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Summary

Summary

Plants are an attractive alternative to mammalian and microbial cell culture systems
as a potential production platform for recombinant proteins. Apart from avoiding
ethical problems associated with transgenic animals, plant systems have various
advantages such as low cultivation/production costs, ease of scalability via standard
agricultural practices, the possibility of using edible plant material expressing
therapeutics (e.g. vaccines) as food or animal feed, and of using whole plants for
bioremediation purposes. The use of plants also reduces the risk of product

contamination by mammalian viruses, blood-borne pathogens, and bacterial toxins.

The primary aim of this thesis was to explore strategies aimed at increasing the
accumulation and yield of antibody fragments in Nicotiana benthamiana and N.
tabacum. The antibody fragments of interests included human single-chain variable
fragments (scFvs) derived from conventional immunoglobulin G (IgG), and heavy-
chain variable fragments (VHHs or nanobodies) derived from Camelid heavy chain-
only antibodies (HCAbs). VHHs are especially suitable for many biotechnological
applications due to their small size, monomeric behaviour, high stability and

solubility, and their ability to bind epitopes not accessible to conventional antibodies.

We investigated transient expression of scFvs and VHHs in N. benthamiana using
‘deconstructed virus’-based transient expression vectors. Initially, two versions of a
human anti B-galactosidase scFv and three versions of a camel anti-hen egg white
lysozyme (HEWL) VHH were expressed. The anti B-galactosidase scFvs include the
original scFv and a mutant selected to fold correctly and accumulate at a high level
in the reducing environment of the bacterial cytoplasm. The anti-HEWL nanobodies
included the original VHH from an immunized library (cAbLys3), a plant codon-
optimized derivative, and a codon-optimized hybrid nanobody comprising the CDRs
of cAbLys3 grafted onto an alternative ‘universal’ VHH framework. Both 6xHis- and
Strep-tagged derivatives of each scFv and VHH were expressed in different
subcellular compartments, including the cytoplasm, chloroplast, apoplast and ER

using different targeting pre-sequences.

We found that antibody fragment tertiary structure had a major impact not only on
protein accumulation and overall yield, but also on the subcellular compartment in
which fragment showed the highest accumulation. For example, overall

accumulation and vyield of the mutant anti-B-galactosidase scFv was greater

XV



Summary

compared with its wild-type counterpart. Moreover, the two scFvs accumulated
most highly in different subcellular compartments: the mutant in the cytoplasm, the
wild-type when targeted to chloroplasts. For the anti-HEWL nanobodies, intact
functional protein accumulated at an exceptionally high level (up to 30% total leaf
protein) when the original VHH framework was replaced with the alternative
‘universal’ framework. Fusion of this hybrid VHH with GFP changed the subcellular
compartment in which it showed the highest accumulation from apoplast to
cytoplasm. Also, different purification tags affected the accumulation and the
integrity of the VHHs. On the other hand, when the yield of the plant codon-
optimized VHH construct was compared with that of the original mammalian codon

version, no increase in protein accumulation was observed.

Subsequently, it was found that the use of the ‘universal’ framework increased the
accumulation of two other nanobodies (anti-PSA and anti-RNase A VHHs), relative
to their original-framework counterparts. This was observed not only when different
transient expression vectors were used to direct their expression in planta, but also
when the constructs were expressed in E. coli. In addition, 6 anti-HEWL nanobody
chimeras were constructed that contained different combinations of framework
regions (FRs) from the ‘universal’ and the native VHH framework. When transiently
expressed in N. benthamiana, the 6 chimeras showed different levels of

accumulation and differential susceptibility to proteolytic degradation.

Finally, investigations aimed at achieving stable expression of apoplast-targeted
anti-HEWL nanobodies (both with the native and the ‘universal’ FRs) in N. tabacum
and N. benthamiana are described. Several strategies were evaluated, including the
use of different promoters (CaMV35S and rbcS promoters), the inclusion of an
intron in the coding region, and the use of 5’ and 3’ untranslated region (UTRS)

from Tobacco Mosaic Virus (TMV) and Cowpea Mosaic Virus (CPMV).
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Chapter 1

Chapter 1. General Introduction

1.1 Antibodies

Antibodies are immunoglobulins produced by B lymphocytes of the vertebrate
immune system. They participate in the recognition and elimination of non-self
antigens by binding to unique molecular epitopes on antigenic proteins,
glycoproteins, carbohydrates and lipids. Antigens that have been coated with
antibodies are marked for destruction by effector cells of the immune system
(Janeway et al., 2001).

The main antibody isotypes found in mammalian serum are IgG, IgA, IgM, IgD and
IgE. Of these, IgG is the most common type (Figure 1.1). It consists of two pairs of
identical polypeptides, the heavy and light chains. Each heavy chain consists of 4
domains: 3 constant domains (CH) and 1 variable domain (VH). The two heavy
chains join to form a ‘'Y’ shaped structure stabilized by disulphide bonds in the hinge
region (Woof and Burton, 2004). The two light chains, each comprising 1 constant
domain (CL) and 1 variable domain (VL), are connected to the ‘arms’ of the heavy
chain by disulphide bonds. The N-terminal ends of the ‘arms’ of the IgG molecule,
which contain the variable regions of both the heavy and the light chain, interact
with antigen epitopes via 3 Complementarity Determining Regions (CDRs), variable
loops present at the ends of each variable fragment. The variability of IgG is
achieved through the combination of different VH and VL domains. Therefore, each
variable region is bivalent and capable of recognizing two different antigen

molecules.

The ability of antibodies to recognize and bind an extraordinarily diverse array of
antigens with high specificity and affinity has generated intense interest in
exploiting them for biotechnological applications based on molecular recognition. As
a result, major advances in antibody selection, the engineering of smaller antigen
binding derivatives, and the development of recombinant expression systems have

been made during the past two decades.




Chapter 1

8 XWX

scFv Diabody

6. -

Fab

Conventional IgG

Figure 1.1 Schematic diagram depicting the structure of conventional IgG along
with derivatives including scFv, Fab and diabody. Variable heavy
domains (VH) are coloured in red, variable light domains (VL) are
coloured pink while constant domains (CH and CL) are coloured yellow
(adapted from Harmsen and De Haard, 2007). For each of these
formats, high affinity antigen binding requires both a VH and a VL

domain.
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1.2 IgG derivatives and their applications

Although the constant regions of IgG play a role in modulating immune responses,
they are not required for antigen recognition and can in some instances be
undesirable. Therefore, smaller derivatives of IgG which retain antigen binding
specificity have been engineered, firstly by removing the constant domains by
enzyme-mediated proteolysis, then later through the use of recombinant DNA
technology. Examples of IgG derivatives include monovalent fragments such as Fab
(Fragment, antigen binding), single-chain variable fragments (scFv) and single
variable VH and VL domains; and bivalent formats such as F(ab’)2 fragments,
diabodies and minibodies, as well as multivalent formats (Holliger and Hudson,
2005). Fabs contain the sequences distal to the hinge region while scFvs consist of
the VH and VL domains joined by a flexible peptide chain. These derivatives usually
show improved tissue penetration capabilities while retaining the specific antigen
binding affinity of the parent IgG (Wu and Senter, 2005)

Antibody fusion proteins can also be generated combining the antibody variable
domain with other antibodies to generate bispecific molecules (Hoffmann et al.,
2005; Schlereth et al., 2005) or with proteins such as toxins, biological response
modifiers or enzymes (Halin et al., 2002; Bang et al., 2005; Sharma et al., 2005).
It is therefore not surprising that recombinant antibodies and their derivatives are
increasingly being developed for use as imaging and diagnostic reagents (Wu and
Yazaki, 2000; Michalet et al., 2005; Wei et al., 2008), as therapeutic agents
(Adams and Weiner, 2005; Wu and Senter, 2005; Reichert and Valge-Archer, 2007),

and for many other biotechnological applications (Ziegler and Torrance, 2002).
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1.3 Heavy chain-only antibodies (HCAb) in the
antibody repertoire of Camelids

Almost 18 years ago, Hamers-Casterman et al. (1993) identified a unique class of
antibodies in the serum of members of the Camelidae family (camel, dromedary,
llama, alpaca and vicuna). These antibodies, called heavy chain-only antibodies
(HCADb), lack the light chain normally found in conventional antibodies. They also
lack the first constant heavy domain (CH1) which normally associates with the light
chain and to a lesser degree, interacts with the variable heavy (VH) domain (Figure
1.2). This is due to removal of the CH1 coding region caused by a point mutation at
the 5’ end of the CH1 hinge region (Nguyen et al., 1999). Thus HCAbs have lost the
ability to interact with light chains.

In camels, approximately half of the total IgG repertoire, which has a concentration
of approximately 5-10 mg/ml in serum, consists of HCAb (Hamers-Casterman et al.,
1993) while in llamas this number is lower (approximately 25-45%) (van der
Linden et al., 1999). Approximately 50 - 75% of the IgG repertoire comprises
conventional IgG, depending on the species. Nine y genes have been identified in
camels of which five are functional. These five genes code for distinct hinge regions
and are considered to correspond to distinct subclasses. A similar pattern was also
found for llamas (De Genst et al., 2006). At the protein level, Hamers-Casterman et
al. (1993) divided the IgG in camels into three different subclasses based on their
molecular weight and differential binding to protein A and protein G affinity columns.
The IgG1 fraction consists of conventional antibodies while the IgG2 and IgG3
fractions contain HCAb which binds to protein A (IgG2) or both protein A and G

(IgG3).
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CCeHD
EP

Conventional IgG Heavy chain IgG

Figure 1.2 Differences between conventional antibodies and HCAbs. Variable heavy
domains (VH and VHH) are coloured in red, variable light domains (VL)
are coloured pink while constant domains (CH and CL) are coloured
yellow (adapted from Harmsen and De Haard, 2007). While high
affinity antigen binding by conventional IgG requires a VH and a VL
domain, HCAbs bind antigens via a single VHH domain.
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1.4 Heavy chain-only variable fragment (VHH)

The minimal antigen binding site of a HCAb consists of a single domain variable
fragment (VHH), also known as a nanobody. Nanobodies have a molecular weight
of 14-15 kDa and a structure that is highly similar to the human family III VH
domain (Muyldermans et al., 1994; Nguyen et al., 2000). Similar to VH, nanobodies
possess four Framework Regions (FRs) that form a B-barrel core or scaffold as well
as three Complementarity Determining Regions (CDRs) which are involved in
antigen recognition and binding (please refer to Section 5.1 for detailed
explanations of the structure of VHHs). Camel VHHs can be subdivided into 7
subclasses (VHH1, VHH2 etc) based on the presence/absence, and the position of a
cysteine residue in CDR1 as well as the presence of certain amino acid sequences in
their framework regions (Nguyen et al., 1998; Harmsen et a/., 2000; Nguyen et al.,
2000). VHH2 is the most frequently occurring of the seven VHH subclasses
accounting for 75% of all isolated VHHs (Nguyen et a/., 2000). For llama, different

subfamily divisions are in place (Harmsen et al., 2000; Achour et al., 2008).

1.5 Advantages of Camel VHH antibodies

VHHs have several advantages over their conventional VH counterparts (De Genst
et al., 2006; Harmsen and De Haard, 2007). Firstly, they are smaller (215 kDa)
compared to scFvs (=30 kDa), Fab fragments (260 kDa) and whole IgG (=150
kDa). This advantage, coupled with an extended and highly flexible CDR3, enables
VHHs to reach antigenic sites inaccessible to conventional antibodies (Lauwereys et
al., 1998; Stijlemans et al., 2004; De Genst et al., 2006). Nanobodies are also
more soluble due to their hallmark substitutions, as shown by Davies and
Riechmann (1994), who observed an increase in solubility when these hallmark
residues were grafted onto conventional VH. Furthermore, hydrophobic patches of
the VH-VL interface equivalent are shielded by the CDR3. This, together with the
increased solubility, renders the VHHs more homogeneous and less prone to
aggregation. Hence, VHH display strict monomeric behaviour unlike VH derivatives
which tend to aggregate (Ward et al., 1989).

Another important additional advantage of VHHs is the ease with which they can be
obtained. Genes encoding VHH can be easily obtained from immunized camels (or

llamas or alpacas) by amplifying the VHH gene repertoire using specific primers,
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cloning the genes into phagemid vectors and selecting antigen-specific VHH via
phage display technology. VHH libraries from immunized camelids retain full
functional diversity since they have been matured /in vivo against the antigen. In
contrast, conventional libraries lose their diversity due to reshuffling of the VL and
VH domains during the construction of the library (De Genst et al., 2006). Also,
their single domain nature and small size eases genetic manipulation, and antibody
diversity can be generated through gene variations instead of through the
combination of light and heavy chains. It also enables the generation of multivalent
formats (Figure 1.3) to increase avidity or to produce bispecific antibodies
(Coppieters et al., 2006; Roovers et al., 2007).

VHHs have been found be very stable and can retain their functionality at high
temperatures (up to 70°C) (Goldman et al., 2006; Ladenson et al., 2006), following
exposure to high temperatures (Perez et al., 2001), in the presence of denaturants
such as sodium dodecyl sulphate, urea and guanidine-HCI (Dolk et a/., 2005), and
even in the protease-rich, pH-extreme environment of the gastrointestinal tract
(Harmsen et al., 2006; Harmsen and De Haard, 2007; Winichayakul et a/., 2009).
Their single domain nature means that they only need to refold in order to

reacquire functionality.

From an immunotheraputic perspective, VHH exhibit low immunogenicity because
they share a high degree of sequence similarity with the homologous human VH
framework (Harmsen and De Haard, 2007). Their small size, enhanced stability and
strictly monomeric behaviour facilitate efficient penetration of tissues, conferring in
certain cases the ability to cross the blood-brain barrier (Muruganandam et al.,
2002). However, their small size also results in rapid renal clearance and, in
consequence, a reduced half-life in the blood stream measure in hours, unlike
conventional antibodies which can persist for weeks (Harmsen et al., 2005).
Fortunately, this potentially disadvantageous trait can be ameliorated by increasing
their size by, for example, engineering multivalent formats (Hmila et al., 2008) or
by fusing nanobodies to various effector molecules (Cortez-Retamozo et al., 2004;
Harmsen et al., 2005).
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VHH (Nanobody®)

Pentabody

Figure 1.3 Derivatives of HCADb inciuding VHH (nanobody), bivalent VHH and
pentabody. VHH domains are coloured red (adapted from Harmsen
and De Haard, 2007).




Chapter 1

1.6 Applications of Camel VHH antibodies

Given their unique properties, VHHs have been developed for various
biotechnological, diagnostic and therapeutical applications, either as single units or
in bivalent or multivalent formats (Saerens et al., 2008). For example, they can be
used as capture agents for immunoaffinity purification (Verheesen et a/., 2003).
Rothbauer et al. (2008) fused an anti-GFP VHH to a monovalent matrix which
allows for fast and efficient isolation of /in vivo-expressed GFP fusion proteins and
their interacting factors for biochemical and proteomic analyses. Schornack et al.
(2009) found that such fusion proteins can also be used in plants to mislocalize or
‘trap’ a protein of interest in the plant cytosol, thereby altering its accumulation

profile, and ultimately the phenotype mediated by the protein of interest.

The small size and highly specific binding of VHH also makes them excellent probes
for recognizing biomarkers in proteomic studies (Saerens et al., 2008).
Pleschberger et al. (2004) developed a prostate-specific antigen assay by using a
VHH fusion protein to generate a nanopatterned sensing layer to enable the
detection of prostate-specific antigen by surface plasmon resonance technology.
Others, such as Omidfar et al. (2004) and Gottlin et al. (2009), explored the use of
VHHs in tumour imaging and diagnostics through the use of a VHH recognizing
Epidermal Growth Factor Receptor (EGFR), a protein that is normally overexpressed

or mutated in a high percentage of cancers.

The fact that VHH can be stable even in the most extreme of conditions has not
been overlooked. Dolk et al. (2005) isolated a VHH that binds to a cell wall protein
of a dandruff-causing fungus even in the presence of shampoo detergents and is
stable in the presence of high urea concentrations. Ladenson et al. (2006) isolated
a thermostable, caffeine-specific llama VHH which can be used in a biosensor
application to analyse caffeine content in both hot and cold beverages. Several
VHHs have also been shown, in some instances, to be fully functional in the
reducing environment of the cytoplasm, thus making them attractive candidates as
intrabodies or as immunomodulators of enzyme function. Tanaka and Rabbitts
(2003) isolated a VHH against the oncogenic protein RAS and when transfected into
NIH3T3 cells, it inhibited mutant RAS-induced oncogenic transformation in the cells.
Serruys et al. (2009) isolated a VHH against the envelope protein of Hepatitis B
Virus (HBV) and when expressed and retained in the ER, it reduced the levels of

secreted Hepatitis B surface antigen particles both in vivo and in vitro. In plants,
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Jobling et al. (2003) demonstrated that VHH can be used for in vivo
immunomodulation of enzyme activity. In this case, the activity of potato starch
branching enzyme A (SBEA) was inhibited by the expression of an anti-SBE A VHH
targeted into tobacco chloroplasts and the level of inhibition was found to be more

efficient than antisense-RNA technology.

VHHs also have the potential to be used as therapeutics. For example, a camelid
anti-human lysozyme VHH was found to inhibit the formation of amyloid fibrils by
human lysozyme (Dumoulin et al., 2003; Chan et al., 2008). Baral et al. (2006) on
the other hand created a trivalent bispecific conjugate by fusing a VHH targeting
the conserved cryptic epitopes of African trypanosomes that cause sleeping
sickness, with human trypanolytic factor Tr-apoL-I which lyses most trypanosomes.
Treatment with this conjugate cured or alleviated acute and chronic trypanosome
infections in mice. Other conjugates of VHH with potential medicai applications
include a bivalent molecule consisting of both anti-human and anti-mouse Tumour
Necrosis Factor (TNF)-a with an anti-TNF VHH domain which was found to be 500
times more potent than monovalent molecules and the current antibodies used in

the treatment of rheumatoid arthritis (Coppieters et al., 2006).

Furthermore, Arbabi-Ghahroudi et al. (1997) isolated VHHs which bind to and
neutralize toxins from Clostridium tetani. Another group isolated an anti-HIV VHH
which neutralizes HIV-1 primary isolates of subtype B and C, thus inhibiting HIV-1
infection (Forsman et al., 2008). VHH has also the potential of being used in
passive immunotherapy. Pant et al. (2006) expressed a VHH which neutralizes
diarrhoea-inducing rotavirus on the surface of lactobacilli and it was found that oral
administration of the lactobacilli shortened the disease duration, severity and viral
load in mouse. VHH also can be used as a prophylactic against dental caries. Krliger
et al. (2006) isolated a llama VHH against Streptococcus mutans and its daily

administration significantly reduced the development of smooth surface cavities.

10
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1.7 The search for a ‘universal’ VHH framework and
the ‘humanization’ of VHH

It has always been the goal of antibody engineering to minimize the size of antigen-
binding molecules. Hence the reduction of multidomain proteins such as monoclonal
IgG or HCAb to minimal sized fragments that retain sufficiently high antigen
specificity and affinity such as scFv and VH. Additional desired criteria include
increased shelf-life and functionality even after exposure to harsh environments
such as high concentrations of denaturant (e.g. after regeneration of biosensors),
elevated pH (e.g. in the stomach or in the reducing environment of the cell
cytoplasm) or elevated temperatures. In the case of nanobodies, Saerens et al.
(2005) identified a highly stable VHH framework which they propose as a ‘universal’
scaffold onto which novel antigen-binding specificities can be grafted via CDR loop

exchange (please refer to Section 4.1 for details).

‘Humanization’ of camelid-specific amino acid sequences in the framework regions
to their human VH equivalents is a likely required step if camel antibodies are to be
accepted as human therapeutics. Vincke et al. (2009) assessed the biochemical
properties of several VHHs after the humanization process. They chose cAbBCII1O0,
the scaffold Saerens et al. (2005) found to have the greatest potential as a
universal CDR graft acceptor and cABHulL6, an anti-human lysozyme VHH
(Dumoulin et al., 2002). They then demonstrated that conserved VHH residues at
positions 37 and 47 (Kabat numbering; Kabat et al., 1991) have a major impact on
the affinity of the VHH for its antigen due to repositioning of the CDR3 loop.
Surprisingly, humanizing the residues at positions 44 and 45 stabilized the VHH
without dramatically affecting solubility and antigen affinity. Moreover, the
substitution of 11 ‘non-human’ residues outside FR2 did not significantly affect the
antigen-binding capacity of the VHH but caused a decrease in expression, yield and
stability of the VHH. This is consistent with the finding that some of the substituted
residues were previously found to affect the stability of llama VHH fragments
(Tanha et al., 2002). However, humanization of residues 44 and 45 was sufficient
to compensate for this loss in stability. Furthermore, they successfully grafted the
CDRs of different VHHs onto the humanized framework of cAbBCII10 (h-
NbBCII10rg.s) resulting in transfer of the antigen specificity of the loop donor. This

showed that the scaffold could also be used as a humanized universal framework.

11
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1.8 Production platforms for derivatives of

conventional and Camel antibodies

Many different expression systems have been used to produce monoclonal
antibodies (mAbs) as well as other recombinant proteins used for diagnostic,
research and therapeutic applications. Single celled prokaryotes and yeast are the
most commonly used platforms. mAbs, for example, have been produced in
prokaryotic systems such as Escherichia coli (Martineau et al., 1998; Muliller-
Schiffmann et al., 2009). In fact, E. coli is the platform commonly used for the
production of antibody fragments lacking the Fc region which do not require N-
glycosylation (Andersen and Reilly, 2004; Arbabi-Ghahroudi et al., 2005).
Furthermore, mAbs have also been expressed in cell free systems (Hoffmann et al.,
2004; Galeffi et al., 2006), in yeasts such as Saccharomyces cerevisiae (Shusta et
al., 1998; Miller et al., 2005) and Pichia pastoris (Shi et al., 2003; Gurkhan et al.,
2004).

However, eukaryotic systems such as Chinese Hamster Ovary (CHO) cells,
baculovirus-infected insect cells, and transgenic plants or plant cell cultures are
increasingly being used as alternative production platforms because they are
capable of assembling complex proteins and, moreover, provide post-translational
modifications like glycosylation (Kamarck, 2006). Various mAbs, including scFvs
and VHHs, have been produced in eukaryotic systems including insects cells
(Kretzschmar et al., 1996; Johansson et al., 2007), fungi (Joosten et al., 2005),
cultured mammalian cells (Cardinale et al., 1998; Bazl et al., 2007; Braren et al.,
2007) and plants (Ma et al., 1995; Schouten et al., 1997, Fischer et al., 1999;
Ismaili et al., 2007; Van Droogenbroeck et al., 2007; Winichayakul et al., 2009;
Conrad and Floss, 2010; Conrad et al., 2011).

1.9 Transgenic plants as an expression platform

Plants have generated great interest as an attractive alternative to mammalian and
microbial cell culture platform for heterologous protein production (Twyman et al.,
2003; Bock, 2007). Apart from avoiding the ethical problems associated with
transgenic animals and the expense of mammalian cell culture systems, factors in

favour of using plants as a production system include low cultivation/production
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costs and the ease of scalability via standard agricultural practices. Other important
advantages include the greatly reduced risk of product contamination by
mammalian viruses, blood-borne pathogens, and bacterial toxins, since plants are
not hosts for the relevant organisms. Furthermore, plants are capable of
synthesizing correctly folded and assembled multimeric therapeutic proteins of
mammalian origin. In fact, plants have been found to be more suitable for
producing properly folded, active recombinant proteins compared to vyeast

(Saccharomyces cerevisiae) or Escherichia coli cells (Popescu et al., 2007).

In the past, the difference between the N-glycosylation patterns of proteins
produced by mammalian and plant cells raised the concern that plant-produced
therapeutics might elicit an undesirable immune response in humans. However,
Nicotiana benthamiana has been genetically modified to efficiently produce fully
functional proteins with human-like glycosylation patterns, thus solving a major
hurdle to using plant systems as a production platform (Strasser et al., 2008).
Furthermore, Vézina et al. (2009) successfully incorporated a chimeric human B1,4-
galactosyltransferase into a transient transformation vector and successfully
produced antibodies with human-like N-glycans at high levels and in a short time.
There is also the possibility of directly using edible plant material expressing
therapeutics (e.g. vaccines and prophylactics) as food or animal feed, hence
reducing downstream processing procedures (Walmsley and Arntzen, 2000; Mason
et al., 2002). Verma et al. (2010) bioencapsulated coagulation factor IX in tobacco
chloroplasts and showed that oral delivery of this protein effectively blocked
inhibitory antibody formation and ultimately eliminated fatal anaphylactic reactions
in Haemophilia B mice. Transgenic plants can also be generated for the purpose of
phytoremediation. In fact, recombinant tobacco plants expressing membrane-
bound or rhizosecreted antibodies against the environmental pollutant microcystin-
LR have been produced. Microcystin-LR can either be taken up by the plants and be
bound to the antibody fused to the plasma membrane (Barbi et a/., 2010) or the
antibodies can be secreted from the roots to the surrounding environment to bind
to the pollutant (Drake et al., 2010).

There are several established protocols for introducing a gene of interest (GOI) into
plants using either Agrobacterium or biolistic methods and it is possible to introduce
additional (and multiple) transgenes via sexual crosses (gene stacking; Halpin and
Boerjan, 2003). Transgenes introduced into plants typically encode proteins
responsible for either input traits or output traits. Input traits include drought,

herbicide or insect resistance, designed to improve the agronomic performance of
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the plant. Output traits, on the other hand, change the way the plants are
subsequently used. These include, for example, modification of nutritional value, as
has been achieved in the case of vitamin-enriched Golden rice (Ye et al., 2000;
Datta et al., 2003); biofuel production (Andrianov et al., 2010), and the production

of recombinant therapeutic proteins.

The production of recombinant proteins of diagnostic, therapeutic and
biotechnological interest has been extensively investigated in transgenic plants.
These include candidate vaccine antigens (Mason et al., 2002; Streatfield and
Howard, 2003; Pogrebnyak et al., 2005; Azhakanandam et al., 2007; McCabe et al.,
2008; Peters and Stoger, 2011); proteins providing prophylaxis against
organophosphorous nerve agents and pesticides (Geyer et al., 2010) and the
inhalation of anthrax spores (Wycoff et al., 2011); biopharmaceuticals such as
human serum albumin (Fernandez-San et al., 2003), human growth hormone
(Staub et al., 2000), and collagen (Merle et al., 2002); proteins for industrial uses
(Somerville and Dario Bonetta, 2001) such as silk-like proteins (Yang et al., 2005);
and antibodies. The latter include various antibody formats (please see Ma et al.,
2003; Schillberg et al., 2003; Ko and Koprowski, 2005; Conrad and Floss, 2010;
Peters and Stoger, 2011 for reviews ), such as full-length conventional IgG (Hiatt et
al., 1989; Ma et al., 1994) and sIgA antibodies (Hiatt et a/., 1989; Ma et al., 1995;
Voss et al., 1995), as well as scFvs (Fiedler et al., 1997; Fischer et al., 1999;
Schillberg et al., 2000; Van Droogenbroeck et al., 2007), Fabs (De Wilde et al.,
2002), and more recently, VHHs (Ismaili et al., 2007; Winichayakul et al., 2009).
However, it should be noted that in stably transformed plants, the expression levels
achieved for recombinant proteins encoded by nuclear transgenes do not, in

general, exceed 1-2% total soluble protein (tsp).

1.10 Plant tissue and cell culture

Plant tissue culture is the /in vitro multiplication and/or regeneration of plant tissues
under sterile conditions after the original organisms has been removed. This is
possible due to the totipotent nature of plant cells which can give rise to a whole
fertile plant without the loss of genetic information (Razdan, 2003). Through the in
vitro use of phytohormones, tissue explants can be induced to dedifferentiate,

forming callus tissues, which continue to propagate in this state. Sometimes, as in
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the case of Agrobacterium-mediated transformation, the callus tissues can be
redifferentiated to form whole plants by changing the ratio of the phytohormones
auxin and cytokinin.

There are several approaches which can be used for in vitro cultivation of plant cells
and tissues, including the generation and propagation of ‘hairy’ roots, shooty
teratomas, immobilized cells and cell suspension cultures (Hellwig et al., 2004). The
major focus tends to be on suspension cultures and hairy root cultures because
they are the most amendable to GMP procedures and can be cultivated easily in
large-scale bioreactors (Lee et al., 2004). Plant cell suspension cultures are
prepared by the agitation of friable callus tissue in shaker flasks or fermenters to
form single cell and small aggregate suspensions. The resulting cells suspensions
are grown in liquid culture medium containing the same hormones to promote rapid
growth and prevent redifferentiation. The most commonly used plants for protein
production by this route are tobacco, in particular the cell lines referred to as Bright
Yellow2 (BY2) (e.g. Fischer et al., 1999b; Fujiyama et al., 2007). Soybean (Hohl et
al., 1988) and tomato cell cultures (Kwon et al., 2003) have also been investigated.
Hairy root cultures on the other hand are generated by infection of leaf or shoot
material with Agrobacterium rhizogenes. This induces the production of genetically
transformed adventitious roots (so-called ‘hairy’ roots) which are capable of
unlimited propagation in hormone-free media without showing any further

differentiation into shoot/leaf tissues.

Plant cell cultures and hairy root cultures have been applied in many fields ranging
from molecular biology to crop improvement. They have also been used to produce
various recombinant proteins including mAbs and antibody fragments (Fischer et al.,
1999b; Ramirez et al., 2000; Semenyuk et al., 2003; Francesca and Lorenza,
2008), enzymes (Kurata et al., 1998; Verdelhan Des Molles et al., 1999; Huang et
al., 2002) as well as proteins of therapeutic value such as human interleukin (IL)
(Magnuson et al., 1998; Kwon et al., 2003b), human al-antitrypsin (Huang et al.,
2001) and human serum albumin (Sijmons et al., 1990). The recombinant protein
can be produced in suspension cultures either by using transgenic plants as the
initial starting material for callus generation, or by transforming wild-type cell
suspensions with the plasmid harbouring the GOI via Agrobacterium-mediated
transformation or particle bombardment. Then, the expressed protein can be

harvested from the culture biomass or culture medium or both.
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1.11 Strategies for gene expression

There are two general strategies for expressing a gene of interest (GOI) in plant
cells: expression via the production of stable transformants (generally referred to

as transgenic plants), or transient expression.

A GOI can be stably incorporated into the plant nuclear genome by Agrobacterium-
mediated delivery of T-DNA (Gelvin, 2003), by biolistics (Sanford, 1988; Sanford et
al., 1993), by polyethyleneglycol (PEG)-mediated gene transfer (Uchimiya et al.,
1986), electroporation of protoplasts and intact cells (Fromm et al., 1985; Lorz et
al., 1985; De la Pena et al., 1987; Arencibia et al., 1995), or by microinjection (De
la Pena et al., 1987). Integration of a GOI, delivered by biolistics or via PEG-
mediated transfer, into the chloroplast genome typically occurs via homologous
recombination between sequences flanking the GOI and the corresponding
endogenous sequences within the chloroplast. Stably transformed plants,
regenerated from the initially transformed cells, offer the advantage of stable
expression and inheritance of the GOI. Furthermore, crossing different transgenic
lines can be employed to combine or stack multiple transgenes in the same plant

(Halpin, 2005). Stable transformation is further discussed in Section 7.1.

In contrast, in the transient expression strategy the GOI is expressed for only a
short time period following its introduction into the cell and regeneration of whole
plants from the initially transformed cells is not pursued (Janssen and Gardner,
1990; Kapila et al., 1997). In this scenario, the GOI cannot be passed on to the
next generation. Transient expression methods are, however, easier and less costly
to use. Moreover, they also have a much faster timeline, measured in days rather
than months and also circumvent the problem of highly variable expression,
because expression of the GOI is not dependent on stable incorporation into the

plant genome.

The simplest strategy for transient expression consists of inserting the GOI, flanked
by appropriate 5’ and 3’ regulatory sequences, into the T-DNA of an Agrobacterium
Ti plasmid (for example Popescu et al., 2007). More sophisticated transient
expression vectors contain part or the entire genome of a plant RNA virus, such as
the tobamovirus Turnip Vein Clearing Virus (TVCV) or Tobacco mosaic virus (TMV),
or alternatively, Potato Virus X (PVX) (Chapman et al., 1992) or Cowpea Mosaic
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Virus (CPMV) (Sainsbury and Lomonossoff, 2008). The earliest viral vectors were
based on infectious cDNA clones of the wild-type viral genome delivered into the
plant by mechanical inoculation. The GOI was typically introduced as an additional
ORF into the viral genome or, alternatively, it replaced a viral gene such as that
encoding the coat protein (CP) (Scholthof et al., 1993; Scholthof et al., 1996).
Expression of the GOI was driven by the addition of an extra viral subgenomic
promoter (Dawson et al., 1989; Donson et al., 1991), or the GOI was expressed as
a translational fusion with the viral coat protein (Werner et al., 2006). These
various expression strategies are known as the ‘full virus’ strategy. Disadvantages
of using this approach, however, include size restrictions on the sequences that can
be inserted and are compatible with viability of the virus (Avesani et al., 2007), the
high mutation rate to which the GOI is subjected during the process of viral RNA
replication, and the tendency of the viral genome to delete the GOI (Dawson et al.,
1989).

The disadvantages of the ‘full virus’ vector strategy led to the development of novel
‘deconstructed virus’ strategies. Here the viral genome is ‘deconstructed’, leaving
only those genes required for expression of the GOI and amplification of the
corresponding mRNA transcript. The missing functions such as those controlling
initial infection of the host plant and DNA integration are replaced with non-viral
components. Instead of delivery of the GOI by virus-mediated infection,
Agrobacterium is used to deliver T-DNA containing the GOI flanked by regulatory
elements derived from the viral genome. Following T-DNA delivery, the transcribed
mRNA is able to self-replicate in the cytoplasm due to the presence of the viral
replicase complex. Therefore, these vectors not only take advantage of the
presence of the RNA-dependent RNA replication functions of the virus to further
amplify the initially transcribed mRNA, they also make use of the efficient manner
with which Agrobacterium transfer T-DNA into the plant host cell nucleus. Examples
of ‘deconstructed virus’ vectors include the tobamovirus-based ICON Genetics
system (Marillonnet et al., 2004; Gleba et al., 2007; please refer to Section 3.1 for
detailed explanation), the TMV RNA-based Overexpression (TRBO) vector (Lindbo,
2007) and the CPMV RNA2-based pEAQ-HT vector (Sainsbury and Lomonossoff,
2008; please refer to Section 6.1 for detailed explanations of TRBO and pEAQ-HT

vectors).
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1.12 Research aims and objectives

As discussed above, plants represent an attractive alternative to mammalian and
microbial cell culture systems as a potential production platform for recombinant

proteins, including antibodies.

The aim of the present study is to identify and investigate key factors influencing
the expression, yield, functionality, stability, and recovery of antibody fragments in
plants; specifically, murine scFv and camelid VHH (with major emphasis on the

latter).
The research programme will therefore investigate:

1. Gene-intrinsic factors: i.e. the effects of (i) codon optimization (ii) changes in

VHH framework regions, and (iii) purification tags.

2. The influence of the subcellular compartment in which the antibodies accumulate

i.e. cytoplasm, chloroplast, ER, and apoplast.

3. The use of an alternative ‘universal’ framework regions, derived from cAbBCII10
to increase the yield of VHHs in general; and the effects of individual framework

region changes on yield.

4. The use of different virus-based transient expression systems, as well as E. coli

expression system, for expression of VHHs in N. benthamiana.

5. The expression system: high-level transient expression systems vs. expression in

stable nuclear transformants.

6. Different strategies to improve expression in stable nuclear transformants: i.e. (i)
the use of different promoters, (ii) the inclusion of an intron, and (iii) the use of 5’
and 3’ untranslated regions (UTRs) from Tobacco Mosaic Virus (TMV) and Cowpea
Mosaic Virus (CPMV).
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Chapter 2. Materials and Methods

2.1 Expression vector modules

2.1.1 ICON Genetics system provector modules

The tobamovirus-based expression system developed by the biotechnology
company ICON Genetics (Marillonnet et al., 2004; Santi et al., 2006) for transient
expression of genes of interest (GOIs) comprises 3 separate components: 1) A 5’
provector module encoding the Turnip vein-clearing virus (TVCV) RNA-dependent
RNA polymerase gene (RdRP) driven by an Arabidopsis Actin2 promoter, the
crucifer-infecting strain of Tobacco mosaic virus (Cr-TMV) movement protein gene
(MP), subcellular targeting signals (for pICH8420 and pICH10530), a 5’ splice donor
site and half intron, and the phage C31 attP recombination site; 2) A 3’ provector
module consisting of an attB site, half intron and 3’ splice acceptor site, and a
Multiple Cloning Site (MCS); 3) An integrase expression vector encoding phage
PhiC31 integrase fused to a nuclear localizing signal (NLS) and driven by an
Arabidopsis heat shock protein Hsp81.1 promoter. The GOI is cloned into the MCS

of the 3’ provector module.

Figure 2.1 shows schematic diagrams of the provector constructs and the functions

of individual modules are summarized in Table 2.1.
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Chapter 2

2.1.2 The CPMV expression vector, pEAQ-HT

The Cowpea Mosaic Virus (CPMV)-based expression system pEAQ-HT (Sainsbury
and Lomonossoff, 2008) facilitates transient expression of a GOI. It comprises the
following components: 1) The 5’ untranslated region (UTR) of CPMV RNA-2 with a
U1610C mutation to remove an in-frame start codon upstream of the main start
codon at position 512. This region is known as the hypertranslatable (HT) leader
(Sainsbury and Lomonossoff, 2008); 2) A multiple cloning site (MCS) with a 6x His
tag; 3) The 3’ UTR of CPMV RNA-2. The whole cassette is driven by a Cauliflower
Mosaic Virus (CaMV) 35S promoter. In addition, pEAQ-HT contains an expression
cassette encoding Tomato Bushy Stunt Virus (TBSV) P19 protein, a potent
suppressor of RNA silencing (Voinnet et al., 2003). The P19 gene is flanked by a
CaMV35S promoter and CaMV35S terminator. Figure 2.2 shows a schematic
diagram of the pEAQ-HT vector.

2.1.3 TRBO expression vectors (pJL-TRBO)

The TMV-based expression system pJL-TRBO (Lindbo, 2007) also facilitates
transient expression of a GOI. It consists of: 1) A CaMV35S promoter driving
transcription of the TMV genome region encoding the RdARP and MP. The coat
protein (CP) gene has been deleted and the CP start codon mutated from ATG to
AGA; 2) A MCS with sites for the enzymes Pacl, Avrll, NotI was inserted at the end
of the MP; 3) A ribozyme gene and the CaMV 3’ polyA signal/transcription
terminator were placed immediately downstream of the MCS. The key features of

pJL-TRBO are shown in Figure 2.3.
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Chapter 2

2.2 scFvs and VHHs investigated

Two genes encoding human single chain variable fragment antibodies (scFvs) and 8
genes encoding camel heavy chain antibody fragments (VHHs) were investigated in

this study. The antibodies and their respective antigens are detailed in Table 2.2

2.2.1 Design and synthesis of CLDSyn and CBESyn

For CLDSyn and CBESyn, codon optimization was performed using the web-based
software GENEius Lite (Koehler and Wagner, 2007), using the sequences cAB-Lys3
(Arbabi-Ghahroudi et al., 1997) and cAbBCII10-L-L-L (Saerens et al., 2005) as a
basis for CLDSyn and CBESyn respectively. The codon usage frequencies for N.
benthamiana were obtained from the Codon Usage Database (Nakamura et al.,
2000). Any undesirable sequences such as rare codons, direct or indirect repeats,
potential hairpin structures, polyadenylation signals (AATGAA, AATAAA, AATAAT,
AATATT, AATTAA, GATAAA), destabilizing sequences (ATTTA), and 5' intron splice
signals (GTAAGT and GTACGT) were also removed. Priority was given to the
removal of rare unwanted sequences while maintaining codon diversity.
Furthermore, restriction sites were introduced into the gene sequence (3 for
CLDSyn and 4 for CBESyn) to facilitate subsequent manipulations. A His-tagged
version of both genes with an Ncol site at the 5' end and a BamHI site at the 3' end

were synthesized by Genscript, USA.

2.2.2 Design and synthesis of PS11, CPS, RN5 and CRN

The sequence of PS11 and RN5 are based on cAb-PSA11 and cAbRnO5 (Saerens et
al., 2005) respectively. On the other hand, CPS and CRN are based on cAbBCII10-
P-P-P and cAbBCII10-R-R-R (Saerens et al., 2005). The genes were optimized as
per Section 2.2.1 with the codons kept as close as possible to CLSynHS (for PS11
and RN5) or CBEHS (for CPS and CRN). Codons which are different from CLSynHS
and CBEHS were replaced with the most frequently used N. benthaminana codons
obtained from the Codon Usage Database (Nakamura et al., 2000) wherever
possible without introducing undesirable sequences. An Ncol site was added at the
5’ end while a 6xHis tail and a BamHI site were added at the 3’ end. The genes

were synthesized by Genscript, USA.
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Chapter 2

2.3 Cloning of GOIs into vectors for transient

expression

2.3.1 PCR amplification of GOIs

The scFvs and VHHs were amplified using the required forward and reverse primers
(as detailed in Table 2.3). The template was amplified using Pfu or Tag DNA
polymerase, 0.2 mM each dNTP, 1 uM forward and reverse primer and 10 ng
template. The PCR conditions included an initial denaturation step (2 minutes at
90°C), followed by 30 consecutive cycles comprising: denaturation (1 minute at
90°C), annealing (1 minute at 57°C) and elongation (45 seconds at 72°C); and a
final elongation (10 minutes at 72°C) step.
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Chapter 2

2.3.2 Cloning of synthetic genes into pICH11599

The synthetic genes CLDSyn, CBESyn, PSA, CPS, RN5 and CRN were designed to
include an Ncol site at the 5' end and a 6xHis-tag followed by a BamHI site at the
3' end. The genes were cloned into the Multiple Cloning Site of pICH11599 using
the Ncol and BamHI restriction sites following gel purification of the digested insert.
To make the corresponding Strep-tagged constructs, the synthetic genes were
amplified with the forward primer 5'-ATCCATGGACGTTCAGTTG-3" (Ncol site
underlined) and the reverse primer: 5'-GTAACAGTCTCTTCCGGCGCCGGTTGGT
CTCATCCTCAATTTGAAAAATGAGGATCCGCA-3' (BamHI site underlined).

2.3.3 Cloning of SEKDEL-tagged genes into pICH11599

Three different versions of SEKDEL-tagged CBESyn were made: 1) CBESyn with a
3" SEKDEL sequence (CBEKDEL); 2) CBESyn with a 5’ 6xHis tag and 3’ SEKDEL
sequence (HSCBEKDEL); 3) CBESyn with a 3’ 6xHis tag followed by the SEKDEL
sequence (CBEHSKDEL). Please refer to Figure 4.6 for a schematic diagram of the
different SEKDEL-tagged constructs.

All 3 constructs were amplified by PCR using pUC57-CBESyn as the template and
PCR conditions as detailed in Section 2.3.1. The respective forward and reverse
primers used to amplify the inserts are detailed in Table 2.4. For CBEKDEL and
HSCBEKDEL, the genes were cloned into the MCS of pICH11599 using the Ncol and
HindIII sites. For CBEHSKDEL, the PCR product was cloned into the gel-purified
NcoI-BamHI large vector-containing fragment of pICH11599 CBEKDEL.
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Chapter 2

2.3.4 Cloning of a CBESyn-GFP fusion construct into
pICH11599

A CBESyn-GFPST fusion construct (Figure 4.13) was created by fusing the synthetic
gene CBESyn via a free linker (FL) region to a gene coding for Strep-tagged Green
Fluorescent Protein (GFP). The free linker was added to the 3’ end of CBESyn by
amplifying pUC57 CBESynHS with the forward primer 5'-ATCCATGGACGTTCAGTTG-
3" and the reverse primer 5'-CAGGTAACAGTCTCTTCCACTAGTGGAGCTGGAG
CTGAATTCTA-3' (restriction sites Ncol, Spel and EcoRI, respectively, are underlined;
FL sequences are in italics). The amplified fragment was digested with Ncol and
EcoRI and cloned into a version of pICH11599 which already contained a gene

coding for the Strep-tagged GFP cloned into the EcoRI and BamHI sites.

2.3.5 Cloning of GOIs into the pEAQ-HT and pJL-TRBO vectors

CBESyn, PSA and CPS were cloned into pEAQ-HT (Sainsbury and Lomonossoff,
2008) and pJL-TRBO (Lindbo, 2007) transient expression vectors. For CBESyn, the
inserts were amplified using PCR conditions detailed in Section 2.3.1 with pUC19-
ApoCBE as the template. The vector pUC19-ApoCBE contains the CBESynHS gene
with a tobacco calreticulin apoplast-targeting presequence located at the 5’ end,
cloned into pUC19 (please refer to Section 2.4.2 for its construction). The
respective forward and reverse primers used to amplify the inserts are detailed in
Table 2.5.

For PSA and CPS, the genes were amplified using pUC57-PSAHS and pUC57-CPSHS
as the templates and the primers detailed in Table 2.5. The amplified fragments
were then cloned into pUC19 (Yanisch-Perron et al., 1985) using the restriction
sites HindIII and EcoRI. The constructs were subsequently digested with Agel and
Xhol (for cloning into pEAQ-HT) or PacI and NotI (for cloning into pJL-TRBO). The
digested fragments were gel-purified and cloned into pEAQ-HT or pJL-TRBO.
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Chapter 2

2.3.6 Swapping of framework regions between CLDSyn and
CBESyn

pUC57-CLDSynHS and pUC57-CBESynHS which contain VHH genes with flanking 5’
Ncol and 3" HindIII sites were digested with Xmal (internal site) and HindIII. The
longer fragments were gel-purified. Both constructs were also used as templates to
amplify 4 different inserts with either the forward primer CLD-FWC-for (5’
GCTCCCGGGAAGGAACGAGAGGGTGTTGCTGCA-3") or CBE-FWC-for (5'GCTCCCGGG
CAAGAACGAGAGGCTGTTGCTG-3") (Smal = Xmal sites underlined) and the reverse
primer FWC-rev (5'CATCAC CACTGATAAAAGCTTGCA-3") (HindIIl site underlined)
(detailed in Table 2.6). The inserts possess Framework Regions (FR) 2 and 3 of
either CLDSyn, CBESyn or a combination of both. The digested fragments were
ligated into the gel-purified pUC CLDSynHS or pUC CBESynHS vectors to create 6
chimeras which contain different permutations of FR1, FR2 and FR3 from CLDSyn
and CBESyn (please refer to Section 5.2.5 for a detailed explanation of the

chimeras).
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Chapter 2

2.4 Cloning of GOIs into stable transformation

vectors

2.4.1 Amplification of GOIs using DNA from leaves infiltrated
with ICON Genetics transient expression vectors

N. benthamiana leaves were infiltrated with a combination of Agrobacterium strains
harbouring the ICON Genetics vectors pICH10881, pICH8420 and either
pICH11599-CLDSyn or pICH11599-CBESyn (please refer to Section 2.5.1 for
detailed explanation of Agrobacterium transformation). DNA from 7 dpi leaves were
homogenized in liquid nitrogen and extracted with 1 volume of lysis buffer (0.1M
Tris-HCI, 50mM EDTA, 50mM NacCl, 2% SDS, 0.75% B-mercaptoethanol) followed
by phenol/chloroform and RNase treatments. The extracted DNA (100 ng/pl) was
boiled for 10 minutes, cooled on ice for 5 minutes and used as a template for
amplification of a Short Fragment (SF) and a Long Fragment (LF) containing either
CLDSyn or CBESyn (Please refer to Section 7.2.4 for detailed description of the

components of SF and LF).

The template was amplified using Platinum® Tag DNA polymerase High Fidelity
(Invitrogen, USA), 2 mM MgSOQO,, 0.2 mM of each dNTP, 1 pM forward and reverse
primer and 10 ng template. The primers used were the forward primer
5'CATGGATCCAACTCGAGAAACATGGCTACTCAA-3" (BamHI site underlined, ATG in
bold) and the reverse primer 5’CATCACCATCATCACCACTGATAACTCGAGCTCATA-3'
(Sacl site underlined; Stop codons in bold) for amplification of SF, while the
forward primer 5’'CATAGATCTGTCGATTCGGTTGCAGCATTT-3’ (BgIII site underlined)
and the reverse primer 5’ATCCTCCCTAACCCCGGGTAGGGGGAGCTCATA-3" (Sacl
site underlined) were used for amplification of LF. The PCR conditions included an
initial denaturation step (2 minutes at 94°C), followed by 30 consecutive cycles
comprising: denaturation (30 seconds at 94°C), annealing (30 seconds at 57°C) and

elongation (1 minute at 68°C); and a final elongation (10 minutes at 68°C) step.

The PCR product was digested with BamHI and Sacl for SF fragments or BglII and
Sacl for LF fragments. The fragments were cloned into pROK-219 (pUC19-based
vector containing CaMV35S promoter and Nos terminator; Baulcombe et a/., 1986)

digested with BamHI and Sacl. For pROK-219 containing SF inserts, the plasmid
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was digested with HindIII and EcoRI and the CaMV35S-SF-Nos fragment was
cloned into the binary vector pBINPLUS/ARS (Belknap et al., 2008). For pROK-219
containing LF inserts, the plasmid was digested separately with HindIII and KpnI as
well as Kpnl and EcoRI. A 1.3 kb [CaMV35S-5'LF-partial] fragment (from the
HindIII/Kpnl digest) and a 0.9 kb [3’partial LF-Nos] fragment (from the KpnI/EcoRI
digest) was gel purified and cloned into pBINPLUS/ARS by triple ligation.

2.4.2 Amplification of GOIs using mMRNA from Ileaves
infiltrated with ICON vectors

N. benthamiana leaves were infiltrated with a combination of Agrobacterium strains
harbouring the ICON Genetics vectors pICH10881, pICH8420 and pICH11599-
CBESyn (please refer to Section 2.5.1 for detailed explanation of Agrobacterium
transformation). Total RNA was isolated from 7dpi leaves by first homogenizing
samples to a powder in liquid nitrogen and then dispersing the powder in 1 volume
lysis buffer (0.1M Tris-HClI, 50mM EDTA, 50mM NaCl, 2% SDS, 0.75% B-
mercaptoethanol). The homogenate was extracted twice with buffer-saturated
phenol/chloroform and total RNA precipitated by addition of 0.5 volume 8 M LiCl
followed by incubation at -20°C for 30 min. The recovered RNA pellet was washed
with 75% ethanol, air-dried and re-suspended in 100 ul sterile water at 0.1 pg/ul.
SuperScript™ II Reverse Transcriptase (Invitrogen, USA) was used to synthesize
first strand cDNA according to the manufacturer’s instructions and the cDNA was
then amplified with the forward primer 5’°CGGGATCCAACATGGCTACTCAACGAAGG-
3’ (BamHI site underlined) and the reverse primer 5’CATCACCATCATCACCACTGAT
AActcgagCTCgcggccgcGAATTCATA-3" (Sacl and EcoRI  sites, respectively,
underlined; Stop codons in bold) using the conditions detailed in Section 2.3.1. The
amplified products were digested with BamHI and Sacl and cloned into pROK-219
or pROK-819 (pUC19-based vector with an rbcS promoter (the rbcS gene encodes
the small subunit of Rubisco) and the Nos terminator). The resulting constructs
were digested with HindIII and EcoRI and the released inserts cloned into the
binary vector pBINPLUS/ARS (Belknap et al., 2008).
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2.5 Plant growth and transformation

2.5.1 Transient transformation

For the ICON Genetics vectors, agroinfiltration was performed as described in
Marillonnet et al. (2004). Agrobacterium tumefaciens strain GV3101 transformed
with individual constructs harbouring the GOI was grown overnight in Luria-Bertani
(LB) broth, 0.02 mM acetosyringone, 0.01 mM MES and 100 pg/mL Rifampicin at
28°C. After the removal of the medium by centrifugation at 8,000 rpm, 10 min at
12°C, the pellet was resuspended in Infection Solution (IS) containing 0.1 mM
acetosyringone, 0.01 mM MES, 0.01 mM MgCl, and 100 pug/mL Rifampicin. The final
ODggo of the bacterial suspensions were adjusted to 0.8 using IS, and equal
volumes of the three constructs were mixed. Fully expanded leaves of 3.5-week-old
Nicotiana benthamiana plants grown in a greenhouse were infiltrated on the abaxial
side with 200 - 1000 pl bacterial suspension in IS using a 1 mL syringe (without a

needle). The plants were then<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>