co-expression of the construct encoding the EGFP-
VP3 fusion, as well as the AHSV VP7 protein in N. benthamiana plants.

e The third objective was to optimize production of AHSV CLPs encapsulating EGFP.

e The fourth objective was to conduct a preliminary test to determine whether these

particles could bind to an avp3 integrin receptor.
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Chapter 2: Cloning of egfp-AHSV-VP3 into pEAQ
and pRIC plant expression vectors

2.1 Introduction

The pEAQ-HT vector (Figure 10) is a plasmid that has been specifically designed to facilitate
in-planta recombinant protein production in an efficient and timely manner (Peyret and
Lomonossoff, 2013). The pEAQ-HT vector is created by combining the non-replicating
cowpea mosaic virus hypertranslational (CPMV-HT) expression system with the pEAQ vector
(Saxena et al., 2016). The pEAQ-HT vector utilizes the CPMV-HT expression system to
enhance the translational efficiency of heterologous genes inserted between modified 3’ and 5°
untranslated regions (UTRs) of CPMV RNA-2 (Peyret and Lomonossoff, 2013, Sainsbury et
al., 2009). As a result, the vector facilitates high level gene expression without the need for

vector replication (Saxena et al., 2016, Peyret and Lomonossoff, 2013).

The pRIC4.0 vector (Figure 11) is an autonomously replicating geminivirus-based shuttle
vector based on a mild strain of bean yellow dwarf virus (BeYDV-m) (Halley-Stott et al., 2007,
Regnard et al., 2010). BeYDV utilizes Rep/Rep A and host-encoded proteins to undergo rolling
circle replication (Hefferon and Dugdale, 2003). A common approach for designing a
geminivirus-based replication vector involves replacement of the rep gene with the desired
transgene. However, this approach requires co-transfection of another plasmid encoding
production of the Rep protein to drive vector replication (Hefferon and Fan, 2004, Mor et al.,
2003). The pRIC4.0 vector avoids this requirement by including both the rep gene and the
desired transgene on the same plasmid. The pRIC4.0 vector specifically upregulates the
expression of an inserted transgene by increasing its copy number via a replication process
(Regnard et al., 2010).

This chapter describes the fusion of egfp to AHSV VP3 and the cloning thereof into the two
transient plant expression vectors pEAQ-HT and pRIC4.0 described above with the intention
of subsequently comparing EGFP-VP3 expression levels to select the candidate that expresses

the higher level of recombinant protein.
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Figure 10: Plasmid map of the plant expression vector, pEAQ-HT (Sainsbury et al., 2009),
compiled using SnapGene (GSL Biotech LLC, Chicago, IL USA) bioinformatics software and
provided by Susan Dennis (BRU,UCT). LB and RB = left and right T-DNA borders, oriV =
Prk2 replication origin, trfA = replication essential locus, Npt = neomycin phosphotransferase,
ColE1 Ori = pBR322 replication origin, CaMV 35S = cauliflower mosaic virus, CPMV 5°/3’
UTR = cowpea mosaic virus RNA-2 UTRs, NOS = nopaline synthase.
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Figure 11: Plasmid map of the plant expression vector, pRIC4.0, compiled using CLC
Mainbench bioinformatics software (Qiagen Bioinformatics, Aarhus, Denmark). LB and RB =
left and right T-DNA borders, RK2 ori = origin of replication for A. tumefaciens, bla =
ampicillin/carbenicillin resistance gene, ColE1 = origin of replication for E. coli, LIR/SIR =
long/short intergenic region of BeYDV, p35SS = CaMV 35S promoter with duplicated
transcriptional enhancer, CHS = chalcone synthase 5’ untranslated region, pA35S = CaMV
35S polyadenylation signal, rep/repA = BeYDV rep gene, TAV2b = silencing suppressor
cassette (Regnard et al., 2010).
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2.2 Methods

2.2.1. Preparation of DNA for cloning
All the vectors (pEAQ-HT, pRIC4.0, pEGFP) and constructs (pEAQ-HT-VP3) required for

cloning were sourced from the Biopharming Research Unit (BRU) culture collection
(University of Cape Town, UCT) and were available in E. coli cells. To prepare DNA for
cloning, DH5a E. coli cells (E. cloni™, Lucigen, Middleton, WI, USA) harbouring the desired
constructs were initially inoculated into 10 mL Luria Bertani (LB) media containing the
appropriate antibiotics (Supplementary table 1) and grown O/N at 37°C in a shaking incubator.
Plasmid DNA was miniprepped from the O/N cultures using the QlAprep® Spin Miniprep Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Restriction enzymes
and buffers required for digestion reactions were sourced from ThermoFisher Scientific (USA).
PCR and restriction digest products were resolved on a 1% Tris-borate EDTA (TBE) (2 mM
EDTA, 89 mM boric acid, 89 mM Tris, pH 8.0) agarose gel containing 10 mg/mL EtBr and
visualized under a long-wavelength ultraviolet (UV) light. The QIAquick® Gel Extraction Kit
(Qiagen, Hilden, Germany) was used to gel purify all DNA PCR and restriction digest products

required for downstream cloning reactions.
2.2.2 In-fusion cloning

Egfp was fused to the 5’ terminus of AHSV VP3 by in-fusion cloning. Primers were designed
to individually amplify egfp from pEGFP and AHSV VP3 from pEAQ-HT-VP3 (Figure 12A).
Egfp and AHSV VP3 were then fused together (Figure 12B) and subsequently cloned into
pPEAQ-HT (Figure 12C) to yield pEAQ-HT-EGFP-VP3 (Figure 12D).
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Figure 12: Schematic diagram of pEAQ-HT-EGFP-VP3 construct creation. (A) In-fusion
cloning primers were designed (FP = forward primer, RP = reverse primer) to amplify egfp and
VP3 genes from pEGFP and pEAQ-HT-VP3 respectively. (B) Production of egfp-VP3 by PCR
of egfp and VP3 genes using egfp FP and VP3 RP. (C) In-fusion cloning of egfp-VP3 into
linearized pEAQ-HT vector. (D) Final pEAQ-HT-EGFP-VP3 construct with a glycine-glycine-
serine (GGS) linker between egfp and VP3.
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2.2.2.1 Design of in-fusion cloning primers

SnapGene (GSL Biotech LLC, Chicago, IL USA) bioinformatics software was used to design
in-fusion cloning primers (Table 1) required for creation of the pEAQ-HT-EGFP-VP3

construct. These primers were synthesized by Ingaba Biotec™ (Pretoria, South Africa).

Table 1: In-fusion cloning primers for egfp and VP3 amplification. FP = forward primer, RP=
reverse primer, red nucleotides = Agel restriction site, purple nucleotides = Ncol restriction
site, orange nucleotides = Xhol restriction site, green box = GGS linker.

Primer Sequence

egfp

FP 5’ TGCCCAAATTCGCGACCGGTCCATGGTGAGCAAGGGCGAGGA 3’
egfp

RP 5’ GCTTCCTCCGGACTTGTACAGCTCGTCCATGCCGAGA 3’

VP3

FP 5> AGCTGTACAAGTCCGGAGGAAGCATGTCAGGAAATGAGAGGATTCAGGA 3°
VP3

RP 5" TTAAAGGC CTATATAGTTGGTCTTG 3’

2.2.2.2 PCR amplification of egfp and AHSV VP3

pPEAQ-HT-VP3 (BRU, UCT (Dennis, 2019)) and pEGFP (BRU,UCT) plasmid DNA were
mini-prepped from O/N DHS5a E. coli cell cultures as described in 2.2.1. Plasmid mini preps
were subsequently diluted in ddH20 and 10 ng of pEAQ-HT-VP3 and pEGFP DNA were added
to two separate PCR reactions. Both PCR reactions included 1x CloneAmp HiFi PCR premix
(Takara Bio), 0.5 uM forward primer, 0.5 uM reverse primer and template DNA (pEAQ-HT-
VVP3 or pEGFP). The VP3 gene was amplified from pEAQ-HT-VP3 and the egfp gene was
amplified from pEGFP using the appropriate primers (Table 1) and PCR cycle conditions
(Table 2). The resulting egfp and VP3 PCR amplification products were visualized, and gel
purified as described in 2.2.1. Purified egfp and VP3 DNA fragments were then added to a new
PCR reaction containing 1x CloneAmp HiFi PCR premix (Takara Bio) and 0.5 uM of the egfp
forward primer and VP3 reverse primer (Table 1) to generate an egfp-VP3 fusion product which
was amplified using the appropriate PCR cycle conditions (Table 2), resolved on an agarose

gel, and purified as described in 2.2.1.
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Table 2: PCR cycle conditions for the amplification of egfp from pEGFP, VP3 from pEAQ-
HT-VP3 and egfp-VP3 from the amplified egfp and VP3 gene fragments. The expected size of
each fragment following amplification using the in-fusion cloning primers is also indicated.

Expected size of amplified
DNA PCR conditions fragment
Denaturation at 98°C for 30 sec
Denaturation at 98°C for 10 sec
egfp | Annealing at 60°C for 30 sec } X35
Extension at 72°C for 1 min
Elongation at 72°C for 10 min
Denaturation at 98°C for 30 sec
Denaturation at 98°C for 10 sec

} x 35

751 bp

VP3 | Annealing at 60°C for 30 sec
Extension at 72°C for 1 min
Elongation at 72°C for 10 min
Denaturation at 98°C for 30 sec
Denaturation at 98°C for 10 sec
}x 35

2755 bp

egfp- Annealing at 60°C for 30 sec

UP3 3483 bp

Extension at 72°C for 3 min and 30 sec
Elongation at 72°C for 10 min

2.2.2.3 In-fusion cloning of egfp-VP3 into pEAQ-HT

The pEAQ-HT vector (received from G. Lomonossoff, John Innes Centre, UK (Sainsbury et
al., 2009)) was linearized using Agel and Xhol restriction enzymes, resolved and purified from
an agarose gel as described in 2.2.1. The in-fusion®HD Cloning kit (Clontech, Mountain View,
CA, USA) was then utilized to carry out the in-fusion cloning reaction of egfp-VP3 into the
linearized pEAQ-HT vector (Table 3). The in-fusion cloning reaction was incubated for 15 min

at 50°C and then placed on ice for an additional 15 min.

Table 3: Reaction components for in-fusion cloning of egfp-VP3 into the pEAQ-HT vector.

Reaction Component In-fusion cloning of egfp-VP3 into pEAQ-HT
Purified PCR fragment 2 uL of egfp-VP3
Linearized vector pPEAQ-HT (£50ng)
5x In-Fusion HD Enzyme Premix 2uL
Deionized Water to 10 uL
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2.2.3 Restriction enzyme (RE) digest-based cloning

After creation of the pEAQ-HT-EGFP-VP3 construct using in-fusion cloning, egfp-vp3 was
subcloned into pRIC4.0 to yield pRIC4.0-EGFP-VP3.

2.2.3.1 Ligation of egfp-VP3 into pRIC4.0

pEAQ-HT-EGFP-VP3 and pRIC4.0 DNA were mini-prepped from O/N DHS5a E. coli cell
cultures. The pEAQ-HT-EGFP-VP3 construct was subjected to Ncol/Xhol digestion and the
pRIC4.0 vector was linearized by Afll11/Xhol digestion. The digest products were resolved on
an agarose gel and the egfp-VP3 gene fragment from pEAQ-HT-EGFP-VP3, and the linearized
pRIC4.0 vector were purified as described in 2.2.1. To ligate egfp-VP3 into pRIC4.0 and create
pRIC4.0-EGFP-VP3, 50 ng of pRIC4.0, 93 ng of egfp-VP3, a ligase buffer and T4 DNA ligase
were mixed, and the ligation reaction mixture was then transformed into competent DHSa E.

coli cells.
2.2.4 E. coli transformation and Agrobacterium electroporation

In-fusion (section 2.2.2.3) and ligation (section 2.2.3.1) reaction mixtures were transformed
into competent DH5a E. coli cells using the transformation protocol as described in Sambrook
et al., (1989). Transformed cells were added to 400 uL LB broth, incubated at 37°C for 1hr,
and 100 pL was plated onto LB agar supplemented with the appropriate antibiotics
(Supplementary table 1). Plates were then incubated at 37°C O/N to allow colony growth. Two
Agrobacterium tumefaciens strains, AGL-1 and GV3101::pMP90RK were obtained from the
BRU culture collection (University of Cape Town, UCT) and these cells were made
electrocompetent using the protocol described in Shen and Forde (1989). Approximately 400
ng of mini-prepped pEAQ-HT-EGFP-VP3 DNA was mixed with 100 pL thawed AGL-1 cells,
whereas 400 ng of mini-prepped pRIC4.0-EGFP-VP3 DNA was mixed with 100 pL thawed
GV3101::pMP90RK cells. Each mixture was added to a separate 0.1 cm electroporation
cuvette (Molecular BioProducts, USA) and a Gene Pulser (Bio-Rad, USA) was used to perform
electroporation under the following conditions: 1.8 kV, 25uF and 200 Q. After electroporation,
cuvettes were placed on ice and 900 pL LB was added to the electroporation mixture. 1 mL of
the total mixture was then added to a fresh Eppendorf tube and incubated at 27°C for 2 hrs,
thereafter 35 pL was plated onto LB agar supplemented with the appropriate antibiotics

(Supplementary table 1) to allow A. tumefaciens colony growth.
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2.2.5 Colony PCR screening and restriction digest confirmation

To confirm the presence of pEAQ-HT-EGFP-VP3 or pRIC4.0-EGFP-VP3 constructs in E.
coli/A. tumefaciens transformants, a colony PCR (cPCR) screen utilizing the appropriate
vector-specific primers (Table 4A) and PCR cycle conditions (Table 4B) was performed. To
further confirm the success of E. coli transformation or Agrobacterium electroporation, DNA
was first mini prepped from potential positive transformants as described in 2.2.1. The DNA

was then digested with various combinations of restriction enzymes to confirm the presence of

expected banding patterns.

Table 4: (A) vector-specific (P EAQ and pTRAc) primers used to screen E. coli or A.
tumefaciens colonies for the presence of pEAQ and pRIC (pRIC contains a similar backbone
to pTRAC vector series) (Regnard et al., 2010) constructs respectively. FP = forward primer,
RP = reverse primer. (B) PCR cycle conditions for cPCR confirmation of pEAQ and pRIC

constructs in E. coli and A. tumefaciens cells and expected egfp-VP3 fragment size.

pEAQ FP 5" TTCTTCTTCTTGCTGATTGG 3’
pPEAQ RP 5" CACAGAAAACCGCTCACC 3
pTRAC FP 5> CATTTCATTTGGAGAGGACACG 3’
pTRAC RP 5’GAACTACTCACACATTATTCTGG 3°
. Expected size of amplified
DNA PCR cycle conditions egfp-VP3 fragment
Denaturation at 95°C for 5 min
Denaturation at 95°C for 30 sec
EICES'I‘;\(F?\TFTB Annealing at 51°C for 30 sec } x 30 3673 bp
Extension at 72°C for 2 min
Elongation at 72°C for 7 min
Denaturation at 95°C for 5 min
RICA.0- Denaturation at 95°C for 30 sec
EpGFP-\./PS Annealing at 48°C for 30 sec } x30 3614 bp
Extension at 72°C for 1 min

Elongation at 72°C for 7 min
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2.3 Results

2.3.1 Fusion of egfp and AHSV VP3

To facilitate fusion of the egfp and VP3 genes during the in-fusion cloning reaction,
modification of their gene termini was required. This was achieved by using specially designed
in-fusion cloning primers to carry out the PCR amplification reactions (Table 1). pEAQ-HT-
VP3 and pEGFP DNA served as templates in separate individual PCR reactions for VP3 and
egfp, respectively. After amplification of VP3 and egfp, PCR products were visualized on an
agarose gel. Bands corresponding to the size of the egfp gene (751 bp) and VP3 gene (2755 bp)
were visualized in lanes 1-3 and 4-6, respectively (Figure 13A). Egfp and VP3 DNA fragments
were excised from the gel, purified, and used as combined templates in a new PCR reaction.
PCR products were then resolved on an agarose gel to confirm successful amplification of the
fused egfp-VP3 DNA fragment from the egfp and VP3 gene templates. Bands corresponding
to the size of the egfp-VP3 DNA fragment (3483 bp) and a 750-1000 bp non-specific

amplification product were visualized in lanes 1-2 (Figure 13B).

egfp-VP3 (3483 bp)

Figure 13: Production of recombinant egfp-VP3 gene. (A) PCR amplification of egfp and VP3:
(-) = no template control, 1-3 = egfp (751 bp) amplified from pEGFP using egfp forward and
reverse primers, 4-6 = VP3 (2755bp) amplified from pEAQ-HT-VP3 using VP3 forward and
reverse primers. Black arrows indicate excised egfp and VP3 DNA fragments. (B) PCR
amplification of egfp-VP3: (-) = no template control, 1-2 = egfp-VP3 (3483 bp) amplified from
egfp and VP3 templates using the egfp forward primer and VP3 reverse primer, and a non-
specific 750-1000 bp product. Black arrows indicate the excised egfp-VP3 DNA fragments.
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2.3.2 In-fusion cloning of egfp-VP3 into pEAQ-HT

After amplification of the egfp-VP3 gene fragment, the pEAQ-HT vector was linearized by
Agel/Xhol restriction digestion (Data not shown). The pEAQ-HT-EGFP-VP3 construct was
then created by inserting egfp-VP3 into pEAQ-HT via the in-fusion cloning reaction and the

in-fusion cloning reaction mixture was then transformed into DH5a E. coli cells.

2.3.3 Restriction digest of pPEAQ-HT-EGFP-VP3 and pRIC4.0

To create pRIC4.0-EGFP-VP3, pRIC4.0 was linearized with AflI11/Xhol to yield a 7392 bp
fragment (Figure 14A). pEAQ-HT-EGFP-VP3 was digested to yield 3 fragments: the 3450 bp
fragment represented the egfp-VP3 fragment (Figure 14B).

B8 bRIC4.0 (7392 bp)

8 6814 bp
B if)-\/P3 (3450 b
B 51T > (3450 0m)

6000

3000
2000

1000
750

500 (s

Figure 14: Restriction digestion of pRIC4.0 and pEAQ-HT-EGFP-VP3 to obtain DNA
fragments for sub-cloning. (A) Linearization of the pRIC4.0 vector. Lane 1 = undigested
pRICA4.0 vector control, Lane 2 = pRIC4.0 vector digested by Afll11/Xhol restriction enzymes,
(-) = no template control. (B) Ncol/Xhol restriction digestion of pEAQ-HT-EGFP-VP3 to
obtain egfp-VP3 DNA fragment. Lane 1-2 = digest products corresponding to sizes of 3140 bp,
3450 bp and 6814 bp, (-) = no template control.
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2.3.4 Ligation of egfp-VP3 into pRICA4.0

The 3450 bp egfp-VP3 fragment was then ligated into the linearized pRIC4.0 vector to create
the pRIC4.0-EGFP-VP3 construct, and the ligation reaction mixture was transformed into
DH5a E. coli cells.

2.3.5 Confirmation of successful E. coli transformation
2.3.5.1 Colony PCR screening

After E. coli transformation, cPCR was used to screen colonies for the presence of the final
construct. A total of 8 colonies were screened to detect the presence of the pEAQ-HT-EGFP-
VP3 construct in E. coli transformed with the in-fusion cloning reaction mixture. Bands
corresponding to the expected size of the egfp-VP3 DNA fragment (3673 bp) were visualized
in only 4 of the 8 screened colonies (Figure 15A, C1, C2, C4 and C6). In the other 4 colonies,
non-specific DNA fragments were amplified (Figure 15A, C3,C5,C7,C8). A total of 10
colonies were screened to detect the presence of the pRIC4.0-EGFP-VP3 construct in E. coli
cells transformed with the ligation reaction mixture. DNA fragments corresponding to the size
of egfp-VP3 (3614 bp) were visualized in 4 of the 10 screened colonies (Figure 15B, C2, C4,
C7 and C9). In the remaining colonies, either no DNA fragment was visualized (Figure 15B,
C5) or several smaller non-specific DNA fragments were visualized (Figure 15B, C1, C3, C6,
C8 and C10).

PEAQ-HT-EGFP-VP3/E. coli

A M ClL C2 C3 C4 C5 C6 C7 C8 ()
fp-VP3 (3673 b
gggg egfp ( p)
1500
1000
750
500
PRIC4.0-EGFP-VP3/E. coli
B M Cl1 C2C3C4C5C6 C7C8C9C10 (-)

egfp-VP3 (3614 b
3000 gfp-VP3 ( P)

1500

1000
750

500
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Figure 15: cPCR screening to confirm successful transformation of E. coli. (A) cPCR using
PEAQ vector specific primers to confirm the presence of pPEAQ-HT-EGFP-VP3 in transformed
E. coli colonies (C1-C8). (-) = no template control. Blue arrows indicate amplified egfp-VP3
DNA fragments (3673 bp). (B) cPCR using pTRAc primers to confirm the presence of
pRIC4.0-EGFP-VP3 in transformed E. coli colonies (C1-C10). (-) = no template control. Blue
arrows indicate amplified egfp-VP3 DNA fragments (3614 bp).

2.3.5.2 Restriction digest confirmation

To further confirm the presence of the pEAQ-HT-EGFP-VP3 or pRIC4.0-EGFP-VP3
constructs in transformed DH5a E. coli cells, DNA was mini-prepped from potentially positive
colonies based on the E. coli cPCR results. DNA mini-prepped from two colonies (C2 and
C4)(Figure 15A), were subjected to two digest reactions (Agel/Xhol and Ncol/Xhol) to further
confirm the presence of pEAQ-HT-EGFP-VP3 in these colonies. For both colonies, Agel/Xhol
digestion yielded two DNA fragments around the expected size (9949 bp and 3455 bp) and
Ncol/Xhol digestion yielded three DNA fragments around the expected size (6819 bp, 3449 bp
and 3136 bp) (Figure 16A). DNA mini-prepped from four colonies (C2,C4,C7,C9)(Figure
15B), was subjected to two digest reactions (EcoRV and Hindlll/Pstll) to further confirm the
presence of pRIC4.0-EGFP-VP3 in these colonies. For all four colonies, EcoRV digestion
yielded three DNA fragments of the expected size (7886 bp, 2318 bp and 567 bp), and
Hindll1/Pstll digestion also yielded three DNA fragments of the expected size (7401 bp, 3111
bp and 298 bp)(Figure 16B).
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Figure 16: RE digest reactions to confirm successful E. coli transformation. (A) Confirming
the presence of the pEAQ-HT-EGFP-VP3 construct in DNA extracted from colonies 2 and 4.
Lanes 1 and 2 = Agel/Xhol digest products of colonies 2 and 4. Sizes of Re digest products
highlighted in red. Lanes 3 and 4 = Ncol/Xhol digest products of colony 2 and 4. Sizes of Re
digest products highlighted in blue. (B) Confirming the presence of the pRIC4.0-EGFP-VP3
construct in DNA extracted from colonies 2,4,7 and 9. Lanes 1,3,5 and 7 = EcoRV digest
products of colonies 2,4,7 and 9 respectively. Re digest products highlighted in green. Lanes
2,4,6 and 8 = HindllI/Pstll digest products of colonies 2,4,7 and 9 respectively. Re digest
products highlighted in purple.
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2.3.6 Confirmation of successful Agrobacterium electroporation

2.3.6.1 Colony PCR screening

After confirming transformation of E. coli with either pEAQ-HT-EGFP-VP3 or pRIC4.0-
EGFP-VP3, DNA from positive E. coli transformants was electroporated into A. tumefaciens
cells. To determine whether AGL-1 cells were successfully electroporated with the pEAQ-HT-
EGFP-VP3 construct, five AGL-1 colonies were screened. Bands corresponding to the size of
the egfp-VP3 gene fragment (3673 bp) and a non-specific DNA fragment of approximately
1500 bp were amplified from all five colonies (Figure 17A, C1-C5). To determine whether
GV3101::pMP90RK cells were successfully electroporated with the pRIC4.0-EGFP-VP3
construct, ten GV3101::pMP90RK colonies were screened. Bands corresponding to the
expected size of the egfp-VP3 gene fragment (3614 bp) were amplified from all 10 colonies
(Figure 17B, C1-C10).

A pEAQ-HT-EGFP-VP3/AGL-1
M ClL C2 €3 ¢c4 c5 (9
g egfp-VP3 (3673 bp)
—

B pRIC4.0-EGFP-VP3/GV3101::pMPIORK
M () Cl C2 C3 C4 C5C6 C7 C8 C9 C10

L T WNTUYTTT ¥ Jeofp-ps (3614 bp)

1000
750

500

250
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Figure 17: cPCR screening to confirm successful electroporation of A. tumefaciens cells (A)
cPCR using pEAQ vector specific primers to confirm the presence of pEAQ-HT-EGFP-VP3
in electroporated AGL-1 colonies (C1-C5). (-) = no template control, C1-C5 = amplified egfp-
VP3 DNA fragment (3673 bp) (B) cPCR using pTRAc primers to confirm the presence of
pRIC4.0-EGFP-VP3 in electroporated GV3101::pMP90RK colonies (C1-C10). (-) = no
template control, C1-C10 = amplified egfp-VP3 DNA fragment (3614 bp).

2.4 Discussion

To facilitate potential encapsulation of EGFP inside AHSV CLPs, it was of utmost importance
to first design and make constructs capable of encoding an EGFP-VP3 fusion protein. The in-
fusion cloning technique which enables attachment of two or more DNA fragments that have
a 15 bp overlap at their termini (Zhu et al., 2007), was successfully utilized to create the pEAQ-
HT-EGFP-VP3 construct. The primers used for initial amplification of the egfp and AHSV VP3
genes were designed in a way that enabled successful fusion of egfp to AHSV VP3 with
incorporation of a glycine-glycine-serine (GGS) linker between these two genes. Incorporation
of a linker region was done to ensure successful covalent attachment of functional domains of
the EGFP and AHSV VP3 proteins. The GGS linker was specifically incorporated as glycine-
serine based linkers have been shown to increase the stability and folding of several
recombinant fusion proteins (Chen et al., 2013b). This was done to ensure that the functionality
of the EGFP protein was not hindered, thereby ensuring that fluorescence of this protein
occurred. Although successful amplification of egfp-VP3 was achieved, a tool such as Primer-
BLAST which enables target specific primer design could be used in the future to help design
primers that minimize the amplification of the observed non-specific PCR products (Ye et al.,
2012). By engineering the primers used to amplify egfp and AHSV VP3 with a 15 bp overlap
with the ends of the linearized pEAQ-HT vector, insertion of egfp-VP3 into pEAQ-HT was
seamlessly achieved via the in-fusion cloning reaction. Compared to traditional cloning
approaches, in-fusion cloning requires no restriction digestion, phosphatase treatment or
ligation, and cloning is achieved in a single reaction (Clontech, 2012). The presence of pEAQ-
HT-EGFP-VP3 was confirmed in E. coli cells transformed with the in-fusion reaction mixture,
via cCPCR and restriction digest confirmation reactions, thereby confirming the success of in-
fusion cloning. By employing restriction digestion, the egfp-VP3 fragment was successfully
cut from pEAQ-HT-EGFP-VP3, and a ligation reaction was used to successfully subclone this

fragment into a linearized pRIC4.0 vector as evident by the results of cPCR and restriction

45



digest confirmation reactions which confirmed the presence of the pRIC4.0-EGFP-VP3

construct in E. coli cells transformed with the ligation reaction mixture.

Overall, these results showed successful utilization of two different cloning strategies for
production of two constructs that could then later be assessed in terms of their ability to
produce the EGFP-VP3 fusion protein required for assembly of an AHSV CLP containing the
EGFP protein.
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Chapter 3: Production, purification, and analysis of
AHSV CLPs encapsulating EGFP

3.1 Introduction

African horse sickness virus (AHSV) and bluetongue virus (BTV) belong to the Orbivirus
genus which is found within the Reoviridae family of viruses (Basak et al., 1996).
Morphologically, purified AHSV (Chapter 1, Figure 9) and BTV particles are almost identical
in structure (Murphy et al., 1971, Burroughs et al., 1994), and both are comprised of a double
capsid layer (Basak et al., 1996). The outer capsid layer of AHSV and BTV is made up of the
structural proteins, VP2 and VP35, whereas their inner capsid layer or ‘core’ encapsulates the
viral genome and is made up of the structural proteins, VP3 and VVP7, and the minor proteins
VP1,VP4 and VP6 (Chapter 1, Figure 9) (Basak et al., 1996). Multiple studies have
demonstrated that if one expresses the structural proteins of AHSV or BTV in a heterologous
expression system such as plants or insect cells, empty virus like particles (VLPs) and core-
like particles (CLPs) can be produced (Dennis, 2019, Maree et al., 2016, Thuenemann et al.,
2013, Hewat et al., 1992, Hewat et al., 1994, French and Roy, 1990). Baculovirus-mediated
expression of the VP3 and VP7 structural proteins of BTV in insect cells was shown to result
in the spontaneous self-assembly of empty CLPs (French and Roy, 1990). French et al later
showed that expression of all four BTV structural proteins - VP3, VP7, VP5 and VP2 using a
baculovirus expression system in insect cells resulted in the production of empty BTV VLPs
(French et al., 1990). A later study found that BTV VLPs showed potential as an inherently
safe vaccine candidate against BTV in sheep (Stewart et al., 2012). BTV VLPs and CLPs have
also been successfully produced in plants via Agrobacterium-mediated transient expression of
the BTV structural proteins in a study geared towards investigating a more cost-effective BTV
vaccine production strategy (Thuenemann et al., 2013). Similarly to BTV, empty AHSV CLPs
composed of VP3 and VVP7 have been produced using a baculovirus expression system in insect
cells (Maree et al., 2016). Furthermore, AHSV VLPs have also been produced using a plant
expression system to develop an AHSV vaccine candidate (Dennis, 2019). While most research
involving these VLPs and CLPs revolves around the production of potential vaccine candidates
against the native virus, these particles have also shown great potential in the field of
nanotechnology (Thuenemann and Lomonossoff, 2018). A study by Kar et al found that by
fusing GFP to the N-terminus of BTV VP3, one could produce fluorescent CLPs upon co-

expression with BTV VP7 in insect cells. Unfortunately, this GFP fusion was found to be
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unstable and encapsulation of GFP within the CLP internal cavity could not be confirmed (Kar
et al., 2005). A later study successfully used plants to produce BTV CLPs encapsulating GFP
(Brillault et al., 2017). Furthermore, this study showed that an arginine-glycine-aspartate
(RGD) motif present on an exposed surface loop of BTV VP7 may enable these particles to
target a human integrin receptor, highlighting their potential biomedical application as a
delivery vehicle of small molecules and proteins to human target cells (Brillault et al., 2017).
The RGD motif has specifically shown a high binding affinity toward upregulated integrin
receptors, particularly avp3 and avp5, and has been utilized to target diagnostic and therapeutic
molecules to cancer cells that overexpress these integrin receptors (Lee et al., 2016, Brillault
et al., 2017). This chapter initially describes the plant-based production of an AHSV EGFP-
VP3 fusion protein using the pEAQ-HT-EGFP-VP3 and pRIC4.0-EGFP-VP3 constructs
described in chapter 2. The chapter further describes the plant-based production of empty
AHSV CLPs and AHSV CLPs encapsulating EGFP as well as the purification and analysis of
these particles. Finally, this chapter describes a preliminary test to determine whether the RGD
motif present on an exposed surface loop of AHSV VP7, enables AHSV CLPs encapsulating
EGFP to interact with an avp3 integrin receptor.

3.2 Methods

3.2.1 Agrobacterium-mediated transient protein expression

3.2.1.1 Single infiltration

Recombinant AGL-1 (pEAQ-HT and pEAQ-HT-EGFP-VP3)(section 2.3.2) and
GV3101::pMP90RK (pRIC4.0 and pRIC4.0-EGFP-VP3) (section 2.3.4) starter cultures were
prepared by inoculating 1 mL glycerol stocks into 10 mL LB broth containing the appropriate
antibiotics (Supplementary table 1) and grown O/N at 27° C with agitation. The starter cultures
were then inoculated into 50 mL induction media (2.5 g/L tryptone, 5 g/L NaCl, 12.5 g/L yeast
extract, 1.95 g/L morpholinoethanesulfonic acid (MES), pH = 5.6) supplemented with the
appropriate antibiotics (Supplementary table 1), 200 uM acetosyringone and grown O/N at 27°
C with agitation. Finally, the 50 mL pre-cultures were inoculated into 500 mL induction media
supplemented with the appropriate antibiotics (Supplementary table 1), 200 uM acetosyringone
and grown O/N at 27°C with agitation. The optical density (ODsoo) values of the final 500 mL
cultures were measured at a wavelength of 600 nm using a spectrophotometer. To create single

infiltration suspensions with desired optical density values, individual cultures were diluted
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using a resuspension solution (5 mM MES, 20 mM MgCl,, 200 uM acetosyringone).
Thereafter, infiltration suspensions were incubated for 2 h at room temperature to allow
acetosyringone to activate vir gene expression. The pEAQ-HT/AGL-1 and
pRIC4.0/GV3101::pMP90RK cultures were diluted to a final ODego = 0.5 and N. benthamiana
plants were infiltrated with each of these infiltration suspensions. The pEAQ-HT-EGFP-
VP3/AGL-1 and pRIC4.0-EGFP-VP3/GV3101::pMP90RK cultures were diluted to a final
ODsoo = 0.25 or 0.5 and N. benthamiana plants were infiltrated with each of these infiltration
suspensions. To vacuum infiltrate the leaves of approximately 4-week-old N. benthamiana
plants, the plants were submerged in the appropriate infiltration suspensions and a 100 kPa
vacuum was applied. After vacuum infiltration, the plants were incubated in a growth room at
22°C and subjected to a 16-h light, 8-h dark cycle until the day of harvest.

3.2.1.2 Co-infiltration

For co-expression, recombinant AGL-1 cultures of pEAQ-HT-VP3 (section 2.2.2.2), pEAQ-
HT-EGFP-VP3 (section 2.3.2) and pEAQ-HT-VP7 (BRU, UCT, (Dennis, 2019)) were
prepared to a final 500 mL volume and their ODegoo Values were measured as described in
3.2.1.1. To create co-infiltration suspensions, individual cultures were first mixed and then
diluted to the desired ODeoo value using resuspension solution. To produce empty CLPs,
PEAQ-HT-VP3/AGL-1 was mixed with pEAQ-HT-VP7/AGL-1 and diluted in resuspension
solution to create a VP3:VVP7 co-infiltration suspension with a final ODego = 1.0 (ODsgo 0f 0.5
each). To produce CLPs encapsulating EGFP (‘EGFP CLPs’), pEAQ-HT-EGFP-VP3/AGL-1
was mixed with pEAQ-HT-VP7/AGL-1 and diluted in resuspension solution to create an
EGFP-VP3:VP7 co-infiltration suspension with a final ODego = 1.0 (ODeoo = 0.5 each).
Vacuum infiltration was carried out as described in 3.2.1.1, with N. benthamiana plants being
infiltrated with the VP3:VP7 co-infiltration suspension and N. benthamiana plants being
infiltrated with the EGFP-VP3:VVP7 co-infiltration suspension.

3.2.2. Small extraction and analysis of EGFP-VP3 expression

3.2.2.1 Small scale homogenization and protein extraction

Expression of EGFP-VP3 in N. benthamiana plants infiltrated with pEAQ-HT-EGFP-
VP3/AGL-1 or pRIC4.0-EGFP-VP3/GV3101::pMP90RK was monitored by harvesting leaf
discs at 4-, 5- and 6-days post-infiltration (DPI). One leaf disc per plant, was harvested from a
total of 4 plants infiltrated with either pEAQ-HT-EGFP-VP3/AGL-1 or pRIC4.0-EGFP-
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VP3/GV3101::pMP90RK at 4,5 and 6 DPI and collected into a 1.5 mL tube. The leaf disc
samples were weighed and homogenized in 3 volumes of 1x PI buffer (1 x PBS [ 2 mM
KH2POs, 2.7 mM KCI, 10 mM NazHPO4, 137 mM NaCl, pH 7.4], containing 1 x Complete™,
EDTA-free protease inhibitor cocktail [Roche, Basel, Switzerland]) using a micro pestle.
Homogenates were incubated for 1 h at 4°C with gentle agitation and then clarified by
centrifugation at 13 000 rpm for 10 min in a table-top microcentrifuge. Total soluble protein
(TSP) was then collected into a new 1.5 mL tube and stored at -20°C. Protein samples were
also prepared from leaf discs harvested at 5 DPI from N. benthamiana plants infiltrated with
either pPEAQ-HT/AGL-1 or pRIC4.0/GV3101::pMP90RK (empty vectors -> negative controls)

using the same methodology as described above.
3.2.2.2 Protein analysis

The concentration of each sample collected between 4 and 6 DPI, was determined by
performing a Bradford assay using bovine serum albumin (BSA)(Sigma-Aldrich, MO, USA)
as a standard. To determine EGFP-VP3 protein expression levels at different optical densities
between 4 and 6 DPI, 50 uL of each sample was first mixed with 12.5 uL sample application
buffer (SAB)(Sambrook et al., 1989) and denatured for 10 min at 95°C. Equal amounts of each
sample as determined by Bradford assay, were then loaded into the wells of a 10% SDS
polyacrylamide gel and separated by electrophoresis for 1 h at 200V. The PageRuler™ Plus
Prestained Protein Ladder (Thermo Fisher Scientific) was loaded (6 ul/well) as a molecular
weight marker. A Trans-blot® SD semi-dry transfer cell (Bio-Rad, Irvine, CA) set to 15V was
used to transfer protein samples from the SDS polyacrylamide gel onto a HyBond™ C Extra
nitrocellulose membrane (AEC-Amersham, South Africa) over 1 h 30 min. For western blot
analysis, membranes were first transferred to blocking buffer (1x PBS, 5% fat free dairy milk,
0.1% Tween-20®) and blocked for 30 min at room temperature with gentle agitation. The
membranes were then probed O/N at 4°C with an anti-AHSV horse serum (received from C.
Potgieter Deltamune (Pty) Ltd., South Africa) diluted (1:5000) in blocking buffer or an anti-
GFP antibody (Abcam) diluted (1:2000) in blocking buffer. The membranes were then washed
3 times in blocking buffer at room temperature for 5 min. Thereafter, membranes were probed
for 1 h at 37°C with an anti-horse alkaline phosphatase (AP) conjugated secondary antibody
(Sigma-Aldrich, St Louis, MO, USA) diluted (1:10 000) in blocking buffer or goat anti-mouse
AP conjugated secondary antibody (Sigma-Aldrich) diluted (1:10 000) in blocking buffer.
Membranes were then washed 3x in blocking buffer (without milk) for 15 min at room

temperature. A chromogenic substrate, 5-bromo-4-chloro-3-indolyl-phosphate/nitroblue
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tetrazolium chloride (BCIP-NBT 1-component, KPL, Milford, Ma, USA) was then added to

the membrane for protein detection.
3.2.3 Qualitative and quantitative EGFP expression analysis

The in-vivo imaging system (IVIS®) was used together with the Lumina Il imaging and living
image software (Version 3.2, Caliper Life science) to detect and quantify EGFP fluorescent
signals in the leaves of N. benthamiana plants infiltrated with the EGFP-VP3:VP7 co-
infiltration suspension. At both 4 and 8 DPI, the oldest/bottom two leaves were harvested. Leaf
1 was classified as the leaf closest to the bottom of the plant, whereas leaf 2 was classified as
the leaf second closest to the bottom of the plant. To visualize EGFP fluorescent signals, leaves
were placed (one leaf at a time), in the IVIS® Lumina Il imaging chamber and the imaging
mode was set to ‘Fluorescent’ and exposure time was set to ‘Auto’. Thereafter, the EGFP filter
set which includes an excitation filter (445-490 nm) and an emission filter (515-575 nm) was
selected, and an image of each leaf was acquired showing any EGFP-derived fluorescence.
After an image was acquired, EGFP fluorescence was displayed in terms of ‘efficiency’. The
‘efficiency’ number for each pixel in the generated image represented the fraction of
fluorescent photons compared to each incident excitation photon and therefore had no units. A
region of interest (ROI) was marked across the entire surface area of each leaf (indicated by a
red circle), and average efficiency within the ROl was calculated. This measurement
effectively determined the efficiency per pixel across the area (cm?) of the ROI marked on each
leaf. This strategy was used to quantify and compare EGFP fluorescent signals in leaves
harvested at 4 and 8 DPI.

3.2.4 Large scale extraction and analysis of CLPs produced at 4
DPI

3.2.4.1 Large scale homogenization and protein extraction

The production of CLPs in N. benthamiana plants infiltrated with a VP3:VVP7 or an EGFP-
VP3:VP7 co-infiltration suspension was assessed by harvesting whole leaves at 4 DPI.
Approximately 10 g of leaf material was homogenized in 3 volumes (w/v) of 1 x PI buffer
(containing 1 x Complete™, EDTA-free protease inhibitor cocktail [Roche, Basel,
Switzerland]) using a T25 digital ULTRA-TURRAX® homogeniser (IKA® Works., Inc., NC,
USA). Homogenates were subsequently filtered through two layers of Miracloth™
(Calbiochem, Massachusetts, USA) into 50 mL tubes and the filtrate was then clarified by
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centrifugation at 16 000x g (BeckmanT Coulter Avanti® J25TI centrifuge) for 10 min at 10°C.
The homogenates were then added to new 50 mL tubes and incubated O/N at 4°C to allow

CLPs to mature.
3.2.4.2 Density gradient purification of CLPs

CLPs were purified by ultracentrifugation through a discontinuous iodixanol density gradient.
lodixanol (Optiprep™; Sigma Aldrich, St Louis, MO, USA) solutions (20-40 %) prepared in
1x PI buffer were incrementally layered within an ultracentrifuge tube to create an 8 mL step
gradient which was overlaid with approximately 30 mL of clarified plant lysate (Figure 18).
Ultracentrifugation was then performed at 22 500 rpm for 3 h in an SW32 Ti rotor
ultracentrifuge (Beckman, Brea, CA). After ultracentrifugation, the bottom of the VP3:VP7
and EGFP-VP3:VP7 gradient tubes were pierced with a needle and fractions of 500 uL were
collected. Fractions collected around the 30-40% interface (F6-F8) of the VP3:VVP7 and EGFP-
VP3:VP7 iodixanol density gradients were mixed with 50 uL SAB (Sambrook et al., 1989) and
denatured for 10 min at 95°C. These fractions were electrophoresed (30 uL/well) through a
10% SDS-polyacrylamide gel which was then stained with Coomassie blue stain (0.1%
Brilliant Blue R-250, 10% glacial acetic acid, 50% methanol) for 1 h at 37°C to visualize
proteins. The proteins present in VP3:VP7 and EGFP-VP3:VP7 F6, were also analysed by an
anti-AHSV and anti-GFP western blot analysis as described in 3.2.2.2.

* 30 mL

2mL

}
} 3 mL (F7-F12)
}

3 mL (F1-F6)

= |

i

Figure 18: Schematic diagram of the 20-40% iodixanol density gradient used to purify CLPs
(Empty CLPs or ‘EGFP CLPs’). The approximate location where each collected 500 uL
fraction (‘F’) falls within the density gradient is also indicated.
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3.2.5 Extraction and analysis of ‘EGFP CLPs’ harvested at 4 and
8 DPI

3.2.5.1 Extraction and purification of ‘EGFP CLPs’

‘EGFP CLPs’ were extracted and purified from whole leaves infiltrated with the EGFP-
VP3:VP7 co-infiltration suspension as described in 3.2.4, at 4 and 8 DPI. However, this time
leaves were homogenized in a CLP extraction buffer (50 mM bicine, pH 8.4 with NaOH, 140
mM NacCl, 0.1% (w/v) NLS sodium salt, 1 mM DTT), and the 20-40% iodixanol solutions were
prepared using a CLP purification buffer (20 mM NaCl, 20 Mm Tris-HCI, pH8.4) instead of a
1x PI buffer. At 4 DPI, instead of fraction collection, a 2 mL syringe was used to draw out a
visible green band from the EGFP-VP3:VP7 gradient tube, whereas at 8 DPI, fractions of 500

uL were collected as described in 3.2.4.2.
3.2.5.2 Gel densitometry

To quantify the concentration of ‘EGFP CLPs’ collected at 4 vs 8 DPI after modifying the
extraction and purification buffer, gel densitometry was performed. To achieve this, the ‘EGFP
CLP’ samples were separated by SDS-PAGE and subsequently stained with Coomassie blue.
Several dilutions of a BSA standard with a known concentration were also subjected to
electrophoresis on the same gel. After Coomassie blue staining, the SynGene reader
(GeneTools version 3.07.03) software was used to quantify the amount of protein present in
each individual BSA protein band across the dilution range. A BSA standard curve was then
constructed and used to calculate the approximate concentration of the AHSV proteins present
in the ‘EGFP CLP’ samples harvested at 4 and 8 DPI.

3.2.6 Transmission electron microscopy

Glow-discharged carbon-coated copper grids were floated on 20 uL drops of density gradient
fractions and incubated at room temperature for 5 min. The grids were then subjected to two
successive washes in 10 uL drops of sterile dH20. Thereafter, particles were negatively stained
by floating the grid on a 10 uL drop of uranyl acetate (UA) for 30 sec. Filter paper was used to
remove excess UA and the grids were negatively stained a final time by floating them on a 20
uL drop of UA for 1 second. An FEI Tecnai G2 20 Twin TEM with a bottom mounted digital

camera (EMU, UCT) was used to view the grids.
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3.2.7 Native PAGE

Native PAGE was used to characterize purified ‘EGFP CLP’, and empty CLP samples
collected from EGFP-VP3:VP7 and VVP3:VVP7 density gradients, respectively. CLP samples
(75 uL) were first mixed with 75 uL of 2x sample buffer (62.5 mM Tris-HCI, pH 6.8, 25%
glycerol [v/v], 1% bromophenol blue [w/v]). Thereafter, CLP samples were loaded into the
wells (30 uL/well) of a native polyacrylamide gel (lacking SDS) and electrophoresis was
performed at 200 V for 1 hr. After native PAGE, anti-AHSV and anti-GFP western blot
analysis was performed as described in 3.2.2.2. The tubes containing the purified ‘EGFP CLP’,
and empty CLP samples were also imaged using the IVIS® in-vivo imaging system as
described in 3.2.3 to detect EGFP fluorescence.

3.2.8 Solid-state binding assay

The potential binding of ‘EGFP CLPs’ to an integrin receptor was tested by performing a solid-
state binding assay. The integrin receptor, av33 (Chemicon®), was first diluted to 5 pg/mL in
20 mM Tris-HCI (pH 7.4) containing 1 mM MgCl2, 1 mM MnClz, 2 mM CaCl; and 150 mM
NaCl. The first 3 wells (A1-A3) of a black 96-well plate were then coated (100 uL/well) O/N
at 4°C with the diluted integrin receptor mixture. The first 6 wells (A1-A6) were blocked (100
uL/well) for 90 min at 37°C with 1% (w/v) BSA diluted in CLP purification buffer (section
3.2.5.1). Thereafter, 100 uL ‘EGFP CLP’ samples diluted to 5 pg/mL in purification buffer
were applied to the first 6 wells (A1-A6) and the plate was incubated for 30 min at 37°C. The
black 96-well plate was then subjected to 3 successive washes with 1x PBS. The GloMax®-
Multi+ Detection System with Instinct™ Software was used to take a fluorescent reading of
the plate at excitation/emission wavelengths of 490/510-575 nm respectively.
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3.3 Results
3.3.1 Optimization of EGFP-VP3 expression

The transient expression of constructs encoding EGFP-VP3 protein alone was first tested to
confirm expression of the protein. Samples from leaves of N. benthamiana plants infiltrated
with either pEAQ-HT-EGFP-VP3/AGL-1 or pRIC4.0-EGFP-VP3/GV3101::pMP90RK and

harvested at 4,5 and 6 DPI were compared.

No major necrotic symptoms were observed in leaves infiltrated with pEAQ-HT-EGFP-
VP3/AGL-1 harvested between 4 and 6 DPI. However, between 5 and 6 DPI, leaves infiltrated
with pRIC4.0-EGFP-VP3/GV3101::pMP90RK began to show necrotic symptoms. These
symptoms included the appearance of necrotic brown spots at 5 DP1 (ODsoo = 0.5), as well as
major browning across the leaf surface area at 6 DPI (ODsoo = 0.25 and 0.5) (Figure 19).

DAY 4 DAY 5 DAY 6

Construct Construct Construct

0OD600 0D600 0D600

PEAQ-HT-EGFP-VP3 PRICA.0-EGFP-VP3 PEAQ-HT-EGFP-VP3 PRIC4.0-EGFP-VP3 PEAQ-HT-EGFP-VP3 PRIC4.0-EGFP-VP3
— R

0.25

0.5

Figure 19: Leaf images of N. benthamiana plants infiltrated with pEAQ-HT-EGFP-VP3/AGL-
1 or pRIC4.0-EGFP-VP3/GV3101::pMP90RK (ODsno = 0.25/0.5) between 4 and 6 DPI.

To establish conditions for optimal EGFP-VP3 expression, a western blot analysis was
performed on crude extracts obtained from leaves harvested between 4 and 6 DPI to compare
EGFP-VP3 protein band intensities as a qualitative measure of expression levels. For leaves
infiltrated with pEAQ-HT-EGFP-VP3/AGL-1, a band corresponding to the expected size of
EGFP-VP3 (130.3 kDa) (black arrows) was detected in samples from leaves infiltrated at
both ODeoo values and harvested at 4-6 DPI when probing with anti-AHSV (Figure 20A) or
anti-GFP (Figure 20B). The EGFP-VP3 (130.3 kDa) band intensity was the strongest at 4
DPI when probing with anti-AHSV sera (Figure 20A). For plants infiltrated with pRIC4.0-

55



EGFP-VP3/GV3101::pMP90RK, a band corresponding to the expected size of EGFP-VP3
(130.3 kDa) was only detected at 4 DPI (ODegoo = 0.25 and 0.5) and faintly at 5 DPI (ODeoo =
0.5) when probing with anti-AHSV sera (Figure 20C). However, when probing with anti-
GFP sera, the EGFP-VP3 (130.3 kDa) band was the most intense at 5 DP1 (ODsgo = 0.5) and
very faint at both 4 and 6 DPI (Figure 20D). Finally, the darkest band intensity overall of
EGFP-VP3 from leaves infiltrated with pEAQ-HT-EGFP-VP3/AGL-1 compared to the
leaves infiltrated with pRIC4.0-EGFP-VP3/GV3101::pMP90RK suggested that the pEAQ-
HT construct was more suitable for achieving a higher EGFP-VP3 expression level. Besides
the bands corresponding to the expected size of EGFP-VP3, many other non-specific bands
were detected after conducting the anti-AHSV and anti-GFP western blot analysis, suggesting

the occurrence of non-specific binding.
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Figure 20: Optimization of N. benthamiana based EGFP-VP3 protein expression. Anti-AHSV
(A) and anti-GFP (B) reducing western blot analysis of proteins extracted from leaf discs of
plants infiltrated with pEAQ-HT-EGFP-VP3/AGL-1 at an ODeoo = 0.25 or 0.5 between 4 and
6 DPI. EGFP-VP3 (130.3 kDa) is indicated by black arrows. pEAQ-HT = crude leaf extracts
from leaves infiltrated with AGL-1 harbouring pEAQ-HT lacking any insert = negative
control. Anti-AHSV (C) and anti-GFP (D) reducing western blot analysis of proteins extracted
from leaf discs of plants infiltrated with pRIC4.0-EGFP-VP3/GV3101::pMP90RK at an ODeoo
= 0.25 or 0.5 between 4 and 6 DPI. EGFP-VP3 (130.3 kDa) is indicated by black arrows.
pRIC4.0 = leaves infiltrated with GVV3101::pMP90RK harbouring pRIC4.0 lacking any insert
= negative control. VLPs = denatured AHSV VLP sample comprising AHSV VP2 (123 kDa),
VP3 (103 kDa), VP5 (57 kDa) and VP7 (38 kDa) = positive control (A-D).

3.3.2 Purification of CLPs

PEAQ-HT-EGFP-VP3/AGL-1 was used for further co-infiltration experiments to produce
EGFP-VP3 and infiltrated with VVP7 on a larger scale to determine their ability to assemble into
CLPs. Due to time and reagent constraints, CLP production was assessed only after harvesting
infiltrated leaves at 4 DPI to confirm successful CLP assembly. Constructs encoding AHSV
VP3 and VP7 (VP3:VP7) were co-infiltrated to generate empty CLPs as a control and
constructs encoding AHSV EGFP-VP3 and VP7 (EGFP-VP3:VP7) were co-infiltrated to
generate ‘EGFP CLPs’. Their production was assessed in samples prepared from N.
benthamiana leaves co-infiltrated with either VP3:VP7 or EGFP-VP3:VP7 suspensions (ODeoo
= 1.0), respectively which were harvested at 4 DPI. Crude leaf extracts were loaded onto a
density gradient and subjected to an ultracentrifugation step to concentrate putative assembled
CLPs.

After ultracentrifugation, a small, fluorescent green band (black arrow) was observed near the
30-40% interface of the EGFP-VP3:VVP7 gradient (Figure 21A). However, in comparison, no
band was visible at the corresponding location of the gradient loaded with the VP3:VP7
sample (Figure 21B). Fractions collected from the 30-40% interface region (F6-F8) of the
EGFP-VP3:VP7 gradient, separated by SDS-PAGE and subsequently stained with Coomassie
blue showed the presence of EGFP-VP3 (130.3 kDa) and VP7 (38 kDa) proteins, with proteins
in F6 having the most intense band (Figure 21C). VP3 (103 kDa) and VP7 (38 kDa) proteins
were detected by Coomassie staining, within fractions collected from the 30-40% interface (F6-
F8) of the VP3:VVP7 gradient (Figure 21D). An anti-GFP and anti-AHSV western blot analysis
was performed on F6 collected from both the EGFP-VP3:VP7 and VP3:VP7 gradients. When
probing with anti-GFP, EGFP-VP3 (130.3 kDa) was only detected within EGFP-VP3:VVP7 F6,
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whereas no proteins were detected within VP3:VP7 F6. However, when probing with anti-
AHSV sera, VP7 (38 kDa) was detected in VP3:VP7 and EGFP-VP3:VP7 F6, whereas VP3
(103 kDa) and EGFP-VP3 (130.3 kDa) proteins were detected in VP3:VP7 F6 and EGFP-
VP3:VP7 F6, respectively (Figure 21E). TEM analysis of EGFP-VP3:VP7 F6 (Figure 21F)
and VP3:VVP7 F6 (Figure 21G) confirmed the presence of CLPs in both cases, approximately
70 nm in diameter.
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Figure 21: Purification of empty CLPs and ‘EGFP CLPs’ from samples harvested at 4 DPI via
20-40% density gradient ultracentrifugation. Fractions of 500 uL were collected from EGFP-
VP3:VP7 (A) and VP3:VP7 (B) iodixanol density gradients. Black arrow = the fluorescent
green band observed near the 30-40% interface of the EGFP-VP3:VP7 (A) iodixanol density
gradient. Coomassie staining of F6-F8 collected from the EGFP-VP3:VP7 (C) and VP3:VP7
(D) iodixanol density gradients. (E) Anti-GFP and Anti-AHSV reducing western blot analysis
for comparison of VP3:VP7 F6 and EGFP-VP3:VP7 F6. pEAQ-HT F6 = negative control.
TEM analysis of EGFP-VP3:VP7 F6 (F) and VVP3:VP7 F6 (G). Scale bars = 200 nm.

3.3.3 Encapsulation of EGFP inside ‘EGFP CLPs’

To confirm encapsulation of EGFP inside the ‘EGFP CLPs’, EGFP fluorescence was first
qualitatively assessed in the tubes containing fraction 6 (F6) samples of EGFP-VP3:VP7 and
VP3:VP7. No EGFP fluorescence was detected in the tube containing VP3:VVP7 CLPs (Figure
22A), however EGFP fluorescence was detected in the tube containing EGFP-VP3:VP7 CLPs
(Figure 22B). VP3:VP7 F6 and EGFP-VP3:VP7 F6 samples were subsequently separated on
a native polyacrylamide gel to separate the CLPs and western blotted using anti-AHSV sera
and anti-GFP antibody. This was done to substantiate the TEM results by providing further
proof that the CLPs obtained from both fractions were isolated as intact particles of the same
size. The anti-AHSV western blot showed a single band in both fractions at the same location
on the polyacrylamide gel, suggesting purification of intact CLPs that were the same size
(Figure 22C — anti-AHSV lanes). However, when probing with anti-GFP, the same band could
no longer be detected in EGFP-VP3:VP7 F6 (Figure 22C — anti-GFP lanes), suggesting

encapsulation of the EGFP protein within the CLP interior.
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Figure 22: Confirmation of EGFP encapsulation within ‘EGFP CLPs’. Images of Eppendorf
tubes containing VP3:VVP7 F6 (A) or EGFP-VP3:VP7 F6 (B) using the EGFP filter settings of
the IVIS® in-vivo imaging system for detection of any EGFP derived fluorescent signals. (C)
Anti-AHSV and anti-GFP western blot analysis of VP3:VP7 F6 and EGFP-VP3:VP7 F6 after
native PAGE separation of proteins.

3.3.4 ‘EGFP CLP’ production in leaves harvested at 4 vs 8 DPI

Once production of CLPs that successfully encapsulated the EGFP protein was established, an
attempt was made to increase the CLP yield. To accomplish this, a CLP extraction and
purification buffer, successfully used in other research to extract and purify BTV CLPs
encapsulating a GFP protein (Brillault et al., 2017) was tested and used instead of the 1x Pl
buffer. CLP production was additionally compared at day 4 and day 8 post-infiltration.

3.3.4.1 Optimization of ‘EGFP CLP’ production

An attempt was made to increase the yield of purified ‘EGFP CLPs’ by modifying the CLP
extraction and purification buffers to more optimal parameters. ‘EGFP CLP’ levels were then
compared between infiltrated leaves sampled at 4 and 8 DPI. The fluorescent band, indicative
of ‘EGFP CLPs’ was obtained after density gradient ultracentrifugation, CLP morphology was
assessed by TEM and protein amounts on Coomassie-stained gels were then measured by gel
densitometry. At 4 DPI, a very thick, bright fluorescent green band was visualized near the 30-
40% interface of the EGFP-VP3:VP7 iodixanol density gradient (Figure 23A). On the other
hand, at 8 DPI a much thinner, fainter fluorescent green band was visualized near the 30-40%
interface of the EGFP-VP3:VP7 iodixanol density gradient (Figure 23B). TEM analysis of the
1 mL fraction containing the large fluorescent green band (‘E4’) directly syringed out from the
EGFP-VP3:VP7 gradient at 4 DPI, showed the presence of many CLPs approximately 70 nm
in diameter (Figure 23C). TEM analysis of the fraction (‘E8”) collected from the EGFP-
VVP3:VVP7 gradient at 8 DPI, showed far less CLPs than was observed at 4 DPI (Figure 23D).
Gel densitometry was used to estimate the concentration of purified ‘EGFP CLPs’ obtained at
4 DPI (‘E4’, Figure 23E) and at 8 DPI (‘E8’, Figure 23F). It was calculated that 10g of leaf
material harvested at 4 DPI yielded approximately 142 pg of highly purified ‘EGFP CLPs’,
whereas 10g of leaf material harvested at 8 DPI, yielded only 7 pg of highly purified ‘EGFP
CLPs’.
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Figure 23: Purification and analysis of ‘EGFP CLPs’ after modification of the extraction and
purification buffer. Comparison of the EGFP-VP3:VP7 iodixanol density gradient obtained at
4 (A) and at 8 (B) DPI. TEM analysis comparison of the 1 mL fraction (‘E4’) obtained from
the EGFP-VP3:VP7 gradient at 4 DPI (C) and the 500 uL fraction (‘E8”) obtained from the
EGFP-VP3:VP7 gradient at 8 DPI (D). Gel densitometry of the ‘EGFP CLP’ sample obtained
at 4 DPI — ‘E4’ (E) and the ‘EGFP CLP’ sample obtained at 8 DPI — ‘E8’ (F). Known amounts
of Bovine serum albumin (BSA) 7.5 ug (lane 1), 3.75 pg (lane 2), 1.875 ug (lane 3), 0.9375
Hg (lane 4) and 0.46857 pg (lane 5) were simultaneously run on SDS-PAGE gels with the
‘EGFP CLP’ samples (E-F). The concentration of the EGFP-VP3 (130.3 kDa) and VP7 (38
kDa) protein band present in each ‘EGFP CLP’ sample was then quantified using a BSA
standard curve to determine ‘EGFP CLP’ yield.

3.3.4.2 Analysis of EGFP-derived fluorescence in infiltrated leaves

After infiltration of N. benthamiana plants with an EGFP-VP3:VVP7 co-infiltration suspension
to produce ‘EGFP CLPs’, EGFP-derived fluorescent signals in leaves harvested at 4 and 8 DPI
were compared using the IVIS® in-vivo imaging system. At 4 DPI, the oldest leaf (leaf 1) and
second oldest leaf (leaf 2) showed no signs of necrosis and strong EGFP-derived fluorescence
was observed across the surface area of each leaf (Figure 24A). In comparison, at 8 DPI, the
oldest leaf (leaf 1) showed major necrotic symptoms such as wilting and browning around the
leaf edges, and much weaker EGFP fluorescence was observed compared to leaf 1 harvested
at 4 DPI. The second oldest leaf (leaf 2) showed only minor necrotic symptoms such as a few
leaf spots at 8 DPI and EGFP-derived fluorescence could still be observed across the leaf
surface area but was absent in the small regions of necrosis (Figure 24B). Quantitative analysis
of EGFP-derived fluorescence within a region of interest (ROI) covering the surface area of
each leaf, showed that the average efficiency of EGFP expression in the oldest leaf (leaf 1) was
approximately 9.9 x greater at 4 DPI than at 8 DPI. Furthermore, the average efficiency of
EGFP expression in the second oldest leaf (leaf 2) was approximately 2.18 x greater at 4 DPI
than at 8 DPI (Figure 24C).
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Figure 24: Qualitative and quantitative analysis of EGFP fluorescence in leaves infiltrated with
an EGFP-VP3:VP7 co-infiltration suspension at 4 vs 8 DPI. Photographic and fluorescence
emission image (generated using the IVIS® in-vivo imaging system) of leaf 1 (oldest leaf) and
leaf 2 (second oldest leaf) for detection of EGFP-derived fluorescence at 4 (A) and 8 (B) DPI.
(C) Average efficiency of EGFP expression (calculated using the Lumina Il imaging software)
within the marked ROI (indicated by a red circle) spanning the surface area of leaf 1 and leaf
2, at 4 and 8 DPI.

3.3.5 Interaction of ‘EGFP CLPs’ with an integrin receptor

A solid-state binding assay was used to assess the potential binding of the purified ‘EGFP
CLPs’ to a human integrin receptor, avp3, against a BSA background. No difference in EGFP
fluorescence readings were observed between the wells that had been coated with integrin
(‘EGFP CLPs’ + avpB3) and uncoated (‘EGFP CLPs’) (Figure 25).
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Figure 25: Assessment of binding potential between ‘EGFP CLPs’ and the human integrin
receptor, avB3 determined by detection of the fluorescent cargo. ‘EGFP CLPs’ = average
fluorescence reading over three wells not coated with the integrin receptor after adding the
purified ‘EGFP CLPs’. ‘EGFP CLPs’ + avp3 = average fluorescence reading over three wells
coated with the integrin receptor after adding the purified ‘EGFP CLPs’. Fluorescence readings
were taken at an excitation/emission wavelength of 490/510-575 nm respectively using the
GloMax®- Multi+ Detection System.
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3.4 Discussion

To ensure successful production of AHSV CLPs encapsulating EGFP, co-expression of EGFP-
VP3 and AHSV VP7 was necessary. To this end, 2 constructs encoding EGFP-VP3 protein
(pRIC4.0-EGFP-VP3 and pEAQ-HT-EGFP-VP3) were assessed and compared for their ability
to express EGFP-VP3. The non-specific bands observed after conducting the anti-AHSV
western blot analysis could have been caused by the non-specific detection of various plant
proteins present in the crude extract from the harvested N. benthamiana plants. It is possible
that the horse blood from which the anti-AHSV serum was prepared contained antibodies
against plant proteins due to the horse eating a diet that potentially contained some plant
material. This could have ultimately been a major reason for the detection of non-specific
proteins when probing with the anti-AHSV sera. The non-specific bands observed after
conducting either the anti-AHSV or anti-GFP western blot analysis could also potentially be
attributed to the non-specific binding of the primary antibody to a non-specific target protein.
This could explain why in addition to the specific EGFP-VP3 target protein, there was also
detection of many non-specific protein bands on the blots. The higher EGFP-VP3 expression
levels in plants infiltrated with pEAQ-HT-EGFP-VP3/AGL-1 than in plants infiltrated with
pRIC4.0-EGFP-VP3/GV3101::pMP90RK (estimated by comparing equal total soluble protein
volumes separated by SDS-PAGE) suggested that the pEAQ-HT-EGFP-VP3 construct was
more suitable for co-expression with AHSV VP7 to obtain a higher ‘EGFP CLP’ yield.
Furthermore, while EGFP-VP3 expression levels were higher at 4 DPI, this protein was still
expressed at 5 and 6 DPI in plants infiltrated with pEAQ-HT-EGFP-VP3/AGL-1 at both ODeoo
values. This showed that the pEAQ-HT-EGFP-VP3 construct was also suitable for maintaining
transient production of EGFP-VP3 for at least 3 days. In contrast, the decline in EGFP-VP3
expression levels in plants infiltrated with pRIC4.0-EGFP-VP3/GV3101::pMP90RK after 4-5
DPI, suggested that the pRIC4.0-EGFP-VP3 construct could only maintain transient EGFP-
VVP3 expression for a relatively short time frame before a notable decrease in expression levels
occurred. It was also apparent that the level of EGFP-VP3 expression could potentially be
linked to the physiological state of the infiltrated leaves. At 6 DPI, a significant increase in
necrotic symptoms in leaves of N. benthamiana plants infiltrated with pRIC4.0-EGFP-
VP3/GV3101::pMP90RK correlated with a notable decrease in EGFP-VP3 expression levels.
In contrast, the leaves of N. benthamiana plants infiltrated with pEAQ-HT-EGFP-VP3/AGL-1
showed no necrosis between 4 and 6 DPI and correlated with relatively consistent EGFP-VP3

expression levels within the same timeframe. This further suggested that the pEAQ-HT-EGFP-
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VP3 construct could potentially express EGFP-VP3 beyond 6 DPI, as the leaves were still in a
healthy condition at that point compared to their original state. After taking the above findings
into consideration, the pEAQ-HT-EGFP-VP3 construct was selected as the most desirable
choice for co-expression with AHSV VP7 to produce ‘EGFP CLPs’; this was because overall
findings of the small-scale expression study showed that this vector allowed for greater EGFP-
VP3 expression levels on multiple days post infiltration and induced less stress on infiltrated

leaves thereby preserving their physiological state.

After density gradient ultracentrifugation, the presence of a narrow, slightly fluorescent green
band near the 30-40% interface of the EGFP-VP3:VP7 gradient suggested successful
production of AHSV CLPs. This was considered a reasonable assumption, as a prior study
found that AHSV VLPs, which are very similar in size to AHSV CLPs, accumulated near the
30-40% interface of an iodixanol density gradient (Dennis, 2019). Furthermore, the green
colour of this band, suggested successful encapsulation of EGFP inside the AHSV CLPs. The
observed absence of any band (specifically a fluorescent green band) at the corresponding
location in the VP3:VP7 gradient was expected as these CLPs would be empty and not contain
the fluorescent EGFP protein. Detection of EGFP-VP3 and VVP7 proteins of the expected size
on a Coomassie stained gel in EGFP-VP3:VP7 F6, a fraction sampled from the visible
fluorescent green band in the EGFP-VP3:VP7 gradient, provided further evidence suggesting
that the fluorescent green band comprised concentrated ‘EGFP CLPs’. On the contrary,
detection of only VP3 and VP7 on a Coomassie stained gel in fractions collected from the 30-
40% interface of the VP3:VP7 gradient, suggested production of empty CLPs. Anti-GFP and
anti-AHSV western blot analysis of EGFP-VP3:VP7 and VP3:VP7 F6, showed a clear
difference in the constituent proteins present in each of these fractions, further suggesting that
‘EGFP CLPs’ were purified by co-expression of EGFP-VP3 and VP7, whereas empty CLPs
were purified by co-expression of VP3 and VP7. TEM analysis of the appropriate samples
confirmed the presence of CLPs in both EGFP-VP3:VP7 and VP3:VP7 F6 fractions. This
proved that fusion of EGFP to AHSV VP3 did not impact self-assembly of the proteins into
CLPs. The presence of CLPs in both EGFP-VP3:VP7 and VP3:VP7 F6 fractions, further
confirmed that there was no difference in the banding location of these particles within the
iodixanol density gradient. This result was not expected since density gradient centrifugation,
also known as isopycnic gradient centrifugation works by separating particles based on their
density (Brakke, 1951). This centrifugation technique results in the movement of particles

through a density gradient medium until a point is reached where the density of the particle is
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equivalent to that of the surrounding medium (Brakke, 1961). Since the density of the iodixanol
gradient used to purify CLPs increased from the top to the bottom of the centrifuge tube (Figure
18), denser particles should have collected nearer the bottom of the centrifuge tube. Therefore,
one would expect ‘EGFP CLPS’ to band at a location further down the centrifuge tube than
the presumably empty CLPs which should theoretically be of a lower density due to the lack
of encapsulated EGFP. However, since both particles were collected from the same interface
of the iodixanol density gradient, it shows that any density differences between these CLPs
were negligible. This result aligned with a previous study by Brillault et al that found no visible
difference in the banding location of empty BTV CLPs and BTV CLPs encapsulating GFP
(Brillault et al., 2017).

Although all the results up to this point, suggested that the CLPs purified from the EGFP-
VP3:VP7 gradient encapsulated EGFP, this was confirmed by detection of an EGFP
fluorescent signal in EGFP-VP3:VP7 F6 using the IVIS® in-vivo imaging system.
Furthermore, the complete lack of detection of an EGFP fluorescent signal in VP3:VP7 F6
supported this conclusion by showing that in comparison, the CLPs purified from the VP3:VP7
gradient lacked EGFP. The detection of a single band from both EGFP-VP3:VP7 and VP3:VP7
F6 fractions on a native gel after probing with anti-AHSV (Figure 22C), suggested the presence
of singular intact particles after density gradient purification. The lack of detection of a band
for the EGFP-VP3:VP7 F6 sample on the native gel when probing with anti-GFP (Figure 22C)
suggested that the antibody could not access the EGFP protein, providing the final confirmation
that EGFP was encapsulated within the CLP interior. Detection of EGFP fluorescence, despite
encapsulation of the EGFP protein within the CLP interior, could be attributed to the presence
of pores in the VVP3 protein (Dennis et al., 2019), providing a potential reason why the
fluorescent signal could still be detected from within the CLP interior. Since the mobility of
proteins through a native page gel is dependent on their size (Li and Arakawa, 2019), the
migration of the protein band in each fraction to the same point on the native page gel
confirmed the observation by TEM analysis that both the empty CLPs and ‘EGFP CLPs’ were

of the same diameter size.

Although ‘EGFP CLPs’ were successfully produced and then purified by density gradient
ultracentrifugation at 4 DPI, there were still questions surrounding whether the ‘EGFP CLP’
yield could be optimized. In a study conducted by Brillault et al, GFP was successfully
encapsulated within BTV CLPs, however in this study different CLP extraction and

purification buffers were used and the leaves were harvested at 8 DPI (Brillault et al., 2017).
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To assess ‘EGFP CLP’ production on multiple days would be time consuming and costly,
consequently a potential way to quickly predict ‘EGFP CLP’ yield in the leaves of N.
benthamiana plants prior to extraction and purification was highly desirable. Interestingly,
another research group found that the IVIS® in-vivo imaging system could be used to
qualitatively and quantitatively monitor GFP expression in the leaves of N. benthamiana plants
(Stephan et al., 2011). Thus, this imaging system was considered a good way to detect any
differences qualitatively and quantitatively in EGFP fluorescence at 4 vs 8 DPI within leaves
co-infiltrated with an EGFP-VP3:VP7 suspension to make ‘EGFP CLPs’. In doing so, one
could later determine whether there was any correlation between the level of EGFP
fluorescence and the eventual yield of purified ‘EGFP CLPs’. Unfortunately, due to time
constraints this experiment could only be performed once. Despite this, the results obtained
provided qualitative and quantitative evidence that EGFP fluorescence was greater at 4 DPI,
when the leaves were healthy, compared to 8 DPI, when the leaves were more necrotic. Since
EGFP formed part of the fusion protein EGFP-VP3 in this experiment, the results obtained
here suggested greater EGFP-VP3 expression and consequently a potentially higher ‘EGFP
CLP’ yield at 4 DPI compared to 8 DPI.

Modification of the CLP extraction and purification buffers to those used by Brillault et al,
resulted in a much wider fluorescent green band than had previously been seen at 4 DPI within
the EGFP-VP3:VP7 gradient when 1x PI buffer was used for extraction and purification. This
suggested that the extraction and purification buffer used to purify BTV CLPs encapsulating
GFP, could also be used to greatly improve the yield of AHSV ‘EGFP CLPs’. One major
difference between the 1x Pl buffer and the buffer used to extract BTV CLPs in the study
conducted by Brillault et al was the buffer pH. In another study it was also found that AHSV
VLP stability was greater when extraction was carried out using the Bicine-based extraction
buffer used here compared to a 1x PBS buffer and this was attributed to the higher pH of the
Bicine-based extraction buffer (Dennis et al., 2018). Thus, it is possible that AHSV ‘EGFP
CLPs’ were stabilized more when extracted using the Bicine-based extraction buffer, a higher
pH buffer, compared to the 1x PI buffer, a lower pH buffer, leading to an increased AHSV
‘EGFP CLP’ yield. The presence of NLS, a detergent, in the Bicine-based extraction buffer
and the absence of this detergent in the 1x PI buffer could also possibly explain the difference
in AHSV ‘EGFP CLP’ yield. Detergents offer a hydrophobic environment for proteins and
consequently have been shown to increase protein stability (Stangl et al., 2012). Thus, the

presence of NLS in the Bicine-based extraction buffer may have also contributed to increasing
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AHSV ‘EGFP CLP’ stability during the extraction process, resulting in an overall greater
AHSV ‘EGFP CLP’ yield compared to when 1x PI buffer which did not contain NLS, was
used to extract AHSV ‘EGFP CLPs’.

The presence of a fluorescent green band within the EGFP-VP3:VP7 gradient at 8 DPI,
suggested that ‘EGFP CLPs’ could still be produced at 8 DPI, however the band was thinner
than at 4 DPI, suggesting a lower ‘EGFP CLP’ yield. TEM analysis showed that more CLPs
were purified from the EGFP-VP3:VVP7 gradient at 4 DPI than at 8 DPI, further supporting that
‘EGFP CLP’ yield was greater at 4 DPI. Finally, densitometric analysis quantitatively
confirmed that at 4 DPI, a significantly greater ‘EGFP CLP’ yield was obtained than at 8 DPIL.

Interestingly, the ‘EGFP CLP’ yield obtained at 4 and 8 DPI as determined by densitometric
analysis showed a correlation with the quantitatively determined EGFP fluorescence levels in
leaves harvested at 4 and 8 DPI. High EGFP fluorescence in leaves harvested at 4 DPI
correlated with a high ‘EGFP CLP’ yield, whereas much lower levels of EGFP fluorescence in
leaves harvested at 8 DPI, correlated with a significantly decreased ‘EGFP CLP’ yield at 8
DPI. This showed that one could potentially use the IVIS® in-vivo imaging system to
determine which DPI might be most suitable for obtaining the greatest yield of ‘EGFP CLPs’
based on the level of EGFP fluorescence quantitatively determined in the infiltrated leaves.

After optimizing conditions for ‘EGFP CLP’ purification, a possible interaction between these
purified particles and a human integrin receptor, avB3, was assessed by performing a solid-
state binding assay and detecting for the presence of the fluorescent EGFP cargo. Due to
funding and time constraints this experiment could only be performed once. Furthermore, due
to the high cost of the integrin receptor, testing the interaction between empty CLPs and avf3
was deemed unnecessary as the assay relied upon the presence of a fluorescent protein to
confirm any interaction with the avp3 receptor. Thus, it was decided to conserve the available
integrin receptor and only test the interaction between avp3 and ‘EGFP CLPs’. Successful
binding would be reflected by high EGFP fluorescence readings in wells coated with avf3
compared to the control wells not coated with avp3. One would expect such results since the
‘EGFP CLPs’ would have no place to bind in the control wells that were not coated with avf3
after blocking with BSA and would be subsequently removed from the 96 well plate after the
assay wash step . Thus, in the control wells, one would expect only low background readings
when measuring for EGFP fluorescence due to the absence of ‘EGFP CLPs’. On the other
hand, if ‘EGFP CLPs’ could indeed bind to avf3, they would not be removed from the wells
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coated with this receptor after carrying out the wash step, and binding would be confirmed by
the detection of significantly increased EGFP fluorescence relative to the control wells. The
lack of any measurable difference in the fluorescence readings between the control wells and
the wells that were coated with avp3, suggested strongly that there was no binding between the
‘EGFP CLPs’ and avp3. This result was unexpected, since both BTV CLPs and AHSV CLPs
possess an RGD motif on the VP7 protein (Tan et al., 2001), an amino acid motif shown to
have a high binding affinity for the avp3 receptor (Lee et al., 2016). However, unlike BTV
CLPs, which were shown to interact with an avP3 receptor in a prior study (Brillault et al.,
2017), the same could not be said for the AHSV ‘EGFP CLPs’ based on the results of the solid-

state binding assay.

Despite the result of the solid-state binding assay seemingly indicating that there was no
binding between the AHSV ‘EGFP CLPs’ and avf33, this could not be confirmed with certainty
due to two potential shortcomings with the assay itself. It was considered a possibility that the
wells may not have been successfully coated with the avB3 receptor. To achieve standard
coating of the assay plate requires successful hydrophobic interactions between the assay plate
and non-polar amino acids of the protein to be immobilized (Biesiadecki and Jin, 2011). Thus,
if there was weak hydrophobic absorption of the avp33 receptor to the assay plate, the receptor
may have not been successfully immobilized. If this were the case, the AHSV ‘EGFP CLPs’
would have nothing to bind to, and one would not see any difference in fluorescence readings
with the control wells. To avoid this possibility, a microtiter assay plate with altered surface
chemistry could have been used to enhance the hydrophobic absorption of the avp3 receptor to
the plate surface (Biesiadecki and Jin, 2011). However, due to funding and time constraints,
such a plate could not be acquired when conducting this assay. The second potential
shortcoming of the solid-state binding assay may have been related to detection of EGFP
fluorescence. EGFP fluorescence was measured with a top-reading fluorescence microplate
reader since the available assay plate had a solid black bottom, and thus fluorescence readings
needed to be taken from the top of the assay plate. It is possible that the ‘EGFP CLPs’ did
indeed bind to the avp3 receptor, but the EGFP fluorescent signal may have been too weak to
detect when measuring from the top of the assay plate. Under these circumstances, one would
be unable to distinguish between any signal from the control wells and the wells coated with
avp3 when measuring for EGFP fluorescence. If this were the case, the detection of EGFP
fluorescence could potentially be enhanced by obtaining a black 96 well-plate with a clear

bottom and measuring EGFP fluorescence from the bottom of the plate using a bottom-reading
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fluorescence microplate reader. However, such a plate could not be obtained when conducting
the solid-state binding assay. On the other hand, if we assume that the results of the assay were
accurate, the lack of binding between the ‘EGFP CLPs’ and avp3, could potentially be
attributed to a difference in the position of the RGD motif on AHSV VP7 compared to BTV
VP7. On AHSV VP7, an alanine-glycine-glutamine (AGQ) motif replaces the RGD motif
found at the same location within the BTV VP7 protein (Basak et al., 1996). Despite this, an
RGD motif is still present on a highly flexible VP7 loop (Tan et al., 2001), however this RGD
motif is located at a lower part of the AHSV VP7 top domain than the AGQ segment which
has replaced the RGD motif found in the BTV VP7 protein (Basak et al., 1996). Consequently,
it is possible that this RGD motif could be somewhat less accessible to avp3 than the AGQ
segment, which could explain the lack of binding between the AHSV ‘EGFP CLPs’ and the
avp3 receptor. If this were the case, it would suggest that unlike BTV CLPs, AHSV CLPs may

not have potential as a delivery vehicle for specific targeting of cells overexpressing avf33.
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Chapter 4: Conclusion

During this study, several objectives were achieved. The initial objective of this study focussed
on the production of plasmid constructs capable of expressing the EGFP-VP3 fusion protein
required for later co-expression experiments. As described in chapter 2, two different
constructs capable of encoding EGFP-VP3 were successfully produced using two distinct
cloning techniques. By utilizing in-fusion cloning, EGFP-VP3 was successfully amplified and
then cloned into the pEAQ-HT plant expression vector without the need for restriction digestion
or any ligation reactions. By utilizing restriction digest-based cloning, EGFP-VP3 was

successfully sub-cloned from pEAQ-HT-EGFP-VP3 into the pRIC4.0 plant expression vector.

The second objective focussed on the production of CLPs encapsulating an EGFP cargo by
Agrobacterium-mediated transient co-expression of the EGFP-VP3 fusion protein and the
AHSV VP7 protein in N. benthamiana plants. As described in chapter 3, this study showed that
both the pEAQ-HT and pRICA4.0 constructs were suitable for production of EGFP-VP3, but the
PEAQ-HT-EGFP-VP3 construct emerged as a more viable option for achieving higher, longer-
lasting EGFP-VP3 expression levels. Moving on, the second objective of the study was
successfully achieved after co-expression of pEAQ-HT-EGFP-VP3 and pEAQ-HT-VP7
resulted in spontaneous formation of CLPs that successfully encapsulated EGFP. The CLPs
were successfully purified using density gradient ultracentrifugation and one was able to
immediately differentiate empty CLPs from those encapsulating EGFP by the colour of the
concentrated band of particles found near the 30-40% interface of the density gradient. This
confirmed the suitability of the pEAQ-HT vector series for facilitating production of well-
assembled AHSV CLPs that encapsulate a fluorescent cargo, as had been achieved using BTV
CLPs (Brillault et al., 2017).

The third objective of this study focussed on optimizing conditions for producing AHSV CLPs
that encapsulated EGFP. It was found that one could use the BTV extraction and purification
buffer used by Brillault et al, to increase the yield of purified AHSV CLPs encapsulating the
EGFP protein. Furthermore, this study showed how one can use an in-vivo imaging system to
determine quantitative expression levels of a fluorescent protein in infiltrated N. benthamiana
leaves and highlighted how one could potentially use this information to determine which
harvesting day may yield the greatest number of CLPs encapsulating the fluorescent cargo prior

to carrying out particle extraction and purification processes.
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The final objective of this study sought to determine whether purified AHSV CLPs
encapsulating EGFP could potentially bind to a human integrin receptor, avp3, by conducting
a solid-state binding assay. Unfortunately, this study was unable to definitively confirm
whether ‘EGFP CLPs’, interact with the avp3 receptor, as has been proven with BTV CLPs
encapsulating GFP. To ensure accurate and reliable solid-state binding assay results, the assay
could be repeated in the future using a black 96 well plate modified to enhance binding and
with a clear bottom so that detection of any EGFP fluorescence can be enhanced by using a
bottom-reading fluorescence microplate reader.

In terms of future work, it will be important to first repeat certain experiments, including the
fluorescent imaging of leaves using the IVIS® in-vivo imaging system and the solid-state
binding assay (both of which could only be performed once due to funding and time
constraints), to confirm the results of both these experiments. Thereafter, the potential of these
‘EGFP CLPs’ to successfully target and deliver their EGFP payload to cells can be
preliminarily investigated. This work would involve incubation of these particles with a cell
line previously established as a model for RGD-mediated targeting such as MCF-7, a human
breast adenocarcinoma cell line (Brillault et al., 2017). Confocal microscopy could then be
used to assess whether the particles are internalized by detecting for EGFP fluorescence. If
successful, this would open the possibility of using these particles for optical imaging
applications such as specific labelling of a desired cell or tissue and fluorescent signals could
also be used to determine in-vivo biodistribution patterns of these CLPs. Alternatively, once
the ability of these particles to target and internalize their payload within cells overexpressing
the avpB3 receptor has been proven, a therapeutic molecule could be encapsulated within the
AHSV CLP instead of the EGFP protein. By doing this, the ability of these particles to act as
drug delivery vehicles can be studied and this may potentially lead to more effective disease

treatment in the future such as an improved cancer treatment outcome.

To conclude, the work performed herein showed successful production of a nanoparticle
capable of encapsulating a foreign cargo molecule. This work is significant as successful
encapsulation is an essential step along the path towards development of a potential delivery
vehicle for diagnostic and/or therapeutic molecules. Specifically, this work showed how one
can utilize N. benthamiana as a heterologous expression system to produce AHSV CLPs

encapsulating a fluorescent protein, EGFP.
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Supplementary material

Supplementary table 1: Antibiotics required for the selection of plasmid constructs present in

E. coli and A. tumefaciens cells.

Plasmid Bacterial strain Antibiotics
pEGFP DH5a E. coli Ampicillin (100 ug/mL)
DH5a E. coli Kanamycin (50 ug/mL)
PEAQ-HT AGL-1 Kanamycin (50 ug/mL)
Carbenicillin (25 ug/mL)
DH5a E. coli Kanamycin (50 ug/mL)
pPEAQ-HT-VP3 Kanamycin (50 ug/mL)
AGL-1 Carbenicillin (25 ug/mL)
Kanamycin (50 ug/mL)
pEAQ-HT-VP7 AGL-1 Carbenicillin (25 ug/mL)
pUC19 DH5a E. coli Ampicillin (100 ug/mL)
DH5a E. coli Kanamycin (50 ug/mL)
pEAQ-HT-EGFP-VP3 Kanamycin (50 ug/mL)
AGL-1 Carbenicillin (25 ug/mL)
DH5a E. coli Ampicillin (100 ug/mL)

PRIC4.0

GV3101::pMP90RK

Rifampicin (50 pg/mL)
Kanamycin (30 pg/mL)
Carbenicillin (50 pg/mL)

pRIC4.0-EGFP-VP3

DH5a E. coli

Ampicillin (100 ug/mL)

GV3101::pMP90RK

Rifampicin (50 pg/mL)
Kanamycin (30 pg/mL)
Carbenicillin (50 pg/mL)
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