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Chapter 1

General introduction

Recombinant DNA technology has gained an enormopsict in both science and society
leading to the generation of genetically modifiedamisms and opening new possibilities
for agriculture and for the growing biotechnologydustry. Plant biotechnology largely

harnessed the rapid spread of transgenic techndiGggtle et al., 2006; Christou and
Whitelaw, 2000). Only a few decades has passece dine first transgenic plant was
generated and currently in many countries the maskiiéled with transgenic plant-derived

products, despite serious concern from severabragiioups and part of the general public
(Castle et al., 2006; Raney, 2006; Stewart and &fgl2005).

Other areas also witnessed a rapid progress duectimbinant DNA technology, in
particular the pharmaceutical industry, althougds levidenced by the media and the public
in general. Recombinant DNA technology allowed #wtopic production of proteins of
different organisms leading to the production aforebinant proteins in large cultures of
bacteria, yeast and mammalian cells. Before beindyzed as recombinant protein, these
products were often obtained from their naturalreesl (Somerville and Bonetta, 2001),
albeit at higher costs and with more effort. Thetdbation of using recombinant DNA
technology was to make their production viablehesitechnically or economically.

Proteins currently produced by the biopharmacelitichustry include antigens, to be used
as subunit vaccines; antibodies, for therapeutid diagnostic application; hormones,
cytokines and many other proteins of medical ougtdal application (Ma et al., 2005b).
Expression of recombinant proteins in plants is #mactive alternative, presenting a
number of advantages over the commonly used expresgstems based on animal cells,
yeast or bacteria. Lower production costs, easyeagal and reduced risk of pathogen
contamination are some of these advantages (Figtlar, 2004; Hood et al., 2002; Ma et
al., 2005a). Despite the economical advantagesttandavide possibilities for plant-based
products, there are some major limitations that stimain to be solved. One such
limitation is the expression level of the foreigrotein that frequently is too low to become
viable for commercial productions or to be usedaasoral vaccine. The other major
problem is the post-translation modifications ofamil produced proteins that can
substantially differ from animal produced proteins.

This Chapter intends to give an overview on the afgglants as a source of recombinant
proteins of medical, veterinary or industrial iretst; which is the subject of this thesis. The
plant transformation and gene expression techniquesiescribed, as are the advantages
and limitation of using plants as protein expresssystems. Rather than describe each
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particular case in detail, the basic principleg fermeate this promising and exciting field
are presented.

Plant transformation: transient and stable generegpion

The expression of a heterologous gene in a plahtaelbe transient or stable. In transient
expression the foreign gene is expressed only fewadays after being introduced into the
cell, and does not get integrated in the genomestdble expression the foreign gene is
integrated in the genome and will be passed tptbgeny (Sharma et al., 2005).

The choice for an expression system for recombipestein production in plants depends
largely on the aim and the scale of the projectn@éa and Wright, 1999; Sharma et al.,
2005) (Figure 1). In that way, transient expressi@y be useful for research, for validating
a technology or for small scale production of reborant proteins. For large scale-
production, however, a transgenic plant system b&ynore convenient, but will require
longer periods for development and optimization tefsue culture, selection and
transformation conditions (Horn et al., 2004; Twymeat al., 2003). Further aspects of
stable and transient expression systems in thexbot recombinant protein production are
discussed below.

Stable expression of a foreign gene involves thedyction of transgenic plants or
transgenic cell cultures. The method used for pteamisformation will depend on the
species, due mainly to technical aspects (HansdriWaight, 1999; Sharma et al., 2005)
Most transformation methods involve nuclear tranmsfation, although the transformation
of chloroplasts is also possible for some species.

Transformation methods can be classified in “inditeansformation”, where gene transfer
is mediated byAgrobacterium tumefaciensor “direct transformation”, where different
techniques, such as particle bombardment or efemtation of protoplasts (Sharma et al.,
2005) are used to physically introduced “naked” DiNto the plant cell (Figurel).

Agrobacteriummediated transformation may be the choice forrgelamumber of species
for which well established protocols are availafifansen and Wright, 1999). For some
species, however, particularly important crops likaize and soybean, transformation
through particle bombardment is usually employerh{@o et al., 2000).

The gene delivery method can influence the integmapattern of the transgene in the
nucleus, and higher number of copies and rearraagesnare more frequently observed
when a direct transformation method is used (Maktnte et al., 2003). The integration

pattern can affect expression level (generallyrreteto as “position effect”), as well as

factors such as transcriptional gene silencing BJADnethylation or post-transcriptional

gene silencing (Hansen and Wright, 1999; Sharmal.et2005). As a consequence,
regardless of the method of transformation emplpgetensive analysis of the transgenic
plants and their progeny are needed to select 8rpsessing high levels of the transgene
(Hansen and Wright, 1999; Hood et al., 2002). Tiitée process may take many years and
large investments. Despite all these hurdles, aemsful transgenic line can produce
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recombinant protein to levels that are commercialigble. The first plant-made
recombinant proteins to reach commercial scaledimvip-glucuronidase (GUS) and
trypsin, are produced in maize seeds to levelsivgrfyom 20% of the total soluble protein
(TSP) for avidin, a diagnostic reagent, to 0.5% T8P GUS and trypsin, which are
enzymes for technical and industrial use (Evangeéstl., 1998; Hood et al., 2002).

Gene cloning
—— C-terminal signal (subcellular targeting)
-terminal signa _’ ' eptide
[ERITE Target gene (KDEL?vgcuole etc.)
Expression

= = Stable expression system
| Transient expression | (nuclear transformation)

Viral ATTA Agrobacterium- Particle
mediated transformation bombardment

* \ ‘ * Gene transfer
In vitro transcripts | ATTA / Agroinoculation | T|sz:(|ae(c:zgtr:re /

(mechanical inoculation)

* * * several months

| Systemic infection |¢ | Inoculated | Putative transgenic

’ plants in vitro (RO) ‘
1—2weeks\ ' 4 -7 davs
Analysis of gene expression /

protein purification W several weeks
¥

Analysis

Figure 1. Flow chart for setting up the expressiba foreign gene for recombinant protein
production in plants. Arrows indicate the choicesl ateps involved along the four main
stages of the process (grey scale).
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An alternative approach for high-level gene expogssis the transformation of
chloroplasts. This technology uses particle bombardnio deliver the foreign DNA
containing flanking regions for homologous reconaltion within the chloroplast genome
(Svab and Maliga, 1993). Because the chloroplasbige is present in high copy numbers
per chloroplast, which in turn are present in langenber per cell, transplastomic plants
potentially can express very high levels of foregigatein (Daniell et al., 2005; Staub et al.,
2000). This promising technology is being establishe routine in tobacco and is being
developed for other species (Daniell et al., 208f)ough it is a promising technology for
high-level protein production, chloroplast expressis limited to proteins that do not
require post-translational modification for thainttionality (Sharma et al., 2005).

Besides stable gene expression from transgenramslastomic plants, a foreign gene can
also be expressed transiently. Gene transfer tggbsiare essentially the same as for
obtaining transgenic plants, but in general trartsigne expression peaks a few days after
the target gene is introduced into a cell. Transexpression systems circumvent some
limitations of stably transformed transgenic iratiln to the variation in expression due to
chromosomal position effect, and transcriptionahegyesilencing (Morrel et al., 2000).
Transient expression systems are also typicallydadthandy, as gene expression can be
analyzed 2-4 days after DNA or RNA is transferredthe plant cell. Usually the gene
constructs are small bacterial cloning vectors joled with eukaryotic transcription
regulation signals, thereby making cloning lessotadus. Techniques such as particle
bombardment and transformation of protoplasts Hmeen extensively used for studies on
gene expression analysis, intracellular proteigeting, and many other aspects of plant
biology (Hansen and Wright, 1999). Although higlidegene expression can be obtained,
the relatively low number of cells that can be sfanmed does not make these methods
suitable for the production of industrial scaleambinant proteins.

As noted aboveAgrobacterium tumefacieris largely used for stable transformation and
generation of transgenic plants. In recent yeapsyeer, a transient assay basedAon
tumefaciensnediated gene transfer has been developed biratifilg bacterial suspensions
carrying binary vectors expressing the target getteintact leaves of a plant. This system,
known as the Agrobacterium tumefaciensransient assay” (ATTA), combines the
simplicity and high efficiency of gene transfer Agrobacteriumwith the advantages of a
transient assay (Voinnet et al., 2003; Yang et241Q0). Whole leaves or even the whole
aerial part of a plant can be infiltrated usingyarge or partial vacuum. The infiltrated
tissue can be collected and analyzed after 3-6.dAgsa large number of cells is
transformed and may express the foreign genentkihod is considered to be viable for
small to medium scale production of recombinantgins (Fischer et al., 1999).

Yet another approach for gene expression in plente use plant viruses as episomal
vectors that are able to amplify and spread thrailnghinoculated plant (Awram et al.,
2002; Scholthof et al., 1996). As for the othernsiant expression systems, a gene
expressed from viral vectors is not heritable.Hase systems, expression of the foreign
gene is not restricted to a few cells, but may agptarough extensive areas of an inoculated
plant, making it an attractive approach for thedpieiion of recombinant proteins in plants
(Awram et al., 2002; Canizares et al., 2005; Stiodlet al., 2002). Viral vectors are also
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useful tools for gene function analysis, throughracess known as “virus induced gene
silencing” (VIGS) (Burch-Smith et al., 2004; Lu dt, 2003; Ratcliff et al., 2001; Watson
et al., 2005). Further details of viral vector-lth®xpression of heterologous proteins in
plants are discussed in the next section.

Viral vectors

During their systemic infection of host plants,uges often produce a large number of
genome copies, as well as high titers of some efr tancoded proteins. They do not
integrate into the host genome and, thereforebeatonsidered as natural episomal vectors
(Scholthof et al., 1996). The possibility of mangtirig the viral genoman vitro allowed

the exploitation of viruses as vectors for expmagdoreign genes, taking advantage of the
fact that a huge amplification of the inserted geawe be achieved (Scholthof et al., 1996).

The genome of most plant viruses consists of (onmane molecules of) positive-sense
RNA. Forin vitro manipulations, their genome must be cloned as cliA#quist et al.,
1984). DNA viruses (i.e. gemini- and caulimovirysesn be cloned directly, also
generating infectious clones. The conversion oftéinget virus into an expression vector
can be done by replacing a viral gene that is as¢mtial for replication or movement (e.g.
a transmission factor) with the foreign gene. Thiategy, resulting in replacement vectors,
is usually required for viruses of which the genosiee constrains viral encapsidation or
viral movement. The most commonly used approachgkiew is to insert the foreign gene
into an intact viral genome (insertional vectorheTforeign sequence is inserted after a
duplicated coat protein promoter and expressed fanseparate subgenomic RNA
(sgRNA).

Infectious recombinant virus can be inoculatedatliyeas DNA or as RNA transcript. An
infectious cDNA copy can also be cloned in a binaegtor for Agrobacteriuramediated
transformation (agroinoculation) (Jones et al., 999 this scenario, the viral vector is
cloned in a binary vector containing the require®NA left and right borders and a
promoter sequence in front of the viral cDNA. Origeculated, the recombinant virus
carrying the foreign sequence will be expressegasitive strand RNA and replicated,
transported and encapsidated using viral genesngaslty as the corresponding wilt type
virus.

Most plant virus-derived vectors will rapidly regdite, move from cell-cell and spread
systemically. Hence, foreign proteins can alreaedyelxtracted after a few days from
inoculated leaves, and after 1-2 weeks from syst@liyi infected leaves. Compared to
other transient gene expression methods, the esipresevel is maintained for longer
periods, due to the elevated number of transcaipthe virus replicates and moves spreads
throughout the plant (Chapman et al., 1992; Twyntaai. £2005).

Viral vectors also present several limitations dighdvantages. As a transient expression
system, viral vectors are not integrated into taeagne and must be repeatedly inoculated
so that infected plants can express the desireteiproThat implies extra work for
inoculation and a need for a supply of plants slétéor being efficiently infected (Awram
et al., 2002; Pogue et al., 2002; Scholthof et24lQ2). Some viral vectors, like the PVX
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vector, have a limited host range. The choice lierost is an important aspect, as many
Solanaceaespecies, commonly used as host for PVX and TMV riatein alkaloids that
may hamper the use of the infected plants as raweriabfor feeding as an oral vaccine, for
example (Awram et al., 2002). The use of viral gestcan also raise serious concerns for
biosafety, for the risk of a spreading of the tgere to the environment (Greene and
Allison, 1994; Pogue et al., 2002).

The main limitation for viral vectors, however, teetinstability of the inserted sequence
(Dawson et al., 1989; Donson et al., 1991; Poguw#.e2002). During replication, deletion
mutants may arise as a result of non homologousmbimation within the inserted
sequence. Moreover, as the cargo sequence is sehted for viral replication and
movement, these mutants will replicate and movéefasstanding higher chances of
establishing systemic infection. The result is aaptystemically infected with virus that do
not harbor the (intact) foreign sequence and, apresgtly, will not produce any
recombinant protein (Pogue et al., 2002). The sfzth@ inserted sequence has a direct
relation to this instability, as longer inserts ar®re rapidly deleted. Although this
instability is a major limitation for foreign pradte production, it may also increase the
biosafety as the recombinant virus is less fit ttenwild type.

Several viral vectors have been developed ovepd#st years, broadening the options for
hosts and applications (Table 1) (Awram et al., 20B82r recombinant protein production
vectors based on Potato virus X (PVX) and, pariidy] Tobacco mosaic virus (TMV),
have been the most commonly used (Table 1) (Awraml.e2002; Pogue et al., 2002;
Scholthof et al., 2002). Both are based on theriioge of a promoter sequence and
restriction sites for the foreign sequence thatasscribed as an additional subgenomic
promoter (Figure 2).

The use of TMV as a vector for foreign protein expi@s was first reported by Dawson et
al. (1989). However, as this first designed vectmtained a duplication of the TMV coat
protein promoter it was unstable, readily losing timserted foreign sequence, most
probably by homologous recombination (Dawson et1&l89). In a later version, the TMV
coat protein gene and its promoter were substitbtethose of Odontoglossum ringspot
virus (ORSV) a relatedobamovirus the resulting hybrid vector (named TB-2) being
significantly more stable coinciding with highewréds of foreign gene expression (Donson
et al., 1991). Subsequently, promoter and coaepraequences form other tobamoviruses
were tested and a hybrid vector (hamed 30B) contgitne coat protein from Tomato mild
green mosaic virus (TMGMV) was found to be the naiable and efficient for foreign
protein expression (Shivprasad et al., 1999). leurttlevelopment of the TMV-based
vectors followed different approaches, either toréase viral spreading through DNA
shuffling of the movement protein, to improve cluistrategies or to increase viral
containment for increased biosafety (Man and Eg#62Marillonnet et al., 2004; Toth et
al., 2002).
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Figure 2. Schematic representation of viral inodotaby agroinfection and the genomic
organization and expression of TMV (30B) and PVX RiB7) - based vectors. (a and c)
Upon Agrobacteriuramediated transformation the T-DNA containing thealvvector is
transferred to the nucleus. After transcriptiontifa@slation of the viral proteins takes place
and the infectious virus replicates and moves faaifto-cell and systemically. (b) The
TMV vector is transcribed from the T-DNA and viraplicase proteins are translated
directly from this transcript (126 and 183 kDa).eThubgenomic promoters drive the
synthesis of the mRNAs of the movement protein (MR inserted heterologous protein
and the coat protein (CP). In this hybrid vectar itiserted gene is transcribed from a TMV
coat protein promoter, whereas the coat proteinthadoromoter sequences are from the
related tobamovirus Tomato mild green mosaic vifas.The PVX vector transcribes the
replicase (RdRp) directly from the genomic RNA #enipt and the genes forming the
“triple gene box” movement proteins (TGB), the hekegous gene and the coat protein
(CP) are translated form subgenomic RNAs (d). Theidm gene is inserted gene in the
multiple cloning site (MCS) and is regulated byuplitated copy of the CP promoter.
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Table 1. Examples of recombinant proteins expressplants via viral vectors

Potential
application

Virus — Genus
Protein expressed

Expression level

References

Tobacco mosaic viruggMV )
— Tobamovirus

Alpha trichosanthin HIV therapies 2% TS8P

Idiotypic single-chain vaccine B-cell ymphoma 60 pg/ml
treatment (intercellular fluid)

Humana-galactosidase A Fabry disease 5.58xdrfits/mg

Foot and mouth disease virusFMDV vaccine 50-150 pg/g fresh

(FMDV) VP1 protein weight

Birch major antigen Bet v1 Vaccine 200 pg/g fresh

weight

Latex allergen; birch allergen, Antigen

spina-bifida-associated

allergens

Bovine follicle stimulating Superovulation 3% TSP

hormone induction

Human papillomavirus (HPV) HPV Vaccine 20-37 p/kg

16 L1 protein
Monoclonal antibody Co7-1A  Colon cancer
treatment

Rotavirus vaccine

Not reported

Bovine rotavirus VP8* 5 po/g fregeight

HIV-1 p24 protein HIV diagnostic 100 pg/g fresh

weight

Potato virus X (PVX) -
Potexvirus

Wasabi defensin(WT1) Microbiocide 400 pg/g fresh
weight
Single-chain antibody binding Diagnostic, plant Not reported
Tomato spotted wilt virus protection

Single-chain antibody binding Diagnostic, plant

Potato virus Y protection

Single-chain antibody binding Modification of starch  1-3% TSP

to  granule-bound  starch composition

synthase

Rotavirus VP6 protein Rotavirus vaccine 50ug/glirereight

Proteinase inhibitor (WIN3), Insecticidal proteins n 0.1-0.2%, not

Bacillus thuringiensis (Bt) reported
toxin (Cry 1 Ac)
Human lactoferrin Microbiocide 0.6% TSP

(Kumagai et al.,
1993)

(McCormick et al.,

1999)

(Turpen, 1999)
(Wigdorovitz et al.,
1999)

(Krebitz et al.,
2000)

(Breiteneder et al.,

2001)

(Dirnberger et al.,
2001)
(Varsani et al.,
2006)
(Verch et al., 1998)

(Perez Filgueira et
al., 2004)
(Perez-Filgueira et
al., 2004)

(Saitoh et al., 2001)

(Franconi et al.,
1999)
(Hendy et al.,
1999)

(Ziegler et al.,
2000)

(O'Brien et al.,
2000)
(Lawrence and
Novak, 2001)

(Li et, &004)
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Virus — Genus Potential Expression level References

Protein expressed application

Plum Pox Virus (PPV) -

Potyvirus

VP60 Rabbit hemorrhagic Rabbies vaccine, Not reported (Fernandez-

disease virus; RHDV Fernandez et al.,
2001)

Zucchini  Yellow Mosaic

Virus (ZYMV) — Potyvirus

Delivery of bar gene to field Herbicide tolerance Not reported (Shiboleth et al.,
crucifers 1 2001)

Clover Yellow Vein Virus

(CIYMV) — Potexvirus

Glutamine synthetase Not reported (Masuta et al.,
expression 2000)

Tobacco Etch Virus (TEV) —

Potyvirus

Expression of bar in Herbicide tolerance Not reported (Whitham et al.,
Arabidopsis 1999)

Cauliflower mosaic  virus

(CaMV) — Caulimovirus

Human interferorx Hepatitis B and C 196,830 1U/ml (De Zoeten et al.,
treatment, 1989)

2TSP, total soluble protein.

The other widely used viral vector for foreign pintexpression in plants is based on
Potato virus X. This vector was initially tested tgplacing the coat protein with the
glucuronidase (GUS) gene as a marker (Chapman, di9812). The resulting virions could
infect and express the GUS gene but were unabtet@ from cell to cell or systemically,
being restricted to the inoculated focus of inf@ctiA version containing a duplication of
the coat protein was show to systemically infeet phants leading to a high level of the
GUS expression in inoculated and systemically ief@deaves (Chapman et al., 1992).

Virus induced gene silencing (VIGS)

In recent years, RNA silencing in plants has be¢éenisively studied, unraveling a number
of pathways involved in gene regulation and in hgponse to viral infection (Brodersen
and Voinnet, 2006). The presence of double straRi¢d acts as a trigger for the silencing
machinery, enabling the cell to recognize and dimthe imprinted target sequences. To
assure successful infection, plant viruses exmpssific genes to suppress RNA silencing,
as a counter defense to the plant RNA silencinghinacy (Wang and Metzlaff, 2005).
Many suppressors of gene silencing have been teslcand it is believed that most, if not
all, plant viruses would exploit such a functionu(@nd Morris, 2005). The balance
between the antiviral plant response, the virabded suppression and the viral replication
speed and movement through the plant assures iorfecs accomplished, without
compromising the viability of the plant as a hd3u(and Morris, 2005; Voinnet, 2005).
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Insertion of host sequences would trigger silena@hghe corresponding host gene as the
viral infection progresses, leading to partial omplete silencing of both the targeted viral
and host sequences. The advantage of this systengefoe function analysis is the
simplicity of the assay and the convenience of olisg the effect of the silenced gene
only few weeks after plant inoculation (Angell aBdulcombe, 1999; Ratcliff et al., 2001).
A number of studies have exploited that approachsitencing genes involved many
aspects of plant biology, including pathogen rasist-related genes, hormone response
and photosynthesis (Robertson, 2004; Voinnet, 200grefore, viral vectors are valuable
tools for gene function analysis, either by lossfurfiction through VIGS or by over
expression of a foreign gene (Burch-Smith et &#I04 Horiguchi, 2004).

Epitope presentation

A different approach using plant viral vectors dgsetxploit their virus particle as epitope
presenting system, i.e. by expressing small (pelybides as fusion to their coat proteins.
Small peptides can be inserted in -or fused to-ctheg protein of several viruses in such
way that the virion will still assemble, therebytaieing its stability and infectivity
(Canizares et al., 2005; Porta et al., 1996). Afteculation virus particles can be readily
purified in large amounts and used as antigen &mciwme development. The stability and
correct assembly of the modified virus will largelgpend on the introduced sequence, and
incorrect assembly has occasionally been obseRa&dicles that are correctly assembled,
however, are stable and resistant to low pH (Liwalet 2005; Porta et al., 2003).This
strategy of epitope presentation has been shovimdtace immune response and to confer
protection in challenged animals. The virus mosgdently exploited for this approach is
Cowpea mosaic virus (CPMV) (Liu et al., 2005; Metieidakova et al., 2006). Other
viruses have also been tested, such as the TMV sdXdakhough for these viruses the
compact structure of the assembled particle ombynal small peptides (10-20 amino acids)
to be added without interfering with the particksemble (Canizares et al., 2005; Pogue et
al., 2002).

Recombinant protein expression level

One major limitation for plant made recombinanttgis is the low expression level. Most
target proteins expressed in plants are of nontptaigin and there are no ways to
anticipate the expression level of a given recomufiinprotein expressed in plants.
However, knowledge accumulated from testing sevestgntial candidates has pointed to
many factors that can influence foreign proteinregpion and yield (Chargelegue et al.,
2000; Clark and Cassidy-Hanley, 2005).

Expression of a foreign gene in plants is controfledifferent levels. At the transcriptional
level, the promoter sequence can greatly influenBNA levels. In transgenic plants and
in transient gene expression systems (other thrahweéctors-based expression), high levels
of gene expression are attempted by using genetrootss containing a constitutive
promoter, such as the CaMV 35S promoter, includmgariations as a duplicate form and
with extra protein expression enhancing signals af®a et al.,, 2005). For
monocotyledonous species improved expression lekialee been obtained by using

10
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promoters like Ubi-2 and Act-1, containing an imtf@r enhanced expression (Rishi et al.,

2001). The choice of the promoter sequence musuliable for assuring expression on a

particular target tissue (e.g. seeds). Likewise,gbee sequence must contain the proper
signal sequences for directing the proteins todibsred subcellular compartment (Tyagy,

2001).

Choosing the right gene construct and selectingrtbst promising transgenic plants lines
can lead to high levels of gene expression in granis plants (Hansen and Wright, 1999).
Still, frequently these levels are considerably dowhan the levels observed for transient
expression using the same gene construct. Thatsptmirgeveral not quite well understood
gene regulation mechanisms, including the posigfiect and the mechanisms underlying
RNA silencing - both transcriptional gene silengiimgolving methylation of the inserted
gene(s), and post-transcriptional gene silencifif5®), where the mRNA is targeted and
degraded (Baulcombe, 2005; Voinnet, 2005). The mRS&Af may contain sequences that
are known to lead to increased instability (Gugeret al., 1999). Degradation of the
MRNA may also result from cryptic introns, which yrtae present in heterologous genes,
since the intron border sequences differ among @rémd plant genes, and even between
plant taxa. The codon usage of the targeted geneseg may also influence mRNA level
and gene expression, as frequently observed ireti@cbut also in plants (Marillonnet et
al., 2004).

Following mRNA transcription, translation will takglace and the polypeptide will be
directed to the ER or the cytoplasm (Conrad and I&ied998). The nature of the
recombinant protein may imply that the protein dtidoe processed and/or secreted to
other cellular compartments (Vitale and Denecke99)9In the ER and Golgi network
glycoproteins may be processed, disulfide bondsheaformed, and proteins can be sent to
different cellular compartments. The subcellulatalion of a recombinant protein can
greatly influence its accumulation (Bosch et 894; Chikwamba et al., 2003; Conrad and
Fiedler, 1998; Drakakaki et al., 2006). In manyesasecretion to the apoplast or to storage
plastids in seeds, or chloroplasts in leaves,taartain choice, but that depends largely on
the expression system utilized and the target réamant protein produced. For several
proteins, the addition of motifs, such as H/KDEL lhaen demonstrated to increase their
stability (Schouten et al., 1996). This has beeseoled in proteins to be retained in the
ER, but also for cytosolic proteins (Schouten et #97). Fusion to another (carrier)
protein may also increase stability. This has bdmgiwed for fusions with GFP and GUS,
and may be useful as a reporter for evaluatingesgion and further processing such as
purification (Hondred et al., 1999).

Protein stability, in general, will also largelymd on its proper folding. A heterologous
protein may be unstable due to improper foldinguling from environmental conditions
or lack of (proper interaction with) chaperonepper post-translational modification. In
any case, proteins recognized as defectives will ubauitinated and targeted for
degradation by the proteosome (Doran, 2006; Vier2003). In that case, heterologous
protein production will result is a very low yietdl even remaining undetectable.
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Potential application of recombinant protein proddde plants

Over the past few years an array of recombinartepr® has been expressed in plants that
can be grouped into the following categories: amfyand vaccines, antibodies, therapeutic
proteins (e.g. hormones, cytokines and blood-rélgteoteins); and industrially used
proteins. Some application, advantages and stemtedeveloped for expressing these
proteins in plants are briefly presented here below

Antigens and vaccines

Proteins derived from pathogens, particularly strtad and/or membrane proteins are good
candidates to be used as antigens for recombindning vaccines (Awram et al., 2002).
The advantage, besides the lower cost of plant-baseduction is that such antigens
derived from plants have a reduced risk of beingtaminated with human or animal
pathogens (Awram et al., 2002; Canizares et abD52Gtreatfield et al., 2001). Another
possibility is using plants for oral delivery ofettexpressed antigens (Haq et al., 1995;
Mason et al., 2002; Walmsley and Arntzen, 2003)s Toncept of oral vaccination has
important implications for the induction of mucosiadmune response, which is the main
barrier against pathogens present in food or w@epps et al., 2001; Streatfield, 2006).
Plants containing the proper antigens could beveledd orally. If present in the seed, for
example, these oral vaccines could be stored atemmtemperatures for several months,
and may have a major impact for disease contrespecially developing countries (Daniell
et al., 2001; Ma et al., 2005a; Raney, 2006). Thim timitation for such approach is that
high antigen expression levels are essential. M@medahe orally provided antigen must
resist low pH and proteolysis in the digestive tirac eventually assure induction of a
protective immune response. The most successful @rash such an oral vaccine is based
in the LT-B toxin fromEscherichia coliMason et al., 1998; Walmsley et al., 2003). This
toxin, which closely resembles the cholera toxim,highly immunogenic and can be
expressed in high levels in transgenic plants. éteals are carried out for evaluating the
efficacy and safety of this new plant-based po#¢mtial vaccine. Taking advantage of the
high immunogenic properties of the LT-B toxin, fusiproteins were also tested, and
shown to successfully induce an immune responsedtield, 2006; Walmsley et al.,
2003).

Antibodies

Antibodies are immunoglobulins which specificalgcognize and bind to an antigen and
have important therapeutic and diagnostic appbosti Plants can produce human
antibodies, as first demonstrated by Haq in 1990ceSthen, a large array of antibodies
have been produced in plants, including derivatisegh as single chains variable
fragments (Fv), full size variable fragments (Fab@bodiesandminibodies among other
fragments and combinations of immunoglobulins, roftevered to as plantibodies).
Plants can also produce and correctly assemble legnggcretory IgA, which can have
important applications as passive immunization.i#odies produced in plants appear to
have the same activity as the corresponding magaudduced in mammalian cell cultures.
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However, since immunoglobulins are glycoproteinsnoerns have been raised about
possible adverse effects resulting from differenmegylycosylation pattern between plant
and animal cells. Nevertheless, some antibodieslagady advanced on clinical trial as,
for example, a full-length antibody agairstreptococcusaureus to be used to prevent

tooth decay (Ma et al., 2005a; Walsh, 2005).

Table 2. Biopharmaceuticals produced in transgdaittp

Protein Potential Plant host Expression  Reference
application or levels®
indication
Insulin Diabetes Potato, 0.1% TSP (Arakawa et al., 1998;
(autoimmune) Arabidopsis Nykiforuk et al., 2006)
Human protein C Anticoagulant Tobacco <0.01% TSP (Cramer et al., 1996)
Human hirudin Thrombin inhibitor ~ Canola 0.3% TSP (Cramer et al., 1999)
(Brassica napus) (seed)
Human granulocyte-  Neutropenia Tobacco Not reported (Lee et al., 1997
macrophage colony-
stimulating factor
Human somatotropin, Growth hormone Tobacco 7% TSP (Staub et al., 2000)
(chloroplast)
Tobacco <0.01% TSP (Staub et al., 2000)
(nuclear
expression)
Human erythropoietin ~ Anemia Tobacco <0.01 TSP Maxoto et al.,
1995)
Human enkephalins AntihyperanalgesicArabidopsis 0.1% TSP (Vandekerckhove et
by opiate activity (seed) al., 1989)

Human epidermal Wound repair and  Tobacco <0.01% TSP (Cramer et al., 1996)
growth control of cell
Proliferation
Human interferorw Hepatitis Cand B Rice, turnip Not reported (Zhu et al., 1994)
treatment (Brassica rapa
Human interferorp Tobacco <0.01% fresh (Eldelbaum et al.,
weight 1992)
Human serum albumin  Liver cirrhosis, Tobacco 0.02% TSP (Sijmons et al., 1990)
burns, surgery
Human hemoglobin Blood substitute Tobacco 0.05% (seed) (Giddetgsd., 2000)
Human homotrimeric  Collagen Tobacco <0.01% fresh (Ruggiero et al., 2000)
collagen weight
Humano-1-antitrypsin  Cystic fibrosis, Rice Not reported (Terashima et al.,
liver disease and 1999)
hemorrhage
Human aprotinin Trypsin inhibitor ~ Maize <0.1% TSP (Zhong et al., 1999)
for transplantation (seed)
surgery
Human lactoferrin Antimicrobial Potato 0.1% TSP (Chong and
(tuber) Langridge, 2000)
Angiotensin- Hypertension Tobacco, tomato Not reported (Hamamoto et al.,
converting enzyme 1993)
Glucocerebrosidase Gaucher's disease Tobacco 1IT8™%6 (Cramer et al., 1996)
Cyanovurin-N HIV microbicide Tobacco 0.86% TSP (®exet al., 2006)

@ Expression level in leaf tissue, unless othenstaged.
P TSP, total soluble protein.
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Biopharmaceutical proteins

Several proteins of medical or veterinary applarathave been produced in plants (Table
2), ranging from hormones and cytokines to bloodvee products (Table 2). Potential
cost-effectiveness is a strong advantage of usiagtp as platform for the production of
biopharmaceutical. As pointed out before, the reduisk of containing human or animal
pathogens, toxins or prions is an important tremdHe industry toward an animal product-
free production line (Hood et al., 2002). Somehafse proteins are glycoproteins and that
may represent some limitation for production orldajical activity, as discussed later in
this chapter.

Proteins for technical and industrial use

Plant-produced proteins can be an important altenaource of polymers to produce

fibers. Fibers from spider or silk, for example spess mechanical properties superior to
those of synthetic fibers. Also biodegradable piastight be produced in plants, thus

generating environmental benefits (Conrad, 2005eer and Conrad, 2005; Scheller et
al., 2004). Other potential products are enzymedved in specific purification processes

in the food, paper and brewing industries (Somienahd Bonetta, 2001). As mentioned

above, enzymes for technical application suchygssin and GUS have been produced in
maize seeds and are already being commercializeah(felista et al., 1998; Hood et al.,

2002; Woodard et al., 2003). Since these produetsiat for medical or veterinary use, the

development of such plant-derived products are @rpeto demand lower investments and
shorter timelines for reaching production scaleewbompared to biopharmaceuticals (Ma
et al., 2005b).

Post-translation modifications

Post-translation modification of protein in plamls, as other eukaryote cells, involve the
formation of disulfide bonds, the correct assendfl@roteins assisted by chaperones, the
assemble of the peptide chains into multimeric fremd the addition of glycan groups to
proteins as they enter the secretory pathways |@/éad Denecke, 1999). The addition of
glycan groups to the proteins are believed to aldifig and protect against proteolytic
degradation. Nevertheless, the glycosylation prsfibetween different taxa can be quite
diverse (Brooks, 2004). Plant glycans may contaytose, rhamnose and arabinose
residues, which are not found in human glycans,cdh)fucose, that is present in animal
cells as am(1,6) linkage. Plani-linked glycans also lack galactose and the terhsiiadic
acids (Gomord and Faye, 2004; Ma et al., 2005a).

Differences in the glycosylation pattern may repreésa limitation for recombinant protein

production. There are concerns that the ekklinked residues may be immunogenic to
humans and animals (Gomord et al., 2005). It ha&n lshown that some plant-produced
proteins induce an immune response to plant spegificans, but the effect has not been
fully evaluated. It is also possible that the effef a heterologous glycosylation pattern
may alter the conformation and properties of amgmoant protein, rendering it less stable
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or altering its biological activity. For many glymmteins, the sialic acid residues are
important for avoiding the protein to be clearednirthe blood stream, for example
(Brooks, 2004). Still, for many recombinant glycof@ins already produced in plants,
particularly antibodies, the differences in glydaspn pattern do not seem to alter their
functionality, as they have equivalent activityptmteins produced in animal cells (Hood et
al., 2002; Stoger et al., 2002).

Despite the differences in glycosylation pattermsl dgheir potential effects, plant and
animal proteins entering the secretory pathwayseshaany similar fates. At the ER,
proteins find molecular chaperones that will hélg tolding of the protein and formation of
sulphur bridges (Vitale and Denecke, 1999). Likarimmal cellsN-linked glycosylation in
plants occurs at the ER and Golgi apparatus, whetehisked glycosylation occurs
exclusively in the Golgi apparatus (Brooks, 2004ta and Denecke, 1999). Likewise,
several N-terminal signal peptides from animal @it were shown to be correctly
processed in plants (Conrad and Fiedler, 1998;leVitamd Denecke, 1999), as for the
H/KDEL N-terminal signal for retaining the proteintae ER (Schouten et al., 1996).

The production of “humanized” recombinant proteins hlaeen attempted by using
transgenic plants expressififl,4)galactosyltransferase (Gomord et al., 2005jbition
endogenous glycosyltransferases in the plant ERalssbeen proposed. Sialylation of
proteins, however, would require the introductiohseveral genes into the plant cell
(“humanization of plant cells”), which remains aatlnge (Gomord et al., 2005; Ma et al.,
2005a). Approaches such as thevitro modification of purified plant-derived recombinant
proteins could, therefore, still be required.

Thesis outline

The expression of recombinant proteins in plantsesgmts an innovative approach for the
production of proteins of pharmaceutical and indakpurposes, high-value products that
are usually extracted from their natural sourceproduced from cultured bacterial, yeast
or animal cells. This alternative approach can g@tty bring several direct and indirect
benefits for society, mainly because of its expg&eonomical advantages. However, as a
new technology, there are still many hurdles tadden. Keeping this view in mind, the
research described in this thesis focuses on aptignitransient recombinant protein
expression in plants using viral vectors akgrobacterium tumefaciertsansient assay in
parallel.

As a first step to optimize transient protein esgien protocols based on plant viral
vectors, the widely used TMV and PVX-based vectoesewnodified to be compatible with
the Gateway cloning technology in Chapter 2, thetfeinther extending the versatility of
these expression vectors. The expression of Chiakemia virus (CAV) proteins, in view
of their potential application as oral vaccinesiasfathis important pathogen was evaluated
in Chapter 3. In Chapter 4, the expression of thendn erythropoietin (EPO) gene and
analysis of its posttranslational modificationsléscribed. Chapter 5 deals with the genetic
instability of the inserted sequences in viral vest The approach of this investigation was
not focused on the molecular aspects of the aridalgtion mutants, but on the how these
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mutants compete with the virions carrying a foreggne and how they are distributed
within an infected plant. In Chapter 6 the nucled@in N of Tomato spotted wilt virus
evaluated as a potential fusion protein to increstability and facilitate purification of
recombinant proteins produced in plants. Chaptefindlly, summarizes the results and
presents a discussion on the advantages and lonigadf the expression systems tested.
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PVX and TMV-based viral vectors compatible with

the Gateway™ cloning technology

Abstract

Virus-based expression vectors are important témishigh-level production of foreign
proteins and for gene function analysis througlis/induced gene silencing. To further
exploit their advantages as fast, high yield repl&; a set of vectors was produced by
converting and adapting Potato virus X (PVX) anddaro mosaic virus (TMV)-based
vectors to allow easy cloning of foreign sequertbesugh the Gateway™ recombination
technology. Target genes were efficiently cloned regombination and successfully
expressed in Nicotiana benthamiana following inoculation by Agrobacterium
(agroinoculation). Using green fluorescent protg#P) as marker, high level expression
with both PVX-GW and TMV-GW vectors was confirmesl.Gateway inserted phytoene
desaturase genepdy fragment in PVX-GW vector (PVX-GW-PDS), inducecng
silencing of thepdsgene inN. benthamianaThe PVX-GW vector was further adapted by
cloning the GFP gene upstream of the Gateway segsgallowing the easy production of
GFP fusions after recombination of a target genéc8llular localization of resulting GFP
fusion was validated by recombining and expressirggcoat protein gene froffiomato
chlorotic mottle virusrevealing its nuclear localization. A PVX-GW tedent expression
assay of a nucleocapsid protein gene fragment ofafmspotted wilt virus (TSWV) and of
a single chain antibody against this protein wasamshto effectively confer resistance to
TSWV infection.

Cristiano Lacorte, Dick Lohuis, Simone G. Ribeirmb Goldbactand Marcel Prins
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Introduction

Plant viral vectors represent a promising stratigyheterologous protein production in
plants (Canizares et al., 2005; Pogue et al., 28@Bplthof et al., 2002). This transient
expression system presents advantages over trangdgnts, particularly the fast response,
typically days or a few weeks after inoculationdahe high level of the heterologous
protein production that can be achieved (Glebd.e2804). An array of foreign proteins
has been successfully produced using plant virattove, including proteins of
pharmaceutical interest (e.g. hormones, antigedsaatibodies), as well as enzymes and
other proteins of industrial use (Awram et al., 200anizares et al., 2005; Ma et al., 2003).
Over the years viral vectors have also been usethasportant tool to help elucidating
gene function through reverse genetics in a prodéemsvn as “virus induced gene
silencing” (VIGS) (Burch-Smith et al., 2004; Watsenhal., 2005). In this manner, viral
vectors have become useful tools to study genetifimcallowing high-throughput
screening of candidate genes by loss of functidoyasver expression of the gene product.

Plant viral vectors based on different viruses ha@en developed and tested with varying
results. Among these vectors, Tobacco mosaic TM4V) (Shivprasad et al., 1999),
Potato virus X (PVX) and Tobacco rattle virus (TRWju et al., 2002; Ratcliff et al., 2001)
have been successfully used in different experiateaygproaches. These include their use
as a replicon for transient gene expression, f@¥hnd to study host-pathogen interaction
and subcellular protein localization (Burch-Smithak, 2004; Escobar et al., 2003; Takken
et al., 2000).

Despite the multiple applications and advantagethefPVX-based vector, cloning and
analyzing a large number of genes can be time ooimguand cumbersome. An alternative
approach is the use of the Gateway technology, wtiaes not rely on restriction/ligation
but onin vitro site-specific recombination through the bacterag#i recombination sites
(att) and the integrase (Hartley et al., 2000). The Gateway teldgy has proven to be
very efficient for high-throughput cloning for bopirokaryotic and eukaryotic expression
systems. For plants, a set of binary vectors coimgian array of plant selectable markers,
promoters, fusions to green fluorescent protein RiGBr 3-Glucuronidase (GUS), and
hairpin generating constructs, all compatible witle Gateway cloning technology are
available (Curtis and Grossniklaus, 2003; Karimiakt 2002; Wesley et al., 2001). For
viral vectors, a Tobacco rattle virus (TRV) viral t@chas also been successfully tested
(Liu et al., 2002).

In this report, the construction of TMV and PVX dexd vectors compatible with the
Gateway cloning technology is explored. These vsoiere tested for protein expression
and VIGS. Also, a set of PVX-based vectors contgjrthe green fluorescent protein (GFP)
were developed to obtain recombinant tagged prot@ilowing subcellular localization of
the target protein.
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Materials and Methods

Bacteria strains and culture conditions

Escherichia coli strains DH5 and DB3.1 were grown on LB medium at°G7
Agrobacterium tumefacierstrains GV3101 and LBA404 were grown on LB medium at
28°C. Plasmids were electroporated into bacterimgug BioRad (Hercules, USA)
electroporator, according to the manufacturer'srugsions.

Plant material and inoculation conditions

Nicotiana benthamianalants, 4-week-old (four leave stage), were usedirfoculation.
Leaves were agroinfiltrated at the abaxial side vi#ttterial suspension using a 5-mi
needle-less syringe. Bacterial suspensions weranaat by centrifuging 2 ml of an LB
overnight culture and resuspending the cells onl ®fMurashige-Skoog medium (MS)
(Murashige and Skoog, 1962) with 10 mM morpholihaeeesulfonic acid (MES), pH 5.6,
and 150 uM acetosyringone. The final volume wasst€ilito an OB, of 0.5 by adding
MS medium. Alternatively, leaves were inoculatedusyng a sterile toothpick to transfer
bacterial colonies from an agar plate and pundtedeaves close to the midvein. TSWV
was mechanically inoculated by rubbing the leavéh wxtract from infected plant and
carborundum powder. Inoculated plants were maiathin a growth chamber at 25 + 2°C
and a 12 hrs photoperiod.

PVX and TMV-based destination vectors

The Gateway conversion cassette (frame A) (Invitrogen, CadshaSA) was cloned into
the Sma site of vector pGR107 (Figure 1a) (Jones et ¥399). Ligation reaction was
electroporated into DB3.1 cells and selected on Igaraplates containing 5Qg/ml
kanamycin and 2@g/ml chloramphenicol. This pGR107 Gateway-compatid#stination
vector, hereafter referred to as PVX-GW vector (Fég1b), was further modified by
cloning the green fluorescent protein gene (GFp3tream of thattl sequence. The sGFP
gene (Chiu et al., 1996) was amplified by PCR, gigiimers containing th€lal site as
extension, as well as extra nucleotides, creafingrae reading frames for the GFP and the
attR sequence. These vectors are referred to as PVX3EWR/-(Figure 1c, d).

The TMV-based vector 30B (Shivprasad et al., 1999 wlaned into théNotl site of a
pBin19 binary vector, containing the CaMV 35S préencand a nos terminator. Rad-
Sur fragment containing the Gateway cassette waseddnto thePad-Sun site of the
pBinTMV (Figure 1e). Transformed DB3.1 cells wereestéd on LB agar plates
containing 100 pg/ml kanamycin and 2@/ml chloramphenicol, resulting in vector
pBINnTMV-GW, hereafter referred to as TMV-GW (Figutf. Clones of PVX and TMV-
based vectors containing the GatevedtiR sequences were verified by sequence analysis.
DNA restriction and ligation were done accordingstandards methods (Sambrook et al.,
1989).
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Figure 1. Schematic representation of PVX and TM¥edoavectors. (a) Genomic
organization of pGR107, a PVX-based viral vectoRNA dependent RNA
polymerase (RdRp), RNA dependent RNA polymeras@ Kand 64 k); TGB, triple
gene box; CP, coat protein. (b) PVX-GW: Gateway jgatibble PVX vector, converted
from pGR107. (c, d) PVX-GFP:GW: a PVX-GW for GFPté&minal fusion. (d)
Detail of PVX-GFP:GW showing the sequences at then® of the GFP gene
corresponding to the three possible reading frafoestranslational fusions. (e)
Genomic organization of a TMV-based vector in a hingector. ORF1/ORF2,
corresponding to the 126k and 183k proteins thabwslregions similar to
methyltransferase, helicase, and RdRp; MP, movemetein; CP, coat protein from
TMGMV. (f) TMV-GW: Gateway compatible TMV-based vectfy. LB and RP, left
and right border of T-DNA;attR1 and attR2, Gateway recombination sites;
CmRfkcdB, selection markers for Gateway recombinationahicig (chloramphenicol
resistance gene and tbedB gene that inhibits growth &. coli).
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Entry vectors and LR/BP recombinational cloning

The sGFP gene, the nucleoprotein N from TSWV (Gieleal., 1991) and the single chain
antibody (scFv) N56 (Prins et al., 2005) were ctbitdo theNcd/Notl sites of pEntr11™
(Invitrogen). The phytoene desaturagely gene fromN. benthamianaRatcliff et al.,
2001), mGFP and the coat protein gene of Tomatoratidomottle virus (ToCMoV)
(Ribeiro et al., 2003) were amplified by PCR ussmgcific primers containing thettB1
andattB2 modifications (Invitrogen) for the forward anelerse primers, respectively. The
PCR product was purified and recombined with pDO@f® (Invitrogen) using the PB
reaction mix (Invitrogen). LR and BP reactions wdamne essentially as described in the
manufacturer’'s manual, except that the reactionmel was scaled down touh Reactions
were electroporated inté. coli DH5a cells and selected on LB agar plates containing the
proper antibiotic selection. Prior to the LR reastipEntrll-derived entry vectors were
digested withNhd, to linearize the plasmid and allow selectiorP&X-GW or TMV-GW
derived clones. Plasmid DNA from selected clones wansferred to th&grobacterium
tumefacienstrain GV3101 and used for agroinfiltration. Foe fAVX-based constructs, the
strain GV3101 also carried the pSoup helper plaghélens et al., 2000).

Protein extraction and analysis

Protein was extracted from leaf samples obtainegibxcing the leaf with a cork borer.
Four leaf discs (approximately 10 mm diameter add rhg fresh weigh) were macerated
in 100 ul of PBS (50 mM sodium phosphate buffernd@ NacCl), using a plastic pestle.
For Western blot analysis, 20 samples were loaded on 12% SDS-PAGE, subjected to
electrophoresis at 100-120 volts and electroblofgidRad, USA) to a PVDF membrane
(Millipore, USA). Blotted membranes were blockedthwPBS containing 0.1% Tween
(PBST) and 5% non-fat milk, for 1 hour at room temgture. After blocking, the
membranes were incubated in PBST with 1:2000 dilaettGFP or anti-N polyclonal
antibodies. After washing three times with PBST,oseary antibodies were added and
incubated for 1 hour at room temperature. Blotsewagain washed and incubated in Tris-
HCI 10mM, pH 9.5, for 10 min, in a plastic bag. Bgdo-use CSPD (Roche) was added
and incubated for 5 min at room temperature anchitGat 37°C. Blots were exposed to X-
ray film for 1-3 hours.

UV photography and imaging

Pictures of whole plants were made with a Nikon eanwith a 400 ASA Kodak film and a
yellow filter. UV illumination was provided by twblV lamps (365 nm). Exposure times
ranged from 10 to 60 sec were used, dependingeimténsity of the fluorescence. Close-
up UV pictures were made with a digital camera (Sb&AP™) using a binocular
stereomicroscope (M3Z; Leica). Laser-scanning micnesd@SM) images were obtained
using a Zeiss LSM510 microscope and the software Ze®M Data Server. GFP
fluorescence was detected by excitation with a ldiser light at 488 nm and emission
through a 505-530 nm bandpass filter.
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Results

Heterologous protein expression from PVX-GW and TMV\@&ctors

Existing TMV and PVX-based vectors were modified eodompatible with the Gateway
cloning technology (Figure 1). To validate theiewss expression vectors, an entry vector
containing the mGFP gene (pDonor-mGFP) was usedefmymbination. Recombination
with entry vectors was highly efficient resultinghundreds of positive clones aftercoli
transformation. These expression vectors were gamsf toAgrobacteriumand inoculated
on N. benthamianglants by infiltratingAgrobacteriumsuspension in the abaxial side of
the leaves. For PVX-GW-GFP, after 3-4 days inte@$&® fluorescence was observed
under UV light. For TMV-GW-GFP the number of initialtransformed cells was much
lower than observed for PVX-GW-GFP, and fluoreseenfter 3-4 days could only be
detected with a stereo microscope. After 7-10 dagst inoculation (d.p.i.), systemic
infection revealed intense fluorescent areas fdah B/X-GW-GFP and TMV-GW-GFP
(Figure 2). Inoculation by piercing the leaves with toothpick carrying respective
appropriateAgrobacteriumcolonies was successful for both vectors, althaagthis case
systemic expression of GFP could be observed dHg0Ld.p.i. Extracts from systemically
infected leaves were passage-inoculated and systeR#®P expression was also observed in
this second passage. No difference in GFP expresgis noticed for the PVX-GW and
pGR208, an established GFP-containing PVX vectealfet al., 2002). Plants inoculated
with TMV-GW-GFP, however, took longer to establishyatemic infection than the vector
containing mMGFP inserted by using restriction djtizg¢a not shown).

PVX-GW and TMV-GWectors are functional in inducing VIGS

To test the Gateway-compatible PVX and TMV vectorsirtduce gene silencing, an
internal fragment of approximately 500 bp of thebenthamiana pdgene (Ratcliff et al.,
2001) was amplified by PCR. This fragment was albimto an entry vector (pEntrll) and
selected clones containing the fragment in a serwk anti-sense orientations were
recombined with pPVX-GW. Inoculated. benthamiandeaves started showing chlorotic
areas 15-20 d.p.i. as systemic infection progre@Sigdire 3). No apparent difference on the
extent of silenced areas could be observed betwdants inoculated with a PVX
containing the sam@ds fragment either in the sense or antisense orientaPlants
inoculated with the TMV-GW-PDS vector, containing th500 nt internal sequence of the
pdsgene showed only small chlorotic areas after 26-80. (data not shown).
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Figure 2. GFP fluorescence M. benthamianglants and Western blot detection. (a, b)
Systemic infection with PVX-GW-GFP (a) and TMV-GW-BFb). (c) Coomassie brilliant
blue-stained protein gel (c). Arrows indicate tixpected sizes for TMV coat protein (30
kDa) and PVX coat protein (17 kDa). (d) Westerntkdd samples from systemically
infected plants. The arrow indicates the positioG&P. M: molecular weight marker; C-:
non inoculated control; 1: PVX (pGR107 - no inse?t) PVX-GW-GFP; 3: TMV 30B (no
insert) 4: TMV-GW-GFP.

Figure 3. Virus induced gene silencing (VIGS) df plidsgene in leaves df. benthamiana
15 d.p.i. 1: Leaf infected with PVX-GW-PDS; 2: wt R\ihfected leaf.
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Expression of tagged proteins from PVX-GFP:GW vectors

To analyze the subcellular localization of a veampressed candidate gene, a set of
vectors was prepared, containing the GFP gene inatedg upstream of thattR sequence
of the Gateway cassette, with the three possibimds (Figure 1d). To validate the use of
these vectors, the coat protein (CP) gene of ToCM@a¥¢ recombined into PVX from an
entry vector and the recombinant clones were salegtterAgrobacteriumtransformation.
Leaves infiltrated with the construct containing ®@EP:ToCMoV CP fusion was analyzed
at 4-5 d.p.i.,, under UV light, by epifluorescencdcmmscopy and LSM. The GFP
fluorescence was only observed in nuclei, showinth mucleoplasmic and nucleolar
labeling (Figure 4a)., The intensity of the fluaresce, however, was much lower than a
PVX-GW-sGFP control, which showed a distinct cysgphic and nuclear labeling (Figure
4b).

Figure 4. LSM image ofN. benthamiandeaf cells infected with different PVX constructs.
(a) GFP fluorescence in cells infected with PVX-GFRIZMoV CP, showing the restricted
nuclear localization of the GFP fusion to the cpaitein (CP) of TCMV. (b) PVX-GFP
infected cells showing fluorescence in the cytaplasd nucleus. Bar=10 pm.
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PVX transient expression system for evaluating virusesistance strategies

The gene for single chain antibody (scFv) N56, d@@against the TSWV nucleocapsid
protein N (Prins et al., 2005) was recombined PWX-GW and a selectefigrobacterium
clone was grown and infiltrated M. benthamiandeaves. After 3 days, the same leaves
were mechanically inoculated with TSWV. After 30 daplants that were infiltrated with
the N56 single chain, displayed resistance to TSWfgction whereas control plants were
severely infected or died (Figure 5a). No syneigisffect positive or negative on the
infection of either virus was observed in plantsirdfected with wt PVX and TSWV.
Western blot analysis showed the presence of TSkVkoth inoculated and systemically
infected leaves, indicating that the transient eggion of the single-chain in the inoculated
leaves did not fully abrogate TSWV infection liketire N56 transgenic plants (Prins et al.,
2005), although symptoms were clearly reduced agldydd when compared to control
plants (Figure 5c). Though readily detectable inltdually infected leaves, the N56 scFv
could not be detected in systemic leaves, indigatiat the PVX-GW-N56 may have lost
the insert (data not shown). Another transientstasce approach was tested by expressing
the TSWV N gene from a PVV-GW-N. Plants transiemtkpressing the N gene sequence
at the TSWV inoculated leaves showed only mild systesymptoms typical of a PVX
infection. After 30 days from TSWYV inoculation, thecleocapsid N protein could not be
detected in Western blot assay, indicating thattplavere not infected by TSWV and that
the N gene was also not being expressed by the BWXeonstruct, most likely having lost
this foreign sequence (Figure 5c).

Discussion

Here we have shown the generation and successfirngef a set of TMV and PVX-based
vectors which were adapted to allow efficient chgniof foreign sequences using the
Gateway technology. Both TMV and PVX-based vectomtaining the Gateway
sequences were efficiently recombined with entrgtmes, and the resulting expression
vectors successfully infected. benthamiangplants, expressing the target genes. GFP
expression was observed in the inoculated leavesygstemically infected tissue with both
PVX-GW-GFP and TMV-GW-GFP.
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Figure 5. Evaluation of virus resistance strategigiag transient gene expression from a
PVX-based vector. (a, Y. benthamianalants infected with PVX-GW expressing either
the N56 single chain (a) or the nucleocapsid gbheal, b1l: TSWV infected plant; a2, b2:
PVX (inoculated from pGR107) and TSWYV co-infectedrt| a3, b3: PVX-GW expressing
either the N56 single chain (a3) or the nucleochpsiprotein (b3) and inoculated with
TSWV. a4, b4: Non infected plants. Plants were meidadly inoculated with TSWV 3
days after PVX agroinoculation. (c) Western bloteddon of TSWV in leaf extracts from
plants co-inoculated with PVX and TSWV. C-: Non intated (control) plant; 1: PVX
infected plant (inoculated with pGR107); 2: TSWVdated plant; 3: wt PVX and TSWV
co-infected plant systemically infected leaf; 4 &dPVX-GW-N56 and TSWYV inoculated
leaf (4) and systemically infected leaf (5); 6 ahdPVX-GW-N and TSWYV inoculated leaf
(6) and: systemically infected leaf (7); 8: purifieucleoprotein N.
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Viral vectors based on TMV and PVX have been effitieused for a number of purposes,
including high level expression of heterologoustgirts, virus induced gene silencing,
suppression of gene silencing, isolation of hypesiive reaction (HR) related genes, and
several aspects of virus biology and host intepactfAngell and Baulcombe, 1999;
Bendahmane et al., 2000; Chapman et al., 1992; Laeoet al., 2003; Takken et al.,
2000). The set of vectors described here wereigffily used for gene function analysis,
either by VIGS or by the subcellular localizatioh ®-P-fusions, and for heterologous
protein production, all obtainable by a single ahgnstep through the Gateway technology.
The Gateway cloning technology does not use réastniend ligation, but is based on site-
specific recombination, carried omtvitro (Hartley et al., 2000). Cloning is directional and
highly efficient, from a PCR fragment to entry wast containing compatible
recombination sitesaftB and attP), and from this entry vector to a destinationteec
(involving attl. andattR sites), thereby facilitating gene cloning. Indemdny libraries and
genes are being cloned in entry vectors, includirgg theArabidopsislibrary from the
European consortium AGRIKOLAAfabidopsisgenomic RNAI knockout line analysis)
project (Watson et al., 2005). Transient gene esxpyesapproaches, such as the viral vector
or theAgrobacterium tumefaciengansient assay (ATTA) also represent importanistoo
this functional genomics endeavor. These approaabas the generation of multiple lines
of transgenic plants, which is time and space awitsy and laborious. Binary vectors
containing an array of plant selectable marker@maters, GFP fusions and hairpin
generating constructs, all compatible with the @ate cloning technology are available
and have been successfully used (Curtis and Gkdssaj 2003; Karimi et al., 2005;
Karimi et al., 2002; Wesley et al., 2001). A TRV-bdsviral vector compatible with the
Gateway technology has also been developed anégsafally tested for gene silencing
using a tomato EST library (Liu et al., 2002).

The TMV-GW and PVX-GW vectors described here could ibeculated using
Agrobacterium tumefacier{@agroinoculation). Although agroinoculation is ieasand more
economical than inoculation withn vitro RNA transcripts; it implies an extra
Agrobacteriumtransformation/selection step. Besidiesyitro transcripts inoculation may
be conveniently exploited for high-throughput saiag of a cDNA library by analyzing
individual inoculation foci, as approached by Escdaial. (2003). Therefore, the choice of
inoculation method may depend on the experimergptaach. For heterologous protein
production, a fast, high level expression of thgyea gene would be ideal. This can be
achieved by infiltrating bacterial suspensionseafltissues, with a syringe or by vacuum
infiltration of the aerial parts of the plant (Mifohnet et al., 2005). These methods are
particularly attractive since one can expect téecblmaterial for protein extraction as early
as a few days after inoculation. Systemically itdddissues are also suitable for high-level
expression from viral vectors; however, problensoamted with insert instability may be
present, especially for larger inserts (over 1(Ryram et al., 2002; Chapman et al., 1992).

N. benthamianaleaves infiltrated with PVX-GW-GFP showed intenG&P fluoresce
apparent from every cell type within the infiltrdté&eaf areas. Expression followed TMV
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infiltration, however was reduced to a few indivadly transformed cells, indicating that
transcription of the viral cDNA from the T-DNA anthe subsequent onset of viral
infection, starting from translation of the viraplicase is not as efficient as for the PVX-
based infectious DNA. Similar results have beertidlesd previously by Marillonnet et al.
(2005), who showed that the delivery of TMV frohgrobacteriumcan be substantially
further improved by altering the TMV sequence by agimg putative intron recognition
sites. Another approach for TMV vector improvemenass achieved by DNA shuffling of
the movement protein, resulting in virus that cospdead faster both from cell-to-cell and
systemically (Toth et al., 2002).

Viral vectors allow high level transient expressadrforeign genes in differentiated tissues.
Long, cumbersome tissue culture procedures are edv@dd a large number of plants can
be easily inoculated and analyzed after a few dallewing plant inoculation. These
features make viral vectors very useful for studiégene function either through virus
induced gene silencing (VIGS) or by the subcelldtzzalization of a target protein.
Subcellular localization studies can provide addii information on the function of a
target gene (Escobar et al., 2003). A common apprimacuch studies is to obtain a fusion
with a reporter gene to facilitate the detectiorttef chimeric resulting protein. The GFP
gene for its convenience as a non destructive)yedstectable reporter gene has been
widely used either as a C or N terminal fusion (Buand Grossniklaus, 2003; Escobar et
al., 2003). We have modified the PVX-GW vector iowa the easy cloning of a candidate
gene to obtain a GFP at the N terminus of the fugimtein. To validate the use of the
PVX-GFP-GW construct vector was recombined to tha&t @rotein gene of the ToCMoV
resulting in a CP-GFP fusion. LSM images showed tthe fusion protein was targeted to
the nucleus. The subcellular localization of thi®tein had not been studied before,
however, a putative nuclear localization signal wakcated from its coding sequence (SG
Ribeiro, unpublished).Nuclear targeting of the To®@Mcapsid protein is consistent with
the CP targeting of other geminiviruses, such agc#&f cassava mosaic virus (Unseld et
al., 2001) and Tomato yellow leaf curl virus (Kurgk al., 1998). The PVX-GFP-GW
vectors, therefore, were shown to be a useful atfidbte tool for to study subcellular
localization of proteins.

Inoculation of PVX-GFP resulted in intense fluorsce that could be detected after 4-5
days from a large number of cells, due to the Heffltiency agroinoculation of the PXV
vector. For the GFP gene fusion, however, theivelgtlarge size can result in a rather
unstable insert, and the resulting fusion proteay mot be detected in systemically infected
leaves (Chapman et al., 1992; Pogue et al., 20@2yer gene fusions can also reduce the
number of expressing cells in the inoculated laafpbserved for a GFP:GUS fusion (data
not shown). Still, as information on subcellulacdtization can be obtained from a small
number of inoculated cells, and the viral repli@rsures high expression, this should not
constitute a limitation to the system.

Viral vectors have been an important tool to héligidating gene function in plants though
VIGS (Burch-Smith et al., 2004). The most commonsedi vector for VIGS is TRV-

derived. This vector is particularly efficient, indog a very effective and consistent
silencing, possibly due to its silencing imprintia) the meristematic tissue (Liu et al.,
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2002; Ratcliff et al., 2001). PVX and TMV-based wsthave also been used for VIGS
and to study the mechanisms of RNA silencing imtglgAngell and Baulcombe, 1999;
Faivre-Rampant et al., 2004; Kumagai et al., 1995 PVX-GW vector containing the
partial sequence of theds gene was shown to trigger RNA silencingNn benthamiana
Silenced areas are typically patchy and leavdsshtiw large green areas (Figure 3), which
seems to be characteristic of the PVX as a silgniciducer (Angell and Baulcombe, 1999;
Faivre-Rampant et al., 2004). Plants inoculatedh e TMV-GW vector containing the
pds gene fragment showed mild chlorosis in contragh e more extensive bleached
areas [Figure 3 and Kumagai et al. (1995)]. BottiXRWid TMV are less efficient initiators
of VIGS than TRV, although they may be improved lpning inverted repeated sequences
(Lacomme et al., 2003). Moreover, both TMV and PVah de co-infected with TRV,
broadening the possibilities for RNA silencing dadplant-virus interaction studies.

In addition to the use of the PVX-GW and TMV-GW \ast for heterologous protein
production and gene function analysis we describéabt transient method to assess gene
constructs for their potential to induce virus stamice. By expressing a single chain
antibody against the nucleoprotein N of TSWV in sgenicN. benthamianglants, Prins
et al. (2005) showed that high level resistanc€S@VV infection could be obtained. Here
the same scFv (N56) gene was tested via the PVXtGWalidate this expression system
for testing resistance strategies. Transient exioess the N56 scFv led to a considerable
delay of TSWV infection. Transient expression af th gene upon inoculation of PVX-
GW-N was even more effective in hampering TSWYV itifet (Figures 5b). After 30 days,
the N protein could not be detected in plants sy&t@lly infected with PVX in contrast to
the PVX CP, indicating that the heterologous exgicgsof the N gene from the PVX-GW
vector in the infiltrated leaf either blocked TSWieéction or virus titers were too low to
be detected by Western blot. Expression of the N ¢iemm the PVX viral vector may have
induced the RNA silencing machinery leading to sgjpent inhibition of TSWV infection
by targeting N mRNA.

The potential use of viral expression systems teestilarge numbers of gene constructs,
e.g. different single-chain clones, or construatsitaining pathogen-derived sequences
against different virus isolates, is demonstratedimilar approach was recently tested by
(Donini et al., 2005) in plants inoculated with & vector carrying a killer peptide
(which) fused to the coat protein (CP). Plants wiakculated with the PVX-CP-killer
peptide fusion and obtaining resistance to differehallenged bacterial and fungi
phytopathogens, thereby demonstrating the efficddiie tested peptide and the efficiency
of the PVX-based display method.

Screening of such constructs can lead to an inereasfficiency of time and effort, as a
result of the cloning through Gateway and of thapdicity of this transient expression
assay. Testing different single chain antibody cépméhich may vary both on their stability
and neutralizing efficacy (Prins et al., 2005) dwip to quickly screen potentially most
successful clones prior to high numbers of plaatgformation. Likewise, a candidate gene
or sequence designed to achieve resistance thrabiti can be easily tested using this
system. Cumbersome, low efficiency cloning stegsaaoided, as well as the generation of
several lines of transgenic plants. Selection &f blest candidate genes would provide
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potential candidates for further developing andirigsa transgenic approach for pathogen
resistance.
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Expression and localization of Chicken anemia virus

(CAV) proteins in plant cells

Abstract

Chicken anemia virus (CAV) is an important pathogdnchicken worldwide, causing
severe anemia and immunodeficiency. Its small sistlanded DNA genome (2.3 kb)
encodes three proteins: VP1, the only structuratem, VP2 a protein phosphatase, and
VP3, also known as apoptin, which induces apoptdsishis study, CAV proteins were
expressed in plants as an alternative for recombipeotein production in animal cells.
Additionally, the effect of VP3 expression was éekto evaluate possible involvement in
programmed cell death in plants. The CAV genes wteed in binary vectors with the
Green fluorescent protein (GFP) as N terminal fusénd into a Potato virus X (PVX) and
Tobacco Mosaic Virus (TMV)-based vectordlicotiana benthamianaplants were
inoculated withAgrobacteriumtumefaciensontaining the binary vector constructs or the
PVX and TMV constructs. Upon transient expressionP&P1 and GFP:VP2 were
observed throughout the nucleoplasm, whereas VPRefh compact aggregates within the
nucleus, indicating functional nuclear localizatisignals in all three proteins. An intense
fluorescence was observed for VP2 and VP3 fusiarigreas GFP:VP1 fluorescence
remained faint and was only detected in a limitaomber of cells. Co-expression of
GFP:VP1 and VP2 had a marked alteration on theildision of GFP:VP1, forming large
VP1 aggregates throughout the nucleus, indicatmipteraction of the two CAV proteins.
No visible alteration on GFP pattern was detectpdnuco-expression of GFP:VP1 and
VP3, or with GFP:VP2 and VP3. Leaves infiltratedhmitinary vectors expressing CAV
proteins showed no visible phenotype. However, tplamfected with PVX or TMV-based
vectors expressing VP3 displayed strong necrogisvahing, suggesting an involvement
of VP3 in cell death in plants. A direct associatiwith programmed cell death in plants
could, however, not be established. Overall, oaults show that all CAV proteins can be
expressed in plant cells, though expression of YiBdds to be further optimized before
testing its potential as (edible) subunit vaccine.

Cristiano Lacorte, Dick Lohuis, Rob Goldbamtd Marcel Prins
This chapter has been submitted with minor modificest as:

Lacorte C, Lohuis D, Goldbach, &d Prins M. Expression and localization of Chicken
anemia virus (CAV) proteins in plant cells
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Introduction

Chicken anemia virus (CAV) is an important pathoganchickens, causing severe
immunodeficiency and anemia (Noteborn, 2004; Toddl.et2001). The virus presents a
small single-stranded DNA genome (2.3 kb) and heenkclassified in the Circoviridae
family, being the only species assigned for theugébyrovirus (Todd et al., 2001). The

negative sense genome presents three partiallylapping ORFs. VP1 is the only

structural protein found in purified particles (Todd al., 1990); VP2 is a protein

phosphatase and has been shown to interact with p&ssibly helping VP1 assembly
(Noteborn et al., 1998; Peters et al., 2002); amB,Valso known as apoptin (Noteborn,
2004; Noteborn et al., 1994). This protein inducpsptosis in infected chicken cells.
Additionally, it was shown to cause apoptosis inman tumor cells, but not in normal
human cells (Danen-Van Oorschot et al., 1997; Nwotel2005).

CAV has a narrow host range infecting chickenseagdor the meat and egg industry
worldwide. Economical losses can be very high asrsequence of outbreaks that cause
mortality and morbidity due to secondary infectioasd reduction in broiler weight (Adair,
2000; Todd et al., 2001). Difficulties in obtainirmgtenuated strains and the very slow
growth rate and low titers that can be achievechfiofected cell cultures have hampered
the development of effective vaccines (Cunningharal.e 2001; Todd et al., 2001). The
expression of VP1, VP2 and VP3 was achieved incinsells inoculated with recombinant
baculoviruses (Noteborn et al., 1998). Co-expressiovVP2 and VP1 was essential for the
recombinant induction of neutralizing antibodie¢K et al., 1995; Noteborn et al., 1998)
leading to the suggestion that VP2 would help VEie-sole viral structural protein- to
achieve a proper stable conformation, by actinga axaffold protein (Noteborn et al.,
1998). The induction of neutralizing antibodies tlsauld confer protection shows the
viability of using recombinant subunit vaccinesiagaCAV (Koch et al., 1995; Noteborn
et al., 1998). However, for an effective vaccinatgchedule, and considering the large
number of animals to be vaccinated, large amountiseorecombinant antigen would have
to be produced, at low cost. An oral recombinartciree, for example, delivered through
the drinking water or feed would be very adequatal( et al., 2001).

The expression of heterologous proteins in plangssbgcome an attractive alternative for
the more current expression systems based on agnigsdt or bacteria cell culture (Ma et
al., 2003). A number of proteins of pharmaceutaadl industrial applications have been
produced in plants, where the low cost of produntieasy scale-up, and low risk of
contamination with animal pathogens are the maimaithges (Ma et al., 2003; Rigano and
Walmsley, 2005). Plants expressing a recombinatigem can be used directly as an oral
vaccine, which presents low cost and high stabilityerefore, in this study, the potential
use of plants for the production of CAV proteirspe used as a recombinant vaccine, was
explored. For this purposeNicotiana benthamianaleaves were infiltrated with
Agrobacterium tumefacienstrains containing binary vectors or, alternagiyéhoculated
with PVX and TMV-based viral vectors carrying the CAgenes. In addition, the
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expression of VP3 and its potential role in indgoomogrammed cell death (PCD) in plants
was included in the experiments.

Materials and Methods

Bacterial strains and culture conditions

Escherichia colistrain XL1Blue was used for DNA cloning. Cells wegrown in LB
medium, in a shaker at 37°@grobacterium tumefaciensere cultured in LB3 medium
(Peptone, yeast extract, NaCl, KCI, pH7.0), at 2826mpetent cells were transformed by
electroporation using a BioRad apparatus, follovilrggmanufacturer’s instructions.

DNA amplification and cloning

CAV genes were amplified by PCR from cloned DNAtloé Cux-1 strain, obtained from
Dr. Harry Flore (Lohmann Animal Health, Cuxhaven,r@any). Restrictions sites were
included as extension on the primers for VP2 an®.\W/RCR fragments were cloned on
pGem-T easy vector (Promega) and then digestedBeittHl and Sst, for cloning into a
pCambia 2300 binary vector, containing the CaMVaB@moter and nos terminator. The
sGFP gene (Chiu et al., 1996) was PCR amplifiedudity the termination codon, and
cloned into theNcd site of the pCambiaCaMV35S-VP2 and pCambiaCaMVY8®P3 to
obtainin frame GFP C terminal fusions. VP2 and VP3 fragments vedse cloned in the
pEntrll vector (Invitrogen). VP1 was amplified wighimers containing the Gateway
attB1/attB2 (Invitrogen) extensions. PCR fragmeaswecombined with pDonr207 using
the PB clonase mix (Invitrogen), as recommendedthgy manufacturer. Entry vectors
(pDonor207 and Entrll) containing the VP1, VP2 oR\genes were recombined with
destination vectors using the LR clonase mix (llwgién). Destination vectors used were
the binary vectors pK2GW7 and pK7WGF2 (Kariret al, 2002) and a Gateway
compatible PVX-based vector (PVX-GW and PVX-GFP-Gi@hapter 3). Recombination
reactions were transformed irdgrobacterium tumefacierstrain GV3101. The PVX-GW
vectors were transformed in a GV3101 strain coirtgithe pSoup plasmid (Hellens et al.,
2000). DNA restriction and cloning was done essdlgtias described by Sambrook et al.
(1989).

Plant material and inoculation conditions

Nicotiana benthamianglants (4-5 week-old) were used fAgrobacterium tumefaciens
transient assay (ATTA). Young, fully expanded leawese infiltrated withAgrobacterium
suspension using a 5 ml syringe without needlbexibaxial surface. Bacterial suspensions
were obtained from an overnight culture (600 pihtdéuged and resuspended in 3 ml
induction medium [10.5 g/l PO, 4.5 g/l KHPQO,, 1.0 g/l of (NH),SOy, 1 mM MgSQ,
0.2% (w/v) glucose, 0.5% (v/v) glycerol, 50 uM ammftringone, and 10 mM
morpholineethanesulfonic acid (MES), pH 5.6]. Aftevernight incubation at 28°C,
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cultures were centrifuged and resuspended in 5 ®Ivkedium (Murashige and Skoog,
1962) containing 10 mM MES and 150 uM acetosyringameé the Ol adjusted to 0.5.
Co-inoculation with a suppressor of gene silenchigRro, was tested by mixing 1 volume
of strain LBA4404 pBin-HcPro (Bucher et al., 2003)Jha2 volumes of strains carrying the
binary vectors with the CAV genes. Strains carrythg sGFP gene, either in a binary
vector or in a viral vector were included as coistrdhe avirulentAgrobacteriumstrain
A136 carrying a pCambiaCaMV35S-sGFP plasmid wasl aseegative control. For each
construct, 2-3 plants were inoculated and eachreanpat was repeated at least 3 times.
After infiltration, plants were maintained in a wih chamber at 25°C and 12 h
photoperiod.

Sample preparation and microscope imaging

Samples from infiltrated tissues were mounted wititer on a glass slide. Images were
obtained with a digital camera (CoolSNAP™) mountedan epifluorescence microscope
(Leica), with UV light and a blue filter set (465 hrhSM images were obtained in a Zeiss
LSM 510 confocal microscope and the software Zeiss [(&ith Server. GFP fluorescence
was observed through excitation by a blue lightdaight (488 nm) and emission through a
505-530 bandpass filter. For DAPI staining, samplese incubated in 0.1 M phosphate
buffer with 10 mg/ml DAPI for 15-20 min at 60°C, tacilitate the penetration of the dye
(Malerba et al., 2003). Samples were observed ippifluorescence microscope, using a
380 nm filter set.

Western blot analysis

Four leaf discs (9 mm) were collected with a cookdp and macerated with a pestle in a
tube with 200 pl of phosphate-saline buffer (PB#J,7.2. Samples (10 ul per well) were
loaded on a 12% SDS-acrylamide gel on a electragsimmapparatus (BioRad) and run at
150 V. The gels were blotted to an Immobilon membréMillipore), using semi-dry
transfer (BioRad). Membranes were incubated forith 5% (w/v) non-fat milk, in PBS,
and subsequently incubated with an anti-GFP pohatl@antibody (1:3000). An alkaline-
phosphatase conjugate anti-rabbit antibody (Sigw&d used as a secondary antiserum
(1:4000). The blot was developed by adding CSPD #wdbating 5 min at room
temperature, 10 min at 37°C, and exposed to Xihay for 30 min.

Results

Expression and subcellular localization of CAV-GFPdugproteins

N. benthamianaplants were infiltrated withAgrobacteriumcultures containing binary
vectors with GFP C terminal fusions to the VP1, \dl VP3 genes of CAV, hereafter
referred to as GFP:VP(1, 2 or 3). Three days alftétration the leaves were visualized
under UV light using an epifluorescence microscdpEP:VP1 fusion was observed as a
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weak fluorescence signal localized in the nucl@iss fluorescence was detectable from a
limited number of epidermal cells. Co-inoculatioh @FP:VP1 with a vector containing
HcPro, a strong suppressor of RNA silencing (An&adddomi et al., 1998; Voinnet et al.,
2003), substantially increased the number of cklisn which fluorescence could be
visualized and also the intensity of the fluoreseeriThe GFP:VP1 fusion was primarily
localized in the nucleoplasm and nucleolus, as shiovFigure 1a. Leaves inoculated with
GFP:VP2 and GFP:VP3 examined under the epifluoresceicroscope revealed that both
protein fusion were exclusively localized to thechews. Nuclear localization was
confirmed by staining the tissues with DAPI, aswhdor GFP:VP3 (Figure 1cd). Western
blot analysis confirmed the convincing expressidntte GFP:VP2 and GFP:VP3 in
infiltrated leaves, whereas the signal from GFP:\Wrds very low (Figure. 2). Detailed
cytology using the LSM showed small compact aggesgaf GFP:VP3 clustered in the
nucleus, while GFP:VP2 had a nucleoplasmic distidouand was excluded from the
nucleolus (Figure 1bc). Co-expression of GFP:VPZ&P:VP3 with HcPro showed no
alteration in the pattern of the fluorescence,@ntarked increase in fluorescence intensity,
which persisted up to 10 days.

Figure 1. Expression of CAV:GFP fusion proteinsNn benthamiandeaf cells. LSM
images showing GFP fluorescence in the nucleusetid expressing (A) GFP:VP1; (B)
GFP:VP2; (C) GFP:VP3 or (D) free GFP. Epifluoreseeimage showing the nucleus of a
cell in a leaf expressing GFP:VP3 with a GFP fi(tey and a DAPI filter (F). Bar = 10 um.
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Figure 2. Western blot fro\l. benthamiandeaves infiltrated withA tumefacienstrains
carrying various CAV:GFP fusion constructs. Thetbleas incubated with antiserum
against GFP. Lane 1. GFP:VP1 (co-infiltrated withPi®); lane 2: GFP:VP2; lane 3:
GFP:VP3; lane 4: free GFP; C-: control: non inditerd plant.

Co-infiltration of GFP:VP1 and VP2 / VP-3

To tested possible effects of co-expressing CAVaingt GFP:VP1 was co-infiltrated with
binary vectors carrying VP2 or VP3 (devoid of th&Rsfusion). A suspension of the
Agrobacteriumstrain carrying the HcPro gene was also includedatio of 2:1:1 of
VP1:VP2/VP3:HcPro). In leaves co-infiltrated witH-B:VP1 and VP2, the fluorescence
pattern of GFP:VP1 was clearly altered. From atffiirorescence evenly distributed in the
nucleoplasm and a more intense signal from theeole$ (Figure 1a), co-expression of
GFP:VP1 and VP2 lead to the formation of severgreggates inside the nucleus (Figure
3a), suggesting an interaction between VP1 and \NR2.alteration in the GFP:VP1
fluorescence pattern was seen when co-infiltrateth WP3 (Figure 3b). Triple co-
infiltration of GFP:VP1 with VP2 and VP3 followedtid pattern of aggregate formation as
observed for co-expression of GFP:VP1 and VP2 (€i@c). The inverse combinations,
VP1 and GFP:VP2 or GFP:VP3, were also tested bdtndit cause any noticeable
alteration on the fluorescence pattern of VP2 or3Mkhen compared to the pattern
observed for these proteins when expressed alesalis not shown). Also co-infiltration
of GFP:VP2 and VP3 or GFP:VP3 and VP2 also didraweeal any noticeable change of
GFP fluorescence pattern.
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Figure 3: LSM images dfl. benthamiandeaf cells showing GFP:VP1 fluorescence in the
nucleus. Leaves were co-infiltrated wilgrobacteriumineages carrying GFP:V1 and VP2
(A), GFP:VP1 and VP3 (B) and GFP:VP1 plus VP2 a8VC). Bar = 10um.

Expression of CAV proteins from a PVX-based viral vector

CAV genes VP1, VP2 and VP3 were cloned into a P\&Xdd vector. This PVX replicon
contains a GFP gene and th#R sites for recombination using the Gateway LR clenas
(Chapter 2) Agrobacteriumcontaining these PVX-based GFP fusions, heresdferred to
as PVX-GFP:VP(1,2 or 3), were agroinoculatedNinbenthamianand GFP fluorescence
was monitored. PVX-GFP:VP2 showed identical fluosgge patterns to those observed in
leaves infiltrated with the binary vector consteudtor PVX-GFP:VP1, GFP fluorescence
was observed in a very limited number of cells,véhg both nuclear and cytoplasmic
localization (data not shown). Co-inoculation of XX@FP:VP1 and VP2 (with an
Agrobacteriumstrain containing a binary vector) did not alteistVVP1 localization. The
differences in expression pattern and efficiencyléde due to the large insert size of
GFP:VP1 (~ 2 kb) leading to instability of the fiye sequence (Chapman et al., 1992).
Expression of VP1 using this PVX-based expressiatovevas not further explored.

Plant cell death induced by VP3 expression

Plants inoculated with PVX-GFP:VP3 expressed tls@ofuproteins after 3 days. However,
infiltrated areas severely wilted after 4 days dretl after 7-10 days. Systemically infected
leaves showed small necrotic spots (Figure 4).I18imesults were obtained with PVX-VP3
(lacking the GFP fusion partner). Observation oXPGFP:VP3-infected tissues under the
epifluorescence microscope showed an area of desktsurrounded by a ring of cells
expressing GFP:VP3, suggesting cell death followdiR$ expression as the virus moved
from cell-to-cell (Figure 4). DNA extracted fronfiltrated area after 3, 6 and 10 d.p.i. was
analyzed in agarose gel electrophoreses, but nontmlecular weight DNA laddering
pattern typical for PCD was observed (data not stjo®xpression of VP3 from a TMV-
based vector was also tested and also in this mlas¢s showed severe wilting and died
after 10 days (Figure 4).
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Since no evident sign of cell death was observddanes agroinfiltrated with GFP:VP3, or
VP3, expressed from binary vectors, the relatiamvben PVX or TMV infection and VP3
expression was further studied. For this purposgyds were co-inoculated with a strain
containing the PVX vector without a foreign genser (pGR107) and a strain carrying the
VP3 gene or the GFP:VP3 (binary vectors). In addijtieaves infiltrated with GFP:VP3 or
VP3, were mechanically inoculated after 3 days wittracts from PVX or TMV infected
plants. In all these inoculations no evident sighsell death were observed. No difference
in the pattern of GFP fluorescence from agroindedlaGFP:VP3 was noticed after co-
infiltration with either PVX or TMV.

Figure 4:N. benthamianalants systemically infected (10 d.p.i.) with P\GEP:VP3 (left)
and PVX (right) (a). PVX-GFP:VP3 infected leaf tissshowing a row GFP fluorescing

38



Chapter 3

cells and dead cells (bN. benthamianaplants systemically infected (15 d.p.i.) with
TMV:VP3 (left) and wt TMV (right) (c).

Discussion

The expression of CAV proteins M. benthamiandeaves was evaluated. VP2 and VP3
GFP-fusions were readily observed at high levals the VP1 fusion was always detected
at low levels and in only a few cells. VP1, VP2 arfe3 fused to GFP all showed nuclear
localization, which indicates that the known nucliealization signals of the three CAV

proteins are functional in plants. CAV proteins jptissess putative nuclear localization
signals and are known to be directed to the nudleusfected chicken cells where virus

assembly takes place (Adair, 2000). However, thislear localization is not always

observed, since VP3 e.g. does not localize in tietenis of normal human cells (Noteborn,
2004).

VP1 is the only structural protein found in CAV fied particles and is the main choice as
candidate antigen for a recombinant vaccine (Cwgivam et al., 2001; Koch et al., 1995).
Expression of VP1 fronk. coli was attempted but recombinant proteins were ulestab
leading to truncated products (Pallister et al94)9 Successful expression of VP1 was
obtained in insect cells inoculated with a recorahinbaculovirus. It was also shown that
co-expression of VP1 and VP2 was necessary to exdaatralizing antibodies (Koch et al.,
1995). The association of VP1 and VP2 was also detrated by co-immunoprecipitation
assays, leading to the suggestion that VP2 cotldsaa chaperone, helping VP1 to achieve
the correct conformation necessary for stabilityl affective epitope presentation that
would lead to neutralizing antibodies (Noteborrakt 1998). The need for a correct VP1
conformation or proper particle assembly is alsggested by the fact that monoclonal
antibodies poorly recognized denatured VP1 in wedhdot experiments. VP1 expressed
alone in insect cells was also poorly recognizedantrast to co-expressed VP1 and VP2
(Koch et al., 1995; Noteborn et al., 1998).

Besides its interaction with VP1, and its possitnie as a chaperone or scaffold protein,
VP2 was shown to be a dual protein phosphataserfPet al., 2002; 2005). However, as
these studies were carried adnt vitro, the role of VP2 in CAV infection is still not
established (Noteborn, 2005). As shown in this tdragn N. benthamianacells, co-
expression with VP2 clearly alters the (GFP:)VPStrihution within the nucleus,
indicating a possible interaction between thesdeprs. On the other hand, the reverse
combination did not cause VP2 to assemble in aepatsimilar to VP1, which might
suggest that the association is only transientleads to a different location of VP1 after
refolding by VP2. No alteration was observed byegpressing GFP:VP1 and VP3 or VP2
and VP3, when either one was expressed as GFmfuiother research will be needed to
test whether co-expression of VP2 would also beired for proper VP1 conformation in
plants, suitable to induce neutralizing antibodies.

Co-expression of CAV genes and HcPro had a marfedt®n the expression level and no
visible alteration on subcellular localization. €gpression with suppressors of RNA
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silencing has been shown to boost expression Evelany different genes by protecting
mRNA from degradation by RNA silencing pathways,ickhare induced as a plant
response to T-DNA transformation process (Buchealgt2003; Voinnet et al., 2003).
Despite the increase in expression level of VP dynfiltration with HcPro, the current
expression system is as yet insufficiently effitiEm production of high amounts of VP1 in
plants. Optimizing VP1 expression level and/or gimtstability will be necessary to
encourage further experiments to evaluate a reaaambplant-produced VP1.

Besides testing expression of VP1 as a potentiatiidate for a recombinant vaccine
against CAV, the effect of VP3 expression was tedtr a possible involvement in
programmed cell death (PCD) in plants. Programmaltl death is a complex process
involved in many developmental and physiologicabg@sses. In animal cells, PCD or
apoptosis, has been extensively studied in reaansyand is essentially distinct from plant
PCD (Hengartner, 2000; van Doorn and Woltering, ©200Nevertheless, some
morphological features related to apoptotic aniogdls including chromatin condensation,
cell shrinkage and degradation of DNA into nucleoab fragment sizes resulting in a
laddering pattern have also been observed in plants are generally described as
“apoptotic-like” (Huckelhoven, 2004; Ryerson andatte 1996; van Doorn and Woltering,
2005). Based on sequence similarity, most genesvkrto be involved in apoptosis in
animals are not present in plants, (Higashi et 2005; Huckelhoven, 2004), but some
studies have shown that expression of apoptosiecklgenes in plants, like the Bcl-2
family, causes PCD related effect. Expressiohabf2 and other apoptosis antagonists were
shown to block HR in plants, thereby interferinghwiesistance to different fungi, bacterial
and viral pathogens (Dickman et al., 2001; Greemlagd Yao, 2004). The expression of
Bax, an apoptosis inducing gene of the Bcl-2 familgused a typical HR reaction
benthamianaand like in animal apoptotic cells, localized irtanhondria (Huckelhoven,
2004; Lacomme and Santa Cruz, 1999).

The VP3 gene of CAV causes apoptosis in infectedkehi cells and in transfected human
tumor cells, but not in normal human cells (Daneam\Dorschot et al., 1997). This fact has
called the attention for the potential use of VR3aadrug in cancer therapy (Noteborn,
2005). Induction of apoptosis by VP3, also callpdmin, is p53 and Bcl-2 independent
and involves an activation of caspases (Rohn artdlddon, 2004). Redirecting VP3 to the
nucleus of human cells by a heterologous NLS is qudficient for the induction of
apoptosis, as this may require phosphorylation B8 Wy a tumor specific kinase (Rohn et
al., 2002). In the nucleus, VP3 forms aggregatetgracting with the heterochromatin
(Leliveld et al., 2004; Leliveld et al., 2003b). Theaggregates seem to be a common
feature of VP3, and are also obseriregtitro and when heterologously expresseéircoli.
These aggregates were shown to be very stable aathto the apoptosis induction activity
(Leliveld et al., 2003a).

In N. benthamianaells, VP3 is targeted to the nucleus and lodaltyns large aggregates.
When expressed from a binary vector no evidenceethfdeath was observed. However,
when expressed from a viral vector, either TMV orX\dreas expressing VP3 showed
extensive necrosis, eventually leading to plantttdedlo DNA laddering was observed
from these infected tissues. However, this doesemolude PCD induction as a result of
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VP3 expression, since DNA laddering is often natesteed in plant PCD related processes
(Hengartner, 2000; Lacomme and Santa Cruz, 1999Deann and Woltering, 2005).

The different responses obtained from VP3 when esgafrom a binary vector and a viral
vector could result from the higher expression ll@xging the viral replicon. In that case,
PCD could be triggered after passing a thresholél lef VP3 accumulation. It is also
possible that VP3 interacts with viral componentssoprocessed during PVX or TMV
infection and thus turning the molecule activeifmucing PCD. In that case, however, this
“activation” of VP3 or any related response invalyihost-pathogen interaction (e.g. HR)
would not be achieved by expression of MR3rans since no cell death was observed in
leaves co-inoculated with strains carrying the P¥iX insert) and a binary vector carrying
the VP3, or by expression of VP3 from a binary seat PVX infected tissue.

Cell death observed in viral vector infected tisaxpressing VP3 could result from a
necrotic reaction not related to PCD. Necrotic tieas are frequently observed upon viral
vectors-based expression of different genes umtliat PCD (Gleba et al., 2004; Pogue et
al., 2002). Furthermore, PCD in plants may not agygo demonstrate or to distinguish
from a necrotic reaction and further biochemicalgsis would be necessary (Greenberg
and Yao, 2004; van Doorn and Woltering, 2005). Tloees we consider it premature to
assign any involvement of VP3 in PCD in plants at fevertheless, the relatively high
level of expression of VP3 in plant cells, partamly from binary vectors, offers an
attractive alternative source for apoptin produtti€onsidering its importance as a
potential in anti-cancer therapy, purification oP¥ from plant extracts and biological
activity tests are promising enough to warrantfertstudies.

Overall, our results show that all CAV proteins das expressed in plant cells. Current
expression levels of VP1 may be too low to be digdioas an oral vaccine, but optimizing
expression level in plant cells to obtain recombtn®P1 protein capable of inducing

neutralizing antibodies, most likely by co-expressivith VP2, represents an attractive low
cost strategy towards novel, affordable vaccinesresg CAV.
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High expression of recombinant human
erythropoietin in plants using TMV and PV X-based

viral vectors

Abstract

EPO is a hormone acting as a growth factor for eogijites and has an important
therapeutic application for anemia resulting frohemotherapy, AIDS or chronic renal
failure. Here we show that a synthedipo gene, with a codon usage optimized for plant
expression, can be efficiently produced in plarg;i@ Tobacco mosaic virus (TMV) or
Potato virus X (PVX) as expression vehicles. Thpressed EPO was shown to be
primarily present in the apoplast confirming thendtionality of its signal sequence in
plants. Furthermore, the apparent molecular masth@fEPO protein in western blot
analysis suggested the protein to be extensivelyoglylated. Expression of recombinant
EPO from the TMV — but not the PVX - vector inducesti@ng necrotic reaction in both
the inoculated leaves and systemically infectesliis. This necrotic reaction was also not
observed when EPO was retained in the endoplasméitalum due to the addition of a C-
terminal KDEL. Overall, the results obtained demmatst that high levels of glycosylated
EPO can be obtained in plants using viral vectdnss representing a novel alternative for
large scale production.

Cristiano Lacorte, Henriek Beenen, Dick Lohuis, Rdddbachtand Marcel Prins

This chapter has been submitted with minor modificest as:
Lacorte C, Beenen H, Lohuis D, Goldbachari®l Prins M. High expression of recombinant
human erythropoietin in plants using TMV and PVX-dxhsiral vectors
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Introduction

Over the past two decades the production of recaanibi proteins in plants has been
recognized as an attractive alternative for baalteyeast or animal cell-based heterologous
expression systems (Hood et al., 2002; Stoger.ef@05). Low cost and easy scale-up
production has attracted the interest of the phegutical industry. An additional bonus is

that plant-derived products have a lower risk ohfpeontaminated with animal pathogens,
which meets the demand of the growing market fimahfree reagents (Ma et al., 2003).

A number of recombinant proteins have been suaggsgiroduced in plants for different
purposes. These include proteins derived from pgths, to be used as antigens in subunit
vaccines; an array of antibodies for therapeutid diagnostic application, either as full
length or single chain variable fragments (scFvdtgins of industrial use (e.g. enzymes);
and proteins for therapeutic use (Ma et al., 2@8ger et al., 2005). In most cases plant-
produced recombinant proteins are identical or lamto the original or currently used
product. In plant cells post-translational modificas, particularly in glycosylation, may
differ compared to animal cells,. This may represgdimitation, although many plant-
produced (glyco)proteins have been shown to redgjnivalent activity (Brooks, 2004;
Gomord et al., 2005; Ma et al., 2003).

Erythropoietin (EPO) is a hormone controlling reddalacell production (erythropoiesis).
EPO is produced by the kidney, up-regulated by higoand acts on the erythroid
progenitor cells in the hemopoietic organs (FisB803; Jelkmann, 1992). The human EPO
gene is composed of five exons and four intronspéimg a precursor protein of 193 amino
acids (Lai et al., 1986). The N-terminal signal mtonsisting of 27 residues directs EPO
to the endoplasmatic reticulum (ER) and throughGbégi secretion pathway during which
it is glycosylated. Currently, recombinant human ER@EPO) is produced in mammalian
cells and has important therapeutic applicationpdtients suffering of anemia resulting
from chemotherapy, AIDS or chronic renal failureistier, 2003; Jelkmann, 2000).
However, due to the limited production capabilitydahigh cost production from animal
cells, EPO treatment is expensive and its routimetogeduce the frequency of red blood
cells transfusions is not cost-effective (Hoodlet2002; MacLaren and Sullivan, 2005).

In the past, plant-based EPO expression has bedavadhin tobacco cell suspension
culture and transgenic plants of tobacco Arabidopsis(Cheon et al., 2004; Matsumoto et
al., 1995). However, the reported expression lewvetiltured tobacco cells were very low
(up to 0.0026% total soluble protein). Yet, EPO whew to be correctly processed and
targeted to the apoplast. The mature protein préwvée glycosylated and was shown to be
activein vitro but notin vivo, possibly due to reduced half-life of the prot@Matsumoto et
al., 1995). Interestingly, the expression of EPCtramsgenic tobacco andirabidopsis
plants caused male sterility, suggesting a possidie effect of the EPO protein in plants.
Transgenic tobacco plants expressing EPO also shostarted vegetative growth and
plants were dwarfed (Cheon et al., 2004).

Plant expression vectors based on replicating esrugve been successfully used for the
expression of a number of foreign genes, leadindnigh levels of protein production
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(Awram et al., 2002; Pogue et al., 2002). Anothibramtage of these replicative expression
systems is that the recombinant protein can beektad a few days after plant inoculation,
thereby avoiding the cumbersome and time consurgiangration of transgenic plants.

However, the size of the foreign gene sequence mapgesent a limitation, and larger

inserts may render the vector unstable (Donsoh,e1201; Pogue et al., 2002). EPO is a
relatively small protein and, therefore, constituta good candidate for evaluating

expression from such viral vectors. This commuindcateports the expression of EPO in

Nicotiana benthamianplants using TMV and PVX-based vectors.

Materials, results and discussion

Synthesis of the Erythropoietin (EPO) coding sequenaid cloning into TMV and PVX-
based viral vectors

The coding sequence of human EPO was optimized émt gbdon usage and synthesized
by overlap extension PCR using a set of 12 oveittap@0-mer primers and verified by
sequence analysis. The resulting EPO sequenceegtdia sequence for the 27 amino acid
signal peptide. Restriction sites 8ad and Sur flanking theeposequence were used for
cloning into an adapted pBinTMV-30B vector (Shiv@aad®t al., 1999). This binary vector,
which was inoculated to plants usiAgrobacterium tumefaciermnsists of a cDNA of a
hybrid TMV with the coat protein of TMGMV, under trsariptional control of a CaMV
35S promoter and a nos terminator. A hammerheagtijgmzyme was included to assure
proper cleavage of the TMV transcript (Shivprasadlgt1999) (Figure 1a). The resulting
construct, referred to as TMV-EPO, was transformetd Agrobacterium tumefaciens
strain GV3101. The EPO gene was also clonedNud and Notl sites of pEntrll vector
(Invitrogen) and the resulting construct, pEntr-ER®¢ombined with the Gateway-
compatible expression vector PVX-GW (Chapter 3p(Fe 1c) using the Gateway LR
clonase mix (Invitrogen) essentially as recommenuethe manufacturer, except that the
final reaction volume was scaled-down to 5 pl. TAREXHEPO expression vector was
transformed intdAgrobacteriumstrain GV3101 strain containing the pSoup helgasmid
(Hellens et al., 2000). DNA restriction and clonimgs done essentially as described
(Sambrook et al., 1989). The pEntr-EPO construct alss recombined into the bacterial
expression vector pDest-17 (Invitrogen), thus mimg the expressed EPO with an N-
terminal hexa-histidine tag, allowing purificatiarsing Talon columns (BD Biosciences,
USA).
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Figure 1: Schematic diagram of the TMV and PVX-basedtor in binary vectors for
agroinoculation. (a) TMV-based vector indicating tgen reading frames (126/183; MP-
movement protein; CP — coat protein), the EPO geeclone into Pacl and Sunl sites. (b)
PVX vector indicating the open reading frames (RARNA dependent RNA polymerase;
TGB - triple gene box; CP — coat protein). The att®id attR2, flanking the
chloramphenicol resistance gene (CmR) acctB genes, are Gateway sites for
recombination with the attL1 and attL2 flanking tHe@&gene on an entry vector.

Agroinoculation olN. benthamianglants

Nicotiana benthamiangalants (4 leaf-stage, 4-5 week-old) were usegbfoviding the viral
vectors through agroinoculation. Young, fully expead leaves were infiltrated with
Agrobacteriumsuspension at the abaxial surface using a 5 nihggrwithout needle.
Bacterial suspensions were obtained from an ovetréglture (600 pl) centrifuged and
resuspended in 3 ml induction medium [10.5 g/HRO,, 4.5 g/l KHPQO, 1.0 g/l of
(NH,),SO;, 1 mM MgSQ, 0.2% (w/v) glucose, 0.5% (v/iv) glycerol, 50 uM
acetosyringone, and 10 mM morpholineethanesulfaitd (MES), pH 5.6]. After
overnight incubation at 28°C, cultures were cemgreid and resuspended in 5 ml MS
medium (Murashige and Skoog, 1962) containing 10 nMES and 150 pM
acetosyringone and the @9 adjusted to 0.5. For each construct tested, Zatplwere
inoculated and each experiment was repeated at3ddames. After infiltration, plants were
maintained in a growth chamber at 25°C and 12 hquesiod.
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Figure 2: Western blot analysis of leaf extractdNotbenthamianglants inoculated with
different EPO-expressing viral constructs. Panel (&) E. coli expressed EPO; (2 - 4)
extracts from plants infected with TMV-EPO (2); TMV-BKDEL (3) or PVX-EPO (4).
Panel (b): extracts from plants inoculate with TM?®&, TMV-EPO-KDEL and PVX-
EPO. Panels 1, 2 and 3 correspond to total leahetst(1), extracts from the symplast (2)
and apoplast (3), respectively. M: molecular sizekars; C-: non-inoculated plant.

Western blot analysis of TMV-EPO and PVX-EPO infelgades

EPO expression in inoculated leaves was analyzed/éstern blot 6 days post infection
(d.p.i.) and in systemically infected leaves 10€lp.i. Two leaf discs (approximately 50
mg fresh weight) were macerated with a plasticlpesta tube with 130 pul of phosphate-
saline buffer (PBS). Protein concentration was rdateed using the Biorad kit (Biorad,
USA), based on the Bradford assay. Samples (15 eul well) were separated by
electrophoresis in a 12% polyacrylamide gel by tetgxhoresis at 150 V. The gels were
blotted to an Immobilon membrane (Millipore), usirgemi-dry transfer (Biorad).
Membranes were incubated for 1 h in 5% (w/v) ndnAfdk in PBS, and subsequently
incubated with an anti-EPO polyclonal antibody (T58igma). An alkaline-phosphatase
conjugated anti-rabbit antibody (Sigma) was used ascondary antiserum (1:2000). The
blot was developed by adding BCIB/NBT and incubafed 20-30 min at room
temperature.

Western blot analysis revealed the presence of EP€amples from plants infected with
TMV-EPO and PVX-EPO (Figure 2). In both cases the sif the expressed EPO was
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approximately 32 kDa. EPO purified frol coli showed a size of approximately 24 kDa,
indicating that plant produced EPO is being glycawd (Figure 2a). The size of EPO from
cultured tobacco cells or tobacco ahbidopsistransgenic plants was also approximately
32 kDa (Cheon et al., 2004; Matsumoto et al., 19850 isolated from human urine and
recombinant human (rH)-EPO expressed in mammalidls, ahow an apparent size of
approximately 34 kDa, accounted for the carbohgdnadrtion of the protein, which
represents 40 % of the total mass of the matureipréLai et al., 1986).

Based on the intensity of the bands on Westernthktamount of EPO present in plants
infected with TMV-EPO was estimated to be around®d§ total soluble protein, using a

dilutions series of bacterial-produced EPO as stahdaata not shown). Hence,

demonstrating a 200 times improved expression comp@® what was previously reported

for cultured transgenic tobacco plants and prosipapression studies (Matsumoto et al.,
1995). This increase in expression is likely dudwo alterations, the adaptation of the
amino acid codon usage to plant codons and thefuseiral based expression system.

Figure 3: Phenotypic effect of EPO expression oedtddN. benthamianglants using

TMV or PVX as viral expression vector. (a) Leaf iotated with TMV-EPO showing
necrosis of the infiltrated areas, 6 d.p.i.; (b) fLegstemically infected by TMV-EPO, 10
d.p.i. and showing necrosis of the veins; (c) Rlantected with TMV wildtype (left) and
TMV-EPO (right), 20 d.p.i.; (d) Leaf mechanically mdated with extracts from TMV-
EPO infected plant, 6 d.p.i.; (e) Plant systemiedtéd with TMV-EPO-KDEL; (f) Plant
systemic infected with PVX-EPO.
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EPO expression iN. benthamianglants induces necrosis

Leaves agroinoculated with TMV-EPO showed necrott@ard-5 d.p.i. (Figure 3a). In the
systemically infected leaves, necrosis was obsemaitly at the veins and plants wilted
and died 15-20 d.p.i. (Figure 3bc). Extracts fromvks showing necrotic areas were used
for a next passage onto plants, to confirm theaséerto be caused by the viral construct.
Again necrotic lesions were evident in inoculateaves (Figure 3d) while these were not
observed in plants inoculated with TMV-GFP (data stadwn). To further investigate the
necrotic effect of EPO expression, a set of 5 plavas inoculated with TMV-EPO and
maintained at 18°C and 12h photoperiod. After 10dkbys plants showed mild TMV
symptoms but no necrosis was observed. Westernahhlysis of these plants revealed a
lower amount of EPO again suggesting a correlatietwéen expression level and the
necrotic effect caused by EPO ih benthamianglants (Figure 2b). Consistent with this
result, the lower expression levels obtained witiXAEPO (Figure 2a) also never
coincided with necrosis (Figure 3f).

The underlying mechanism by which EPO causes nedrobligotiana benthamianalants
infected with TMV-EPO is unclear. In both transgetibacco and\rabidopsisplantsepo
expression resulted in deformations of the flonaard male sterility (Cheon et al., 2004).
Transgenic tobacco plants were stunted, with reductninodes resulting in a dwarfed
phenotype (Cheon et al., 2004). These pleiotrofgects ofepoexpression were suggested
to be associated with alterations in sugar siggabat no experimental data was presented
to support this notion (Cheon et al., 2004).

EPO accumulates in the apoplast of infediedenthamianalants

The epogene construct utilized contained the coding secgidor the 27 amino acids N-
terminal signal peptide for ER localization and mpianslational expression this sequence
has been shown to be correctly cleaved in tobaetisespension cultures (Matsumoto et
al., 1995). To investigate whether the produced EP@xcreted to the apoplast, leaf
samples of plants systemically infected with TMV-EBOPVX-EPO were immersed in
distillated water and vacuum-infiltrated (~500 mB&or 5 minutes. Infiltrated leaf tissue
was subsequently tissue-blotted, placed in a 18ymihge and centrifuged in a centrifuge
tube (15 min, 3500 rpm), yielding 200-300 pl of tein sample from the apoplast. The
remaining leaf tissue (“symplast sample”) was maieetr in PBS and strained through
Miracloth. Western blot analysis of symplast and@ast samples from leaves inoculated
with TMV-EPO and PVX-EPO showed that EPO is presenhiman the intercellular fluid
and in only smaller amounts in cellular extractgFe 2b). The apoplast localization of
EPO is in accordance with results obtained from cobaprotoplast cultures expressing
EPO (Matsumoto et al., 1995). In cultured cells, eéegr, EPO was not secreted to the
medium, suggesting that in these experiments théeipr was retained at the cell wall
(Matsumoto et al., 1995)
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Effect of the KDEL retention signal on EPO accumulatio

Subcellular localization may greatly influence thecumulation levels of recombinant
proteins in plant cells (Conrad and Fiedler, 1998)e addition of a C-terminal KDEL
sequence for ER retention has been shown to pdtenffarther) increase expressed
protein levels, as a result of the oxidizing enmireent of the ER (Conrad and Fiedler,
1998; Schouten et al.,, 1997). To evaluate the efféctubcellular localization on EPO
accumulation, thepogene was PCR amplified to add the coding sequehaeC-terminal
KDEL sequence. The resulting construct, TMV-EPO-KDEL, vegsoinoculated inN.
benthamianand its expression evaluated after 6 days.

Analysis of symplast and apoplast samples frometh@ants confirmed that EPO-KDEL
was not secreted and thus, as the functional siggtplence remained, most likely retained
in the ER (Figure 2b). Interestingly, in contrastpgiants expressing the secreted EPO,
plants inoculated with TMV-EPO-KDEL did not show anycrasis in the infiltrated or
systemically infected leaves, (Figure 3e). As shawWestern blot analysis, EPO with the
c-terminal KDEL addition accumulated to a lower letlehn secreted EPO (Figure 2a),
which might add to the suggestion of a thresholgression level for EPO to induce
necrosis. Interestingly, EPO-KDEL had a smaller simn the secreted EPO (Figure 2b),
though still appeared larger than the bacterial Ea@icating, as might be expected, a
partial glycosylation. EPO has three potential sited\-linked glycosylation and a single
site for anO-linked glycan (Lai et al., 1986N-linked glycosylation occurs in the ER, by
the addition of mannose residues, in the Golgi egipa where these residues are further
processedO-linked glycans are added only in the Golgi appexdBrooks, 2004; Gomord
and Faye, 2004). Plants can synthesize complexagdystructures, but these display some
different features when compare to human glycamedig, 2004; Ma et al., 2003). These
differences include addition d¥(1,2)xylose andu(1,3)fucose residues in plants, while
terminal sialic acid and galactose are lacking @Bsp 2004; Chen et al., 2005a; Gomord
and Faye, 2004; Ma et al., 2005a). For many recoambiproteins produced in plants these
differences did not represent a limitation, as rthgiblogical activity appears to be
equivalent to the animal-produced molecules (Maalet 2003). However, for some
therapeutic proteins, including EPO, sialylated Meghs are important determinants for
protein stability andn vivo activity, as the non-sialylated protein is cleafiesin the blood
stream faster (Ma et al., 2003; Takeuchi and KokE88}]). It has also been demonstrated
that hyperglycosylated EPO has an increased serlifiieaaand in vivo biological activity
(Egrie and Browne, 2001). Also recombinant EPO petida in mammalian cells is
affected by variations in posttranslational proo@ssand biologically active EPO accounts
for only 20-25 % of the total produced protein (&se, 2004; Grabenhorst et al., 1999).
This limited output and elevated cost of producfimm animal cells are main challenges
for the industry and has created a demand forratimes sources of production (Hood et
al.,, 2002; Joshi and Lopez, 2005). Like other nomamalian cells, differences in
glycosylation profiles may impose limits for plgmteduced protein. Due to different
glycosylation, it may be expected that also in tieisombinant expression systeim,vivo
activity will be lower than that of purified humaBPO. Further improvement of the
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biological activity of plant-based production ofrhan recombinant EPO may be obtained
by expressing these constructs in plants withedtérumanizedglycosylation pathways or
in vitro application of post-translational modificatiobg enzymatic addition of sialic acid
residues or synthetic polymers (Bakker et al., 2@dmord et al., 2005).

Beside its well characterized erythropoietic atfivEPO has recently been implicated in a
range of neural protective effects (Erbayraktamalet 2003; Leist et al., 2004). Indeed,
chemically desialylated erythropoietin (asialoEP@swhown be tissue-protective without
showing potential complications associated withoitilnosis as a consequence of high
levels rhEPO administration. Thus, EPO-related mddscwith alternative glycosylation,
such as produced in plants, could be exploitedottfer neural tissue-protection and be
used in this alternative fashion.

We have shown here that EPO can be produced inspd@ctimulating at levels 200 times
higher than previous results by optimizing aminadacodon usage and viral vectors,
thereby making large scale production of this protéeasible. Future experiments
involving in vivo testing of plant-produced EPO activity will reveiéd potential in
erythropoiesis or neural tissue protection.
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Chapter 5

Genetic stability and spatial distribution of Tobaao
mosaic virus-based vectors ifNicotiana benthamiana

plants

Abstract

Plant virus-based expression systems have greantmit for heterologous protein
production. In many cases, however, expressioraispered by genetic instability of the
inserted sequence. To identify putative deletionamis of a Tobacco mosaic virus (TMV)-
based vector and to study their spatial distributivinfectedNicotiana benthamianplants
we used a TMVmMGFP construct allowing a simple maomtp assay using GFP
fluorescence and lugol staining. In systemicalfgdted leaves GFP-deficient mutants were
observed only in leaves at a later stage of indactshowing a mottled pattern of GFP
fluorescence. Extracts from these leaves revealedritain a high proportion of non-(GFP)
expressor mutants. Functional (GFP-expressing) TM¥RG&irus and derivative non-
expressor mutants were shown to be strictly spati@parated, which was confirmed by
passage inoculation and RT-PCR. This spatial Higion was also observed by co-
inoculation of TMV-constructs carrying distinct GRfenes with different fluorescence
properties. Deletion mutant were shown to be capalbl systemically infecting plants
significantly faster than the original TMVmGFP virukereby rapidly out-competing the
latter in co-inoculation experiments. Implicatioosthe observed insert stability and the
mutually spatial exclusion of functional TMV-GFPdits dysfunctional mutants for the
use of viral vectors in plants are discussed.

Cristiano Lacorte, Dick Lohuis, Rob Goldbaid Marcel Prins

This chapter has been submitted with minor modificest as:
Lacorte C, Lohuis D, Goldbach,dd Prins M. Genetic stability and spatial disttid of
Tobacco mosaic virus-based vectorflinotiana benthamianplants
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Introduction

Plant viral vectors represent a promising stratiEgyforeign gene expression in plants.
Compared to transgenic expression of foreign pmetéiese transient expression systems
take advantage of the high replication rate of folénuses allowing high production rates of
heterologous protein in relatively short time intds, usually days or weeks (reviewed by
Pogue et al., 2002; Scholthof et al., 2002). A nemiif proteins of pharmaceutical and
industrial application have thus been successfpityduced (Pogue et al., 2002). Viral
vectors have also been used to study gene funditer through loss of function, by virus
induced gene silencing (VIGS), or by overexpressibthe target gene (Burch-Smith et al.,
2004; Voinnet, 2005).

Some commonly used viral vectors, such as Tobacaaim@irus (TMV) (Donson et al.,
1991) and Potato virus X (PVX) (Chapman et al.,209%ere modified from cloned cDNA
sequences by adding an extra subgenomic promotselhss restriction sites at which a
foreign gene sequence can be cloned (Scholthdf,e2002). Early versions of the TMV
vector containing a duplication of the subgenonmanmter of its coat protein (CP) cistron
were shown to be unstable (Donson et al., 1991f),abahimeric virus containing the
duplicated subgenomic promoter and coat proteir glerm a heterologous tobamoviruses,
e.g. Odontoglossum ring spot virus (ORSV) or Tonmaild green mosaic virus (TMGMV)
led to TMV-based vectors that could infect the peygtemically, producing high amounts
of foreign protein (Donson et al., 1991; Shivprasadl., 1999) (Chapter 2, Chapter 4).
Further improvements of TMV-based vectors were aggited byin vitro selection of
DNA shuffling of their movement protein gene or bgtimizing vector inoculation by
removing cryptic intron border sequences or by fiyitj the host to supply some viral
functionin trans(Mallory et al., 2002; Marillonnet et al., 20040th et al., 2002).

Despite progress on vector development, genetiahiigy of the inserted sequence can be
a limitation for routine use of plant viral vectota a large population of viruses deletion
mutants may arise as a result of non-homologousmbmation and may constitute a
subpopulation within the infected plant. Analysfgpatative mutant isolates from passage-
inoculated plants showed that, in general, thestamisi had large deletions in the foreign
gene insert sequences (Rabindran and Dawson, 200ik).genetic instability is directly
related to the size of the insert, although othetdrs such as the sequence of the insert and
aspects of viral host interaction are also involaad so far poorly understood (Pogue et al.,
2002; Schneider and Roossinck, 2001; Toth et BD22Zhong et al., 2005). Besides the
molecular aspects leading to the generation oftidelenutants, viral vectors are also
subject to complex population dynamics in infecfgdnts. Studies on aspects such as
genetic structure and spatial distribution of vip@lpulations in infected plants are scant
(Garcia-Arenal et al.,, 2001), particularly on thentext of a viral vector designed for
foreign protein production.

In this study, a TMV-based vector carrying the grélearescent protein (GFP) gene as a
visual marker was used to evaluate the genesis@xtdspatial distribution of GFP mutants
in infectedNicotiana benthamianplants.
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Materials and methods

TMV vectors and GFP cloning

The mGFP5 and GFP S65T (Haseloff et al., 1997; PratB@5) genes were amplified by
PCR using specific primers containingPad and aSun sites as 5’ extensions of the
forward and reverse primers, respectively. GFP dieglfragments were cloned into the
pGEM-T Easy vector (Promegdad/Surl digested fragments were purified from agarose
gel and ligated to pRB2, containing the TMV-basedtae 30B (Figure 1) (Shivprasad et
al., 1999). Ligation reactions were transformeé&gtcherichia coliDH5a cells, which were
plated on LB agar medium containing ampicillin (58/h Selected colonies were grown
in LB medium for plasmid DNA isolation. The presemfehe GFP insert was confirmed
by restriction analysis and sequencing. These slare referred to as TMVmMGFP and
TMVGFPsgst-

In vitro transcripts and virus inoculation

Clones TMVmMGFP and TMVGRRst were linearized by digestion withd andin vitro
transcripts were obtained using the T7 mMMESSAGE mMMRE™ kit (Ambion, Austin,
USA) following the manufacturer's instructions. RN&oncentration and quality were
measured in a spectrophotometer and checked bysagygel electrophoresis.

Leaves from youndNicotiana benthamianglants (4-6 leaves stage, 4-5-week old) were
mechanically inoculated with 10-15 pg of viral RN#anscripts resulting in GFP
fluorescing foci (2-3 mm) after 3-4 days. Threeiwdlal foci were excised under UV light
and used as TMVmGFP founder inoculum. Plant exdraare prepared by grinding leaf
tissues in a mortar in 9 volumes (w/v) of 0.02 Miison phosphate buffer, pH 7.0. Extracts
were strained through miracloth and stored at -20@nts were mechanically inoculated
with diluted extracts (16} unless otherwise stated) by dusting with carbdwamand gently
rubbing the leaves with a glass spatula. After utation, plants were rinsed with tap water
and incubated in a growth chamber at 25+2°C an@ & photoperiod. A total of 6 to 9
plants were used for inoculation, in three indegen@xperiments.

RT-PCR conditions

Total RNA was prepared using Trizol® (Invitrogen).viRBese transcription was done as
described by Halkt al. (2001). A primer specific to the TMV movement piot€5'-
GCTACTGTCGCCGAATCGG-3") was used to initiate cDNA dyesis. This primer was
also used for PCR, together with a coat protein cifpe one (5'-
GCGATCCAAGACACAACCC-3). PCR products were analyzesh agarose gel
electrophoresis, cloned into the pGEM-T easy ve@ommega), and sequenced.
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Pacl Sunl Ehel
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—ﬁ} 126k / 183« W MP Jﬁ GFP#L - CP
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Figure 1: Schematic representation (not to scdl@MV hybrid vector 30B carrying the
GFP gene (TMVmGFP). The position of the primersdufee RT-PCR are indicated. MP-
movement protein; CP - TMGMYV coat protein; grey baMV 3'UTR.

Detection of GFP mutants in TMVmGFP viral populations

The frequency of non expressing GFP mutants (gesteday either point mutations or
deletion) in a sample from a TMVmGFP infected plargs evaluated by mechanical
inoculation of test plantsN; benthamianp Inoculated leaves from these plants were
harvested 4 days post inoculation (d.p.i.) and @ireiphed under UV light using a geldoc
apparatus (BioRad). Subsequently, leaves were hdelan 96% ethanol for 30 min at
80°C, transferred to a Petri dish, rinsed withitaerid and incubated in a lugol solution
(10% potassium iodine in lactic acid) for 10 mirsufeindner et al., 1959). After rinsing in
tap water, leaves were transferred to a plasticamajthe water carefully drained. Images
of the stained leaves were obtained using a flaivaginer (HP PSC1219). The frequency
of GFP mutants in a given sample, therefore, wémated by comparing the number of
GFP fluorescing foci and the total number of fdeirsed by lugol, on inoculated leaves of
test plants.

GFP detection and photography

GFP fluorescence was monitored using a hand-heid ave UV lamp (365 nm).
Photographs of GFP fluorescence from infected plamtre produced under UV light
(Philips HPW, 125W) with a Nikon camera using a Ekd00 ISO film and an orange
filter (040; BW Filters). Close-up and microscopigitdl images were obtained with a
CooISNAP™ camera adapted to a stereomicroscope (M8Za) with a GFP-plus filter
set (excitation 480 nm, barrier filter 510 nm) orat microscope (Laborlux S, Leica) using
either a GFP (excitation 490 nm, barrier filter 5itf) or a DAPI filter set (excitation 385
nm, barrier filter 430 nm).
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Results

Identification of TMVmMGFP mutants in inoculated agdtemically infected leaves

The genetic structure of a TMV-based viral vectopydation in infected\. benthamiana
plants was evaluated using GFP as inserted maltkethis viral vector the TMV coat
protein was replaced by the TMGMYV coat protein riasglin a hybrid vector (30B) which
has enhanced genetic stability and increased esipresf the foreign insert gene (Figure 1)
(Shivprasad et al., 1999).

A simple method based on GFP phenotype was usdéntify GFP mutants. Leaf extracts
to be evaluated were mechanically inoculatedNorbenthamiangest plants. Inoculated
leaves of these plants showed detectable fluore$oeinafter 3-4 days and were collected,
photographed under UV light and subsequently stiaiwéh lugol. The lugol staining
method for identification of inoculation foci is $&d on alterations of starch location in
virus infected cells (Lindner et al., 1959). By caripg the patterns of GFP expressing
foci and that of lugol stained foci it is possilidedetermine the ratio of foci expressing GFP
and those corresponding to GFP mutants (i.e. namékcing foci) (Figure 2).

Figure 2: Identification of putative GFP deletioutants in test plants passage-inoculated
with a systemic leaf sample from a transcript idamd plant (20 d.p.i.). (&) Passage-
inoculated leaf 4 d.p.i. under long UV light, shagiGFP expressing foci. (b) Same leaf
after lugol staining. TMV infection foci that do nsitow GFP fluorescence are indicated by
arrows.
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In vitro transcripts were inoculated and after 4 days Qaérdscing foci were excised,
macerated and used as founder inoculum. Leaves lateduwith this founder inoculum
were collected at 5 and 20 d.p.i. and tested ferpiiesence of non-expressor mutants, by
inoculating test plants. The frequency of non-espoe mutants increased from zero to
20%, for leaves collected after 5 and 20 days,eaetsgely (Figure 4a). These inoculated
test plants were also evaluated for systemic G&#rdscence, after 10-15 days. All plants
inoculated with extracts obtained from leaves adl.p.i. (a total of 8 plants) showed
systemic GFP fluorescence, whereas test plantsilmed with extracts from leaves 20
d.p.i. (a total of 8 plants) showed no GFP flucesse in the systemic leaves, despite
typical TMV symptoms.

Figure 3: GFP fluorescence froM. benthamianaplants systemically infected with
TMVmGFP. (a) Plants showing GFP fluorescence in arily infected leaves early in
infection. (b) The same plant in a later stage d&dtion showing a mosaic of GFP
fluorescing and non-fluorescing tissues.

Plants inoculated with a 5 d.p.i. extract, and ading systemic infection fully coinciding
with GFP fluorescence, were also used to evaluatettfe presence of non-expressor
mutants. Samples of GFP expressing areas (10 nirdites) were collected from infected
emerging leaves (i.eand & leaves, Figure 3a) at 10 day intervals (10, 203thd.p.i.).
Surprisingly, no GFP mutants were found in thedeaess, after inoculating test plants and
assaying leaves for GFP and lugol stained fochfuiiree test plants for each time point,
in three independent experiments). All test plérsisame systemically infected and showed
intense GFP fluorescence at 10 d.p.i. Samplesatederom the top leaves (i.e" & 12"
leaves) of older plants (20-30 d.p.i.), howevegveld a large proportion of GFP mutants.
Typically, these leaves showed a mosaic or mottktepr of GFP fluorescence (Figure
3b) and testing extracts of these leaves resulted large proportion (40-90 %) of non-
expressor foci (Figure 4a). Further testing of sleaves was done by carefully collecting
samples (~2 mm diameter) under UV light from GFPregsing and non-expressing areas,
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by puncturing the leaves with a cut pipette tip.r&sts from these samples were inoculated
on test plants and examined after 3-4 days. Plmatsulated with samples from GFP
fluorescing areas showed no defective mutants wketed with the GFP/lugol assay,
whereas non GFP expressing foci were seen in kastspnoculated with samples of non-
fluorescent areas, though these plants developaagssymptoms, confirming that the non-
fluorescent GFP areas did contain virus. To furtblaracterize these putative non-
expressor mutants, samples were collected fronesysally infected plants and RNA was
extracted for RT-PCR. Agarose gel electrophored$isPGR amplified products from
separate samples from 6 different leaves revealedsimgle band of a smaller size relative
to the control sample from GFP expressing plargufé 5).
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Figure 4: Frequency of GFP non-expressor mutantmfected N. benthamianglants,
estimated by passage inoculation of test planjg-i@guency of non-expressor mutants in
extracts from inoculated leaves (5 and 20 d.pmyl &rom systemic infected leaves;
primarily infected leaves and leaves from latelgetaof systemic infection, showing a
mottled pattern of GFP fluorescence. (b) Co-inattah of TMVAgfp and TMVmMGFP.
The ratios (1:30 to 1:300) correspond to dilutiond extracts containing
TMV AGFP (1C° to 10°) while keeping the same dilution for TMVMGFP (3X).0
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Relative fithess of TMVmGFP and a derivative deletiomant

A GFP deficient mutant was randomly selected fropassage-inoculated plant that lacked
GFP fluorescence. Sequence analysis of this mtgaatled a large deletion (~70%) of the
C terminal region of the GFP gene. This mutanterrefl to as TMXgfp, was used to
obtain information about the competitiveness ofhsuwutants compared to the original
lineage (TMVmMGFP).

Table 1: Frequency of TMV infection in plants aftaripdically removing the inoculated
leaf.

Lineagé Removal of the inoculated leaf (hours after inotafg

46 49 52 57 64 68
TMVMGFP 0% (0/6) 0% (0/6) 0% (0/6) 50% (3/6)  50846)  100%

TMVAgfp 0% (0/6) 50 % (3/6)  50% (3/6) 100% (6/6) 100848] n.t>

L TMV lineages were inoculated in one leaf per plantwo independent experiments
2 n.t. not tested

To determine the time required for establishing atesyic infection, TM\Agfp and
TMVmMGFP were separately inoculated on a set of plamd the inoculated leaf was
detached after 46 to 68 hours, in 3-4 hours inter¢Bable 1) showed that TM\gfp is
capable of systemically infecting plants within 83-hours post infection, whereas
TMVmMGFP established a systemic infection not eathan 57-64 hours post infection. In
addition, deletion mutants appear to move fastanfcell-cell, as suggested by the larger
size of the corresponding lugol stained foci insa@® inoculated test plants (Figure 2).
Plants infected with TMVmMGFP also showed milder siongs as compared to TMAgfp
infected plants.

Next, to evaluate their direct competition, plantsre co-inoculated with TMX¥gfp and
TMVmGFP, using inocula mixed in different ratios gamg from 1:1 to 1:3000
(TMV Agfp: TMVmMGFP), from initial concentrations of 1@ virus per ml for each of the
plant extracts. Plants inoculated with TMYfp: TMVmMGFP ratios of up to 1:30 did not
show any systemic GFP fluorescence, despite clear Funptoms. Only when inoculum
ratios of TMVAgfp: TMVmMGFP between 1:50 to 1:3000 were appliedinaltulated plants
showed systemic GFP fluorescence (Figure 4b).
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Co-inoculated TMV based vectors show a distinctiapdistribution

To further evaluate the observed spatial distriutd TMV strains in mixed infections,
two TMV vector constructs containing different verss of GFP, mGFP and G&&;, were
co-inoculated orN. benthamiandeaves. TMVMGFP and TMVGEKR differ only in a
single nucleotide, resulting in a substitution ofi@o acid Serine 65 with a Threonine
(S65T). This replacement in the chromophore eliteimahe long UV excitation peak (395
nm) and increases the extinction coefficient to4fB-490 nm region (Prasher, 1995). As a
result, the GFRstis excitable with blue light, but not with long Uight, whereas mGFP
is excited both by long UV and blue light. This di#tnce allows a simple screening of
mixed infections. Co-inoculation of TMV vector cairting different GFP versions resulted
in systemically infected plants primarily showirgales containing only one kind of GFP
and, less frequently, leaves showing a patchyibligion of both GFP types (Figure 6abc).

M 1 2 3 4 5 6 C

Figure 5: Reverse transcription PCR using TMV deprimers flanking the inserted
foreign GFP gene (see Figure 1 for their genomgitipms). (1-6) Amplification reaction
of RNA extracted from different infected plants poésenting any GFP fluorescence. C:
reaction from RNA extracted from a GFP fluoresdmaf.

Analysis of samples from such patchy areas usinfluepescence microscopy revealed
distinct GFP fluorescence from cells from differanéas that may be adjacent but do not
overlap (Figure 6¢, d, and e). To confirm this sglageparation of the two types of TMV-
GFP viruses, samples from selected areas wereuttgredllected under the binocular and
extracts from these tissues inoculated on a nevofsptants. After 3-5 days, inoculated
leaves were checked for their type of GFP fluoresegunder UV or blue light. For each
individual sample tested, only one type of GFP whaserved, confirming that in systemic
infected tissues TMVMGFP and TMVGE&E; were present in separate areas and mutually
excluded each other.
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Figure 6: GFP fluorescence in Nenthamianglants co-inoculated with TMVmGFP and
TMVGFPsgs;, showing the spatial separation of the two cowsitu(a) Systemically
infected plant under blue light that excites bot®FFP and GF&s+ (b) Same plant under
long UV light, revealing areas expressing mGFRo(e) Co-infected leaf showing patchy
areas of fluorescence of mGFP and gEP(c). The boxed area indicates the region
analyzed under epifluorescence microscope using 490 nm GFP filter that distinguishes
both mGFP (m) and GERr(s) and (e) a 385 nm filter that discerns only rRGBars are 1
mm.

Discussion

A simple method based on GFP fluorescence andifidatibn of primary infection foci
was used to follow the occurrence and spatial idigion of deletion mutants from an
inoculated TMV-based viral vector. The GFP gene @lassen because of its convenience
as an easy detectable, non destructive reporter gaoh for its relatively small size (720 nt).
By inoculating test plants and comparing the totamber of GFP expressing foci on
inoculated leaves with the total number of primarfection foci stained by lugol it was
possible to estimate the frequency of GFP-defiaiemtants in a given sample.

Genomes of RNA viruses are known for being highigne to mutation as a result of the
high error rate of RNA-dependent RNA polymeraseg (b the lack of proof-reading) and
their short generation time (Garcia-Arenal et 2001; Roossinck, 2005; Schneider and
Roossinck, 2001). Nevertheless, Kere¢wl (1993) sequence-analyzed several lineages of
a TMV-derived viral vector and found relatively lorates of point mutation (<19 in
regions corresponding to the insert,. These mutatadas were no different from the
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mutation rates observed in functional regions wittihe TMV genome. The inserted
sequences, however, are not essential to the ardsmay, moreover, interfere with viral
replication and efficiency of movement. Deletiontemts arising from non-homologous
recombination will tend to replicate faster and mawore efficiently than the original

insert-carrying genomes, thus forming a subpopratiithin the infected plants which

may have a significant selective advantage oveindert-carrying genomes (Donson et al.,
1991; Kearney et al.,, 1993; Pogue et al., 2002;irRlabn and Dawson, 2001). The
screening for GFP mutants in inoculated leaves syglemic infected plants revealed
different patterns and a high frequency of mutamts found particularly in systemic

infected leaves showing a mottled pattern of GFP.

The original TMVMGFP and a spontaneous deletion myfEMVAgfp) were compared in
fitness in parallel and by competition experimerystemic infection by this mutant
occurred significantly (on average 10 hours) fattat TMVmMGFP (Table 1). Moreover,
on inoculated leaves, the GFP mutant formed laigfection foci as visualized by lugol
staining (Figure 2), suggesting a more rapid aeltell spread by the mutant from cell-to-
cell (Figure 2). The TMVmMGFP also induces milder aethyed symptoms in relation to
the GFP deletion mutant or to the “empty” TMV-basedtor. Co-inoculation experiments
also confirmed the competitive disadvantage of TM\FRGelative to TM\Agfp. Testing
different inoculum ratios showed that at least a fél2l excess of TMVMGFP over
TMV Agfp was necessary to obtain plants showing syst&hie fluorescence.

The relative stability of an inserted sequence withiviral vector sequence, in general,
depends on a number of factors, including the amksequence of the insert and host-virus
interactions (Pogue et al., 2002; Schneider ands&lock, 2001; Scholthof et al., 2002;
Toth et al., 2002). Larger inserts (>1.0 kb) tendbe¢olost shortly after inoculation usually
being restricted to a few cells at the inoculatsite (Dawson et al., 1989; Donson et al.,
1991). Smaller inserts can be stably maintainedsforeral passages, nevertheless, the
addition of an insert as short as 200 nt was shtawoause some effect on movement
(Pogue et al., 2002). The nucleotide sequenceedfotteign insert may also influence insert
stability, possibly due to the formation of secamnydstructures favoring non-homologous
recombination during replication (Nagy and Simo®97; Toth et al., 2002). These dsRNA
secondary structures may also be recognized byhtw gene silencing machinery
(Lacomme et al., 2003; Molnar et al., 2005; Zhonglgt2005).

Insert instability is a drawback for the use ofalivectors as foreign gene expression
vehicle. At the same time, this instability may ¢mnsidered a positive feature for their
biosafety, assuring limited spread of insertedegeimto the environment (Pogue et al.,
2002). Rabbindan and Dawson (2001) compared thepetitimeness of wildtype TMV
with a TMV-derived vector containing a duplicatedhganomic promoter but no insert, and
demonstrated the latter to be less competitive @ndent. Our results extend these
observations showing that an insert-containing TMa¢tar is less virulent than a derived
non-expressor deletion mutant.

Besides selection, genetic drift can also stromgfience viral populations, as shown for
TMV, Cucumber mosaic virus (CMV), and Wheat streadsaic virus (WSMV) (Hall et
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al., 2001; Li and Roossinck, 2004; Sacristan et28l03). Because only small numbers of
virions are transported through the phloem, theatiffe population (§ in an infected leaf

is much smaller than the census number, creatgenatic bottleneck (French and Stenger,
2005; Garcia-Arenal et al., 2001; Hall et al., 200iland Roossinck, 2004; Sacristan et al.,
2003). Selection and genetic drift both seem tograting in a leaf inoculated with mixed
populations of TMV vectors. The higher fitness of ThivWlecules lacking a full insert
(TMV Agfp), as specified by higher replication capacihd daster movement, increases
their likelihood of becoming the founder genotypken their frequency in the effective
population reaches a threshold (Hall et al., 200il;and Roossinck, 2004). As a
consequence, systemically infected plants willaeqiress the desired heterologous protein.
The effect of genetic bottleneck on systemic infettwas also shown in plants co-
inoculated with TMVmGFP and TMVGFRR+ These two lineages carry GFP genes
differing only in a single amino acid substitutiand, therefore, most likely have similar
fithess. Although leaves were co-inoculated with shme virus titers, systemic distribution
of each strain was clearly stochastic and indiVideaves became infected predominantly
by either one of the lineages. These data are d¢ensisith results reported by Sacristtn

al. (2003) which quantitatively estimated the genétittleneck by co-inoculating natural
populations of TMV.

Although GFP-expressing virus populations were nlexbto be relatively stable in the
first systemically infected leaves, leaves froneldastages of systemic infection revealed
large proportions of GFP mutants. These leaves sti@atypical mosaic or mottled pattern
of GFP fluorescence and further analysis of thesasashowed that the populations were
spatially restricted forming demes. Such separatias confirmed by passage inoculation
of samples from GFP and non-GFP expressing areadkaAPCR analysis. This spatial
separation, probably resulting from selection aadegic drift imposed by the dynamics of
phloem transport and loading-unloading processal, determine the typical mottled
pattern of GFP-fluorescent and non-fluorescent sanga late infected leaves. Spatial
distribution was also observed in plants co-inamdavith TMVmMGFP and TMVGF&s+.
Co-inoculation of these lineages did not resulaimixed systemic infection, as discussed
above, but leaves showing some patches of digBR& fluorescence were observed. The
areas were strictly spatially separated as confirmedifferences in GFP fluorescence and
by passage inoculating samples isolated from ezaiidual area. Although not observed
in the tissues examined, it is possible that soowalized co-infection occurs in single
occurred in cells at the border regions, as wasodsirated for potyviruses labeled with
green and red fluorescent proteins (Dietrich anis8)&2003).

Spatial distribution of viral lineages in a mix-tdated plant has been recognized since the
early days of experimental plant virology (McKinne$929). More recently, using
molecular analysis or fluorescence approachessgfasial distribution was further studied
for a whole range of viruses includingfalfa mosaic virusltAMV) (Hull and Plaskitt,
1970),Potato virus X(PVX) (Dietrich and Maiss, 2003; Diveki et al.,@), WSMV (Hall

et al., 2001), CMV (Li and Roossinck, 2004; Takestataal., 2004), and different
potyviruses (Dietrich and Maiss, 2003). For all stheviruses, despite their different
taxonomic positions and host ranges, it has besmodstrated that co-inoculation of similar
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virions resulted in spatial exclusion, each lineageupying separate demes within the
systemically infected plant. This spatial exclusibas been associated with cross-
protection, a general phenomenon that has beenrkaog exploited for many years as a
successful strategy to manage virus resistancevieral cultures. Its biological basis is not
well understood, and more recently it has been esstgd to involve RNA silencing and

would operate in a manner analogous to pathogeinederesistance strategies (Dietrich
and Maiss, 2003).

In this study, the TMV-based vector was used as @defrto study the spatial distribution of
deletion mutants in viral populations in infecteldnts. Because of the strong selection
advantage and the genetic drift imposed by phlganmsport, deletion mutants are likely to
be present during late systemic infection, resgliim a typical mottled pattern of GFP
fluorescence. Upon serial passage, the frequensydalf deletion mutants in the inoculum
is an important determinant to assure the maintmaf an effective viral population
containing the desired gene for heterologous prowipression. Above a threshold
frequency these mutants are more likely to cortstitie founder population, resulting in
systemically infected plants that do no longer esprthe desired heterologous protein.
Furthermore, the observed spatial exclusion ofl yemomes carrying distinct inserts may
impose restrictions for using viral vectors for expression of proteins within the same
cell, e.g. heavy and light chains of full lengthtibodies, fluorescence complementation
analyses and protein complementation or subunienalsly. Therefore, besides the
molecular aspects of viral infection and the depelent of efficient constructs,
understanding of host-viral vector interaction éeded to lead to better management and
use of these vectors for combinations of heteralegwrotein production in plants.

Acknowledgments

We would like to thank Dr. William O. Dawson for BOvector and S. Ribeiro for
suggestions and critical reading of the manuscihipts work was financed in part by the
CAPES Foundation (Brazil) through a fellowship toL@corte.

65






Chapter 6

The nucleoprotein of Tomato spotted wilt virus as
protein tag for easy purification and enhanced

production of recombinant proteins in plants

Abstract

Upon infection, Tomato spotted wilt virus (TSWV) fasmribonucleoprotein particles
(RNPs) that consist of nucleoprotein (N) and VRAIA. These aggregates result from the
homopolymerization of the N protein, and are higstigble in plant cells. These properties
feature the N protein as a potentially useful protiision partner. To evaluate this
potential, the N gene was fused to GFP (greendkaant protein), either at the amino or
carboxy terminus, in binary vectoricotiana benthamiandeaves were infiltrated with
Agrobacterium tumefaciensnd evaluated after 4 days, revealing an inteng® G
fluorescence under UV light. Microscopy analysisei@ed that upon expression of the
GFP:N fusion a small number of large aggregate® fie@med, whereas N:GFP expression
lead to a large number of smaller aggregates sedttroughout the cytoplasm. A simple
purification method was tested, based on centrifogaand filtration, yielding a gross
extract that contained large amounts of N:GFP agges, as confirmed by GFP
fluorescence and Western blot analysis. Thesetseshbw that the homopolymerization
properties of the N protein can be used as a fasisanple way to purify large amount of
proteins from plants.

Cristiano Lacorte, Simone G. Ribeiro, Dick LohuigbRGoldbach and Marcel Prins
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Introduction

Molecular farming is arising as an important expi@s system the production of high-
valued recombinant proteins in plants. Over the [E&15 years a large number of
heterologous proteins have been expressed in pliaetading antibodies, antigens, and
other proteins of therapeutic and industrial agian (Giddings et al., 2000; Ma et al.,
2003; Stoger et al., 2005). The low costs, easlesga production and safety are some
main advantages of this expression system as ceahparothers production system based
on microorganism or mammalian cell culture (Hoodlet2002; Ma et al., 2005b). A cost
analysis for producing-glucuronidase (GUS) in corn seeds estimated thatcbst per
gram is approximately 10 times lower than if prashut was carried out i&. coli (Hood et
al., 2002). It was also estimated that the putiicacost accounts for 94% of the total cost,
being directly dependent on the expression levaheftarget protein (Evangelista et al.,
1998). Considering that protein expression fronmigas usually low, ranging from <0.1 %
to 1% of the total soluble protein, purificationst@an determine the commercial viability
of a plant based platform for recombinant proteiwdpcction (Menkhaus et al., 2004).

Much of the research on molecular farming has fedusn protein expression level and

post-translational modification of glycoproteinshiah are major technical barriers (Daniell

et al., 2002; Gomord and Faye, 2004; Stoger eR@05). Increasing recombinant protein

expression levels has been tackled by differentagmbhes, including the choice of efficient

promoter sequences and enhancers, by using vicabrgeor by optimizing codon usage

and RNA stability (Giddings et al., 2000; Ma et @D03) (Chapters 1). At the protein level,

the subcellular targeting of the recombinant protedan have a major effect on protein

accumulation (Conrad and Fiedler, 1998; Hood et28102). The use of gene fusions has
also been shown to increase protein stability aeldyln plants, several proteins have been
tested as a fusion tags including GUS, ubiquitieatHabile enterotoxin (LT) and green

fluorescent protein (GFP) and oleosin (Hondredl¢t1999; Parmenter et al., 1995; Seon
et al., 2002; Yasuda et al., 2005). Proteins taded as tags typically show high stability
and must comfort N or C-terminal fusions (Terpe, 300n the case of GFP and GUS,

these tags also function as a reporter gene, whish facilitates the detection and

purification of the fusion product (Terpe, 2003).

The nucleocapsid from Tomato spotted wilt virus (TSW¥)composed of the virally
encoded nucleoprotein (N) and viral RNA, formingpamucleoprotein particles (RNPs)
(Prins and Goldbach, 1998). Nucleocapsids resoih fnomopolymerization of N protein,
are highly stable in plant cells, and can be egsilgyified from TSWV infected plants by
ultracentrifugation (de Avila et al., 1990). Thes®pgerties feature the N protein as a
potentially useful protein fusion for plant-basegssion. The aim of this study was to
test the potential application of the N gene asusioh tag, by evaluating gene fusion
constructs with the GFP as a reporter gene.
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Material and Methods

Agrobacteriunmculture conditions and plant inoculation

Agrobacterium tumefacierstrain GV3101 was grown in LB medium. Binary vestarere
transformed into electrocompetent cells using ardioelectroporator according to the
manufacture’s instructions. For plant inoculatich,ml of an overnight culture was
centrifuged and resuspended in 5 ml of MS mediut §5) containing 150 uM of
acetosyringone. The final volume was further adplistean Ao=0.5. To valuate the effect
of RNA silencing suppressors on expressidgrobacteriumstrains carrying either the NSs
gene, from TSWV (Bucher et al., 2003) or the HcPemeay from Cowpea aphid-born
mosaic virus (CABMV) (Mlotshwa et al., 2002) were-inoculated with the N fusions by
mixing the bacteria suspensions (2:1 ration). Asoatrol, the avirulent strain A136 was
used.Nicotiana benthamianglants (4-5 week-old) were infiltrated withgrobacterium
suspension using a needle-less syringe. Plants keptein a growth chamber at 25 with a
12 hours photoperiod.

DNA constructs

The N gene from TSWV and the GFP gene (Chiu et @@6)Llere amplified by PCR with a
proof reading DNA polymerasd{ul, Promega). Forward and reverse primers for the N
gene contained as extension the restriction sitet/BanH| and Ncd/Notl, respectively,
whereas primers for sGFP primers contaiNed and Speé sites. The amplified fragments
were purified, ligated to pGemT-easy (Promega) eledtroporated inté&scherichia coli
strain XL1-Blue. Selected clones containing the éhey were digested witBanH| and
Notl and the purified fragment cloned into the inte tBatewa}™ entry vector, pENTR11
(Invitrogen). The GFP gene was cloned intoltoal and Xbd sites of pEntrll. Another N
gene fragment obtained by digestion witbd was cloned into th&lcd site of pEntr-GFP,
generating a in frame N:GFP fusion. Vectors pEntfPGand pEntr-N:GFP were
recombined with the binary vector pK2GW?7 (Karimia¢t 2002)using the LR recombinase
(Invitrogen). Entry clone pEntr-N was also recombingth the binary vector pK7WGF2
(Karimi et al., 2002), generating a GFP:N fusion.

Protein extraction and Western blot

To purify the N-GFP fusions, 0.3 g of leaves wereanated with a pestle in a mortar, with
10 ml of cold 0.1 M potassium phosphate buffer (fB). The macerate was strained and
centrifuged at 10,000 rpm for 10 minutes. The sugtamt was discarded and the pellet
resuspended in 5 ml of potassium phosphate buffer.extract was transferred to a beaker
and stirred for 1 hour at 4°C, in the presence aritlet P-40 (1%). Next, the extracts were
strained through 11 pum nylon filter (Millipore), Grcollected in a 15 ml tube. Using a
Pasteur pipette, a cushion of sucrose 20% wasutigrefdded to the bottom of the tube,
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and centrifuged for 10 minutes at 1,000 rpm. Théepeind the sucrose cushion fraction
were collected, transferred to 1.5 ml centrifugees) and centrifuged at 14,000 rpm for 5
minutes. The supernatant was discarded and thet peHls resuspended in 1 ml of
potassium phosphate buffer. Samples from thesaastwere maintained at 4°C and used
for SDS-PAGE and Western blot analysis and for nsicopic observation. Total protein
extraction was done by macerating two leaf dis€r(®) in a tube with 100 ul of PBS,
using a plastic pestle. Protein loading buffer wdded to these extracts and incubated for 3
minutes at 95°C. After protein separation by SDSSEA proteins were transferred to a
PVDF membrane (Millipore) using a semi-dry transfpparatus (Biorad). The membranes
were blocked in 10% BSA/PBS for 1 hour, and incabawith anti-GFP polyclonal
antibody (1:2000 in 5% BSA/PBS), for 1 hour. Afteashing 3 times in PBS-Tween
(0.1%) (PBS-T), the blots were incubated for 1 hwith an anti-rabbit secondary antibody
conjugated to alkaline-phosphatase, and develogdBCIP/NBT. Protein concentration
was estimated using a Fujifilm FLA 3000 scanner witreen laser (532 nm) and an O580
filter. A standard curve with purified GFP was usedestimate the amount of N:GFP and
GFP:N present in the purified samples by usingMiitigauge software. GFP was purified
from E. coli culture using the TALON® CellThru Resin (Clonteclgcording to the
manufacturer’s instructions.

Detection of GFP fluorescence and imaging

Close-up UV images were obtained with a digital eean(CoolSnap) mounted on a stereo
microscope (M3Z, Leica), with UV light and a bluetdil set (465 nm). To facilitate
microscopic imaging, leaf protoplasts from infited leaves were prepared, essentially as
describe by Kikkert et al. (1997). Leaf samples wamunted with water on a glass slide.
Samples were analyzed under a Zeiss LSM510 lasenisgamicroscope (LSM), using a
blue laser light at 488 nm and emission through& %530 bandpass filter.

Results and Discussion

A gene fusion approach based on the N protein ff@WV was explored in view of its
potential to increase the stability of foreign gins produced in plants. The rational behind
this choice was the known high stability of thisaviprotein in plant cells, and on the fact
that it can form homopolymers, thereby offering asgible purification alternative for a
target protein as a gene fusion. The GFP gene s&b as a model, for its convenience as
an easy and efficient fluorescent reporter geneitanédlatively small size.

The N gene was fused either to the N-terminus ¢hedC-terminus of GFP, generating the
binary vectors pK7GW-N:GFP and pK2WG-GFP:N (Figlike). The expression of these
gene fusions was evaluated by transient gene esipreafterAgrobacterium tumefaciens
infiltration in N. benthamiandeaves (ATTA). Four days aftéxgrobacteriuminoculation,
leaves were analyzed under UV light using a stem@woscope. Intense GFP fluorescence
was observed in leaves infiltrated by both N-GF8idns (Figure 2). Co-inoculation with
the RNA silencing suppressors NSs or HcPro had rkedaeffect on fluorescence, when
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compared to leaves co-inoculated with the aviruksgmobacteriumstrain A136 (data not
shown). The GFP fluorescence was monitored over temealing that the fluorescence
from GFP:N fusion was still visible as late as Zslpost infiltration, indicating a greatly
increased stability of this protein plantaupon fusion to N.

p35S T35S

< Kan | ] | — (a)
LB attP1 attP2 RB
p35S T35S
Nilcrp Wi = (D)
LB attP1 attP2 RB
355 p35S
K = HHINH = Grp =gl (C)
LB attP1 attP2 RB

Figure 1: Schematic representation of the utilibatary vectors. Constructs (a) and (b),
carrying the GFP gene and the N:GFP fusion aredbaisehe destination vector pK2GW?7.
The fusion gene GFP:N was obtained upon recombmatiith the destination vector

pK7WGF2.0 (c).

Leaves expressing the N fusions were analyzed uad&ser scanning microscope,

revealing marked differences in localisation betvtee N:GFP and GFP:N fusions. Large

aggregates of intense fluorescence were seenviadaexpressing GFP:N, whereas smaller
aggregates, scattered through the cytoplasm weseprin leaf cells expressing the N:GFP
fusion (Figure 2). Plants inoculated with the GFeneg showed the typical intense

fluorescence from the cytoplasm and nucleus (datahown).

The formation of N polymers has been studied by Iwdorid system andn vitro
experiments leading to the mapping of N- and Giteal regions that are essential for the
interaction between N monomers (Kainz et al., 200drig et al., 1999). Based on these
studies, a “tail-to-tail” and “head-to head” orgeation of the N monomers has been
proposed (Snippe et al., 2005b). The homotypiaaatéon of N and its interactions with
other TSWYV viral proteins have been studied throtinghexpression of GFP fusions of the
N gene in mammalian cells. Interestingly, in thedl system (BHK cells) no difference was
observed between N- or C-terminal N:GFP fusiongp@net al., 2005a).
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Figure 2: Laser scanning microscope (LSM) imagingpaftoplasts and leaves of.
benthamianaexpressing GFP:N (a), N:GFP (b) and free GFPIfnunolocalization of N
using alexaR 504 fluorochrome anti-rabbit conjuddgtd). Leaf cells expressing N:GFP (e)
and N:GFP (f). Bar =5 pm.

In plant cells, the N protein fused to the GFP @niaus showed increased stability,
besides providing a simple method for extractionisTéxtraction was based on the
formation of the large aggregates of GFP:N and NP@ksions, and took advantage of the
GFP fluorescence. The presence on the aggregdarseath centrifugation or filtration

steps was easily checked by fluorescence. In thgt iwwas verified that most aggregates
were present in the pellet fraction, upon centatign of the leaf extracts. The resulting
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extract contained starch grains, and some celliglebn an attempt to separate the
aggregates from starch grain, a (20%) sucrose @ushas added. Western blot analysis of
these purified extracts confirmed the presencéeffision proteins, but not the free GFP
(Figure 3). Quantification of the purified N fusmnevaluated by scanning of the
immunodetected signal showed that the yield wascoxppately 7.0 pg/g of fresh weigh
(FW). Total leaf extract of infiltrated leaves egpsing GFP or GFP:N (Figure 3, lanes 3
and 6) contained approximately the same amounty(§/§ FW), indicating that the fusion
to the N gene does not lead to significant increas@FP accumulation, but shows that
purification is very efficient. Although this simglmethod for extraction of the large
GFP:N and N:GFP aggregates still yielded a rathgsure preparation, it can greatly
facilitate further purification processing. A larg@lume of plant extract can be easily
reduced to a concentrated precipitate, allowings#paration of this protein fusion complex
from most cellular proteins, particularly solubleoteins, alkaloids, phenolic compounds
and other undesirable substances (Gomord and 2aé§é; Menkhaus et al., 2004).

GFP
.M 80 40 20 10 1 2 3 4 5 6 C-

kD
50-

37-

25- — — _—

Figure 3: Western blot analysis of N gene fusioitt @FP. Lanes 1 and 2: purified GFP:N
fusion from infiltrated leaves; 3) Non purified feaxtract; 4 and 5) Purified N:GFP fusion;
6) Extract of leaves infiltrate with GFP; C-) Nanfiltrated leaves. GFP standards purified
from E. coli; 80-10 ng per well are indicated on the left.

Protein purification methods for large scale prdiunc have been developed for some
species, mainly corn and canola seeds (Kusnadl, €t998; Menkhaus et al., 2004). Large
scale purification of apoplast proteins from tolmmdeaves has also been used. Other
methods for purification involve the rhizosecretimfithe recombinant protein to the culture
medium or the secretion of recombinant proteingnftbe leaf gutation fluid (Borisjuk et
al., 1999; Gaume et al., 2003; Komarnytsky et 2000). To further increase yield and
facilitate extraction, strategies based on genéffusiere developed. These include the
fusion to oleosin, allowing the fusion protein te tecovered from oil bodies, and further
treated with an endoprotease to liberate the resmnbtarget protein (Parmenter et al.,
1995; Seon et al., 2002). Another approach is based fusion construct that contain an
integral membrane-spanning domain leading the fugiotein to accumulate at the plasma
membrane, thereby facilitating the extraction (8iobig et al., 2000).
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We have shown that the N protein as a fusion to @fEBents several advantages and can
be further explored. Testing the N fusion tag witfiedent proteins is essential as every
protein is different and highly complex moleculés. a consequence, fusion proteins often
do not function equally well with all partner priote, and separating the fusion protein
from the passenger may also be a challenge asléhgage site may not be accessible
(Esposito and Chatterjee, 2006). Nevertheless, #R:K (or N:GFP) fusion can also be
useful for the production of small peptides, which often unstable and do not accumulate
within the cell (Cheng and Patel, 2004; Faber ¢t18196). A fusion with GFP and N and
the target peptide could result in stable fusiogregates that are easily extracted. This
extract, free of most proteases and phenolic comgmuwould subsequently be subjected
to endoprotease cleavage, yielding the target gepto be further purified by
chromatography or affinity columns (Menkhaus et 2004)., The aggregated nature of the
N protein fusion, however, may hamper the cleawafgthe passenger peptide and further
solublising may be required (Esposito and Chatte@666). Another potential application
of this fusion system is to induce immune resporsasidering the large size and the
stability of the aggregates, functioning as an ogyt presentation system, may not be
subjected to the same size and steric constrainki®fsystem as from a virus-particle
fusions (Canizares et al., 2005; Chatterji et aD02). In all, this investigation has
demonstrated that the N protein as a fusion tagaHasye potential for recombinant protein
production and purification from plants.
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General discussion

The use of plants for recombinant protein producisosn attractive alternative for the most
commonly used production systems based on bacye@ast or animal cells. Over the past
decades a large number of foreign proteins haven lm@ressed in plants, including
antibodies, antigens, and proteins of medical, riredey and industrial applications

(reviewed by e.g. Daniell et al., 2001; Ma et 2003; Stoger et al., 2005; Teli and Timko,
2004; Twyman et al., 2003).

There are some unique advantages for using plantm asxpression system, but what
makes plants an attractive option as a proteinymtich system is largely the economical
prospect (Hood et al., 2002). Growing plants fooducing high-value recombinant
proteins is very cost-effective, in contrast to wemtional microbial fermentation and
animal cells. The technology and infrastructuredaitivation are available and production
can be easily scaled up without the need of largestments. Specially trained personnel is
also not required (Hood et al., 2002). The econahpcospect is not the only advantage.
Plant derived products have reduced risk of comtatiin with pathogens that may infect
animals or humans, and also with prions and toxirigs is an important issue in the
production of biopharmaceuticals and meets thelrerf the industry towards product lines
that are animal-free (Hood et al., 2002). Despites¢ advantages, using plants for
producing high-value pharmaceutical proteins ptidsents some problems and limitations
that must be solved for this technology to becomedely used and to reach its full
potential. These limitations involve the expressitevel and post translational
modifications of the foreign protein and regulatssues.

In this thesis, different aspects related to theression of recombinant protein production
in plants were investigated. Transient expressgsays based ofigrobacteriumand viral
vectors were used to express proteinsNinbenthamianaleaves (Chapter 2). Several
proteins of potential pharmaceutical value wereresged, i.e. proteins of Chicken anemia
virus CAV) aiming to obtain a vaccine against tpisthogen (Chapter 3), and human
erythropoietin (Chapter 4). Despite the distinatiees of the proteins and their ultimate
purposes, the results obtained indicate the lamengial of plants which need to be
explored further. Therefore, in this chapter, thlevance of the expression level and proper
glycosylation of target proteins for the viabiligf a plant-based production system is
discussed further, in view of the results descrilvethe previous chapters. Some aspects
related to the transient expression system basedralinvectors and current strategies for
improving the available vectors and increasing egsgion level are also discussed. Finally
the implications on the use of viral vectors aresidered in terms of biosafety.
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The quest for increased protein yield and “humadizgost-translational modifications

The economic prospects and further advantages diping recombinant proteins in plants
do not mean that plant-based production represedefinitive solution for the production
of every protein needed. Many proteins currentlydpiced in bacteria, yeast or animal cells
may never be produced in plants, for reasons tiedbath technical and economical (Ma et
al., 2005b).Transgenic plant technology is relayiwgdung, even though it has had large
implications in the production chain (Castle et, @006; James, 2005). Crop plants
currently being commercialized are considered as fttst and second generation of
transgenic plants, involving phenotypic modificagoto improve agronomic traits. Some
typical examples would be the expression of 5-gmalgylshikimate-3-phosphate synthase
(EPSPS), for glyphosate tolerance; tBacillus thuringiensisCry delta-endotoxins, for
insect resistance; or RNA silencing to reduce tblygalacturonase enzyme activity in
tomato fruits (Castle et al., 2006; Stewart andddnl 2005). The expression level for these
genes may not be necessarily high to assure tlredghenotype.

For the third generation of transgenic plants, agnat the production of proteins of
pharmaceutical and industrial use, the challengt iachieve high expression level of
proteins, assuring that the final product is fumtal and safe, on a consistent basis. It has
been suggested that an expression level of at [E4sbf the total soluble protein in
necessary for an economically commercial produdtiarsnadi et al., 1998). Naturally that
estimative depends on the product’'s market valukanthe relative efficiency of down
stream processing (i.e. purification efficiency ity grade) (Evangelista et al., 1998).

The question that is raised then is: how to furtherease recombinant protein production
in plants? There is no direct answer to that, anthly be more a matter of decision making
based on the current scientific knowledge and éepee from different areas. The choice
for an expression system does not follow a simplaluation of the advantages and
disadvantages of each system. Some basic guideliieesell established as, for example,
the several protocols for plant transformationartfansient assays (Sharma et al., 2005).
However, other factors regarding the gene constamndt, particularly, the subcellular
location of the target protein may have great ifice of expression level, and may not be
easily anticipated (Chikwamba et al., 2003; Do206; Drakakaki et al., 2006). Likewise,
the purification process for the target protein trhes considered (Menkhaus et al., 2004).
Optimizing these factors do not assure that exjmessill be increased or the product will
be efficiently purified and results are often unfictable and inconsistent. In many cases,
however, considerable improvements have been austaperhaps from the combination of
several of these parameters. Choosing the propengier sequence, enhancers, leader
sequences and polyadenylation signals, optimizodpo usage, removing cryptic introns
and other mRNA destabilizing sequences and progrgreting of the protein are some
parameters that were shown to be important. Theilistabf the target protein, the
expression system and the plant system shouldb&lssonsidered, particularly in view of
down stream processes. The use of fusion protaimgjeatly contribute to increase protein
stability. As demonstrated in Chapter 6, the fusidrGFP, as a model protein, with the
nucleoprotein N from TSWYV increased the protein ifitgbin planta It also provides a

76



General discussion

simple method for purification of the recombinambtgins. This crude purification can
substantially facilitate further downstream puafion reducing productions costs and
increasing market viability.

Having settled the parameters for increasing esmadevels, evaluation should be carried
out in planta For that, transient expression system based\gnobacteriuminfiltration
(ATTA) or viral vectors are particularly convenieior a proof of concept or for small to
medium scale production (Fischer et al., 1999; ¥etnet al., 2003). These assays are
simple and the expression of the foreign proteim lva assessed after a few days or a few
weeks. This approach where different genes carefted in a relatively short period of
time is also greatly facilitated by the use of @a&teway cloning system (Chapter 2).

The use of viral vectors, as also shown in thisighésve been demonstrated to be useful to
assure high levels of expression. The high levdRA that is produced as a result of the
viral infection assures that proteins are accuradlat higher amounts. As demonstrated in
Chapter 4, erythropoietin with plant-optimized codasage was expressed from a viral
vector at substantially increased level in relatimpreviously reported expression levels in
transgenic plants. Also here correct targeting ¢dud demonstrated using the original
human signal sequence. By adding a C-terminal KDEtoeding sequence the protein
could be retained in the endoplasmic reticulumeathan excreted to the apoplastic fluid.

It should be noted that viral vectors do have tliFawbacks. Viral vectors are often
unstable and the inserted sequence may be readigted by non homologous
recombination (Pogue et al., 2002; Shivprasad.e1999). Loss of the inserted sequence is
usually associated with systemic infection (Chaferin inoculated leaves, the foreign
gene is stably maintained, although longer sequeefiice. >1 kb) may show reduced
efficiency. Whenin vitro RNA transcripts are used, the number of infectelts anay be
rather low, but agro-infection of a PVX vector, fexample, assures high level of
expression throughout the infiltrated leaf (Cha@erThe high efficiency of agroinfection
and high expression level expression that is maiethover a longer period of time (up to
two weeks) make this simple transient expressiostesy a useful approach to test
candidate genes for their expression levels, adiomst above, but also as bioassay for
testing genes for pathogen resistance, for exarapldemonstrated in Chapter 2.

The leaf transient assay was also used for co-esipge<CAV VP11 and VP2 in plants
(Chapter 3). Although the CAV capsid protein VP1svehown to be expressed at very low
levels, the correct targeting of both proteinshe tiucleus and their interactiam vivo,
demonstrate the versatility of this expressione&ypstin contrast to VP1, the other CAV
proteins, VP2 (a protein phosphatase and putataéadd protein) and VP3 (a apoptosis
inducing protein) were shown to be expressed muoterafficiently, indicating that the
intrinsic characteristics of VP1 might result in anstable and therefore lowly expressed
product.

The overexpression of a foreign protein can leatthéonduction of cell death and necrosis
of the infected tissue. This effect, sometimes peeted, is more often observed when the
protein is expressed from a viral vector. This dffaas observed upon erythropoietin
expression from the TMV vector (Chapter 4). The maidmas related to the necrotizing
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effect observed upon EPO expression in plants hawained unknown. The expression of
EPO from the PVX vector or by maintaining the TMV-ER@cted plants at 18°C showed
no necrotic response. Likewise the expression of ERWM® the KDEL ER retention
sequence, also showed a reduced necrotic respireseby suggesting that the necrotic
effect observed upon EPO expression from TMV-EPOs#&oaiated with the expression
level and with the subcellular location of the pinot

A cell death-associated response was also obsepaud TMV and PVX vector-mediated
expression of the Chicken anemia virus VP3 prof€@hapter 3). The VP3 protein, also
known as apoptin, is well known to induce apoptasisanimal cells. When expressed in
plant cells, VP3 localizes to the nucleus, formaggregates similar to those observed in
animal cells. Considering also that expression B8\in plants results in cell death, it is
tempting to implicate VP3 in programmed cells dealNA analysis from leaves
expressing VP3 however, did not show the typicald&ing effect resulting from
chromatin degradation of cells undergoing prograchoel death. This effect is not always
observed in programmed cell death, or it may not&sly detectable as cells undergoing
such process might constitute a rather small gwitipin the tissue analyzed. Therefore, a
possible involvement of VP3 in inducing programneet! death in plants will need further
studies, which might be rewarding by the possipibf further connecting animals and
plants in relation to this important and compleagass of programmed cell death.

RNA silencing inhibition

Between different lines of transgenic plants oftdrow large differences in transgene
expression levels. This variation is associated thi¢hrelative position and copy number of
the integrated transgene and was later recognizad @as being related to both
transcriptional and post-transcriptional gene sileg mechanisms. Transient expression of
foreign genes can also trigger gene silencing, riksly as a result of the high copy
number of DNA transferred bjgrobacterium The effect of gene silencing on ATTA
experiments can be demonstrated by co-expressioiradfsuppressors of gene silencing,
leading up to a 10 fold increase in gene expredsiggl (Voinnet et al., 2003).

To further substantiate the advantages of transexpression systems based on
agroinoculation of viral vectors additional expegims have been performed. Co-
expression by agroinfiltration of a viral vectormgang the GFP reporter gene and a strong
RNA silencing suppressor (HcPro) (Mlotshwa et 2002), leads to a greatly increased
GFP fluorescence (Figure 1), similar to what hasnb&und in ATTA experiments.
Interesting was the effect of the presence of al \RNA silencing suppressor on TMV
infection, resulting in an increased number of <éflat showed GFP expression, which
could reflect either an elevated number of infeatells or an increased expression level in
cells in which GFP expression would normally remaghow the detection limit. A similar
effect has been observed upon mechanical inocalaifoRNA transcripts of Cowpea
mosaic virus (CPMV) where the number of initiallyfécted cells significantly increased
when inoculation was done in leaves expressing ¢icBither from transient expression
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(ATTA) or from transgenic plants (Silva, 2004). Caangd to PVX-based vectors,
agroinoculation of TMV vectors is less efficient aadelatively low number of infection
foci are observed after 5-6 dpi (Chapter 2). The dfficiency observed for TMV vectors
may be a consequence of the low transcriptionieffay of TMV upon transfer of the T-
DNA into the nucleus, due to destabilizing sequserared cryptic introns. Indeed, Removal
of such sequences from the TMV genome greatly as&é the inoculation efficiency upon
agroinfection (Marillonnet et al., 2005).The incsed area of GFP expression indicates that
the efficiency of TMV infection by agroinfiltrationan be further improved by the simple
ectopic co-expression of a strong RNA silencing psagsor. It also confirms the
importance and broad involvement of RNA silencingechmanisms on foreign gene
expression in plants, also in the presence of vigators such as TMV and PVX, at least in
the initiation of infection.

Figure 1: GFP fluorescence from (co-)agroinocul®etenthamiandeaves with (right) or
without (left) RNA silencing suppressor HcPro. Dnrinoculated control; 2) empty binary
vector; 3) TMV-GFP; 4) PVX-GFP.

Optimizing the expression level of a target proteas been largely based on testing the
effect of different expression systems and subleelltargeting. Nevertheless, no single
individual factor may be sufficient to obtain antiogl protein level production, and this
challenge must be approached in different ways §Bo2006). A good example of how the
cumulative effect of technology can contribute tapioved recombinant protein yield is
provided by the transgenic corn seeds for avidiodpction. The avidin yield in these
seeds, carrying both expression and subcellulgetiaig information, was further increased
150-fold in eight generations by conventional sidecand backcross programs (Hood et
al., 2002; Howard, 2005). In that way, the useilehsing suppressors and the alteration on
the glycosylation pathways open novel possibilities increasing protein accumulation
with the proper glycosylation pattern. Further exjplg the knowledge accumulated by
functional genomics will create news options such the manipulation of protein
degradation pathways allow a further increased raatation and yield of a recombinant
protein in plants (Doran, 2006; Rivard et al., 2006
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Perspectives for the post translational modificasiaf plant made pharmaceuticals

Plant glycoproteins show slight differences fronosh produced in animal cells. They
contain B(1,3)xylose andp(1,3)fucose, instead off(1,6)fucose and lack the terminal
galactose and sialic acid residues (Brooks, 200@m@d and Faye, 2004). For many
glycoproteins produced in plants, particularly batlies, these differences appeared to have
minimal or no effect on their function, althoughncerns for possible immunogenic
reactions were raised that still need to be furtheduated (Gomord et al., 2005; Hood et
al., 2002; Joshi and Lopez, 2005; Ma et al., 2003).

The lack of sialic acid residues, however, may havweajor effect for some proteins if
produced in plants, including erythropoietin (EPGhépter 4). The terminal sialic acid is
an important determinant for tha vivo activity and serum half-life of EPO, as non-
sialylated molecules are readily cleared from theod stream by asialoglycoprotein
receptors in the liver (Brooks, 2004; Fukuda et1889).

To obtain proteins that are more “human-like”, tgersic plants and cells expressipd.-
4)galactosyltransferase were successfully testalk@ et al., 2001; Palacpac et al., 1999).
Arabidopsismutants lacking key enzymes for the addition @bfe residues indicated that
the absence of this residue did not disturb theyithesis of N-linked oligosaccharides.
The o(1,3)fucosyltransferase arfi{1,2)xylosyltransferase were knocked out in the snos
Physcomitrela patensallowing the production of proteins without fueosind xylose
residues. Later, transgenikrabidopsisthaliana knocked out plants were also obtained,
which proved able to produce N-glycans lacking sgl@nd fucose (Strasser et al., 2004).
For the addition of sialic acid residues, howewetransgenic based approach would be
require, providing transgenic plants expressing tioacerted action of at least five
heterologous enzymes (Gomord et al., 2005; JosthiLaxpez, 2005). Nevertheless, the
analysis of theArabidopsisdata base revealed genes that are potentiallylviedoin
sialylation and protein analysis detected somglsi@d proteins, albeit in small proportion
(2%) (Shah et al., 2003). These findings calledatiention to a possible route for sialic
acid production in plants, which can be furtherlesgd (Joshi and Lopez, 2005; Seveno et
al., 2004).

Like other non-mammalian expression systems, exjpress recombinant proteins from
plants presents some potential complications dukfferences in the glycosylation profile
of the produced proteins in relation to human pnst¢Grabenhorst et al., 1999). Reducing
these differences is a challenge and a complexasgitycosylation depends on a series of
enzymes and varies according to the physiologitatesof cell within subcellular
compartments (Drakakaki et al., 2006; Gomord e28l05). Glycoproteins for which sialic
acid residues are important determinants, as makeease for EPO, chemical or chemo-
enzymatic addition of sialic acid residues to atjglepare alternatives for post-translational
engineering (Blixt et al., 2002; Chen et al., 2009kor proteins destined for industrial
application, the glycosylation differences may hate major implications, as long as the
stability and function of the protein are maintaingloward, 2005; Scheller and Conrad,
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2005). Likewise, for the production of antigens, tiigcosylation pattern may not be as
important.

Biosafety and public acceptance of plant made phaeutcals

The use of genetic modified organisms (GMOs) has méject of intense debate in
society, leading to policies that vary from one mtyuto another. Over the past 10 to 15
years the number of transgenic plants enteringdbd chain increased steadily, but that
fact was not necessarily followed by general pupécception towards acceptance (Castle
et al., 2006; Davies, 2001; Stewart and Mclean,5208Ithough the use of transgenic
plants for vaccine production was proposed as earli990, only in recent years regulatory
agencies and the public were faced with the emine® of this next generation of
transgenic plants, renewing the debate concerhiadpiosafety of these plants (Kirk et al.,
2005). Since 1991, over three hundred field tweth transgenic plants for the production
of pharmaceuticals have been approved, mainly éenlB, where a specific guidance for
the pharmaceutical related products derived formetieally modified plants use was
issued in 2002 (Elbehri, 2005; FDA, 2002).

The main concern from the regulatory agencies aadotiblic in general is the potential
risk that these products end up in the food cHagsjdes the possible environmental effects
of gene flow and implications for incidental corttadth other species (Elbehri, 2005; Kirk
et al., 2005). Therefore, the selection of a hoahtpmust be considered not only for the
technical aspect, or it may be required additionahsures to ensure an incidental mixing
with other crops (Kirk et al., 2005; Mascia andely 2004). In that respect, the use of
plants that are not in the food or feed chain, saghobacco, is a great advantage (Mascia
and Flavell, 2004). Most of the approved field $efstr transgenic plants for the production
of biopharmaceuticals, from 1991 to 2004, involeedn (70%), soybean (9%) and tobacco
(5%) (Elbehri, 2005). The importance of choosing Hust plant is evidenced by two
incidents involving transgenic plants in the US/eTgenetically modified corn Starlink,
not approved for human consumption, was found tinout the food supply as well as in
food export, leading to serious effect on the miarke another incident, an experimental
field for transgenic plants producing biopharmawelg was not properly handled and
nearly entered the food chain. These events calhtadh on flaws within the regulation for
GMOs, and were a set back, likely influencing tperaval policy concerning plant made
pharmaceuticals (Stewart and Mclean, 2005). Altires to assure higher containment is
to grow plants in greenhouses or carry out the yrtidn in bioreactors with culture plant
cells (Hellwig et al., 2004).

For the use of viral vectors, there is no spedifigulation and the approval for trials
involving these vectors would follow the same GM@sgulations, varying among

countries. The choice for the host plant is celyaam essential point, and it is likely that
higher containment measures will be required. #l$® expected that the public perception
for such virus-based production could be more aaiti Nevertheless, a company in the
USA has got approval since 2002 for producing aligss and other biopharmaceuticals in
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an open area (160 hectares). The production is @sédbacco plants inoculated with a
TMV-derived vector (Pogue et al., 2002).

Despite the arguable potential risk of gene flowotigh spreading of the virus to the
environment, plant RNA viruses do not integrate itite host genome some viruses, such
as TMV and PVX, do not have a known biological traission vector (Pogue et al., 2002).
Besides, as it has been shown for TMV, the virustaining the inserted sequence is
substantially less virulent than the mutants thieteadue to the genetic instability of the
insert-containing virus (Chapter 5). These mutaintgurn, are less fit than the wilt type
TMV virus, and are therefore likely to be rapidlyta@ompeted and eliminated from the
viral population (Rabindran and Dawson, 2001). Tiuees the genetic instability of viral
vectors, though challenging for foreign proteindarction, represents an intrinsic biosafety
feature of the virus (Pogue et al., 2002; Rabindwrzch Dawson, 2001).

Approaches to further increase this biosafety idelithe development of expression
systems based on transgenic plants containing sentsl viral function that can be
providedin trans In that way, these plants are used as host fos wleficient in, for
example, their viral RNA-dependent RNA polymera8ol(et al. 2002) or cell-to-cell
movement (Man and Epel, 2006). This complementangtion may be under control of an
inducible promoter and can also help to assuretinas infection is only accomplished
under controlled circumstances. The use of vedtoses that are deficient in transmission
has also been described (Marillonnet et al., 2085)most of these viruses would not be
infectious by mechanical inoculation, the use Afrobacteriumbased inoculation
(agroinfection) can provide a safe inoculation/esggion system. Leaves or even the whole
aerial part of the plant can be infiltrated by va) providing a large area of infected tissue
that can be used for extraction, providing a safd afficient small to medium scale
production platform with further improved yieldsigEher et al., 1999; Marillonnet et al.,
2005).

Setting up plants as platforms for biopharmaceusigaoduction

Producing proteins with the proper post-translaiomodifications and at enhanced
expression levels involves technical achievemehtt may determine the biological
activity and economical prospect of the producsiiand Lopez, 2005). Other barriers
concern regulatory issues involved in handling ¢iemaodified organisms in the context of
producing biopharmaceuticals as well as all theulsipns for producing, evaluating
efficacy and safety, and conducting trials (Malgt2D05b). That long developmental route
takes years and large investments until final apgdro

The production of biopharmaceuticals in plants asplies having to adapt and operate
under current Good Manufacturing Practices (GMR) set of regulations, codes, and
guidelines for the manufacture of medicinal produntedical devices, diagnostic products,
foods products and active pharmaceutical ingrediefihat also applies to plant-made
vaccines for oral delivery (Kirk et al., 2005).Tingy not be an easy task, considering that
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plants in the field are subjected to environmemntatiations, which can lead to
inconsistencies of a product obtained, which ingplthat bioequivalence may not be
achieved (Elbers et al., 2001; Stevens et al., 2000¢ option is the production from
contained greenhouses, hydroponics or plant ckilireis, assuring the production is carried
out under controlled conditions and also in commeawith biosafety measures. However,
this would imply an estimated increase of 10-20% (freen house facilities only, much
more for cell culture) in the production costs ahd plant-based system would loose an
important benefit compared to other productionfptats (Kirk et al., 2005).

These factors partially lead the industry to beicastin their further investment in plants
as an alternative source of plant-made pharmaedsitislevertheless, the large number of
new biopharmaceutical products that are enteriegntarket and the growing demand for
the available products has created a problem feritldustry to couple with the low
production capacity and the large investments ribéateexpanding the currently installed
production facilities. That situation has been pminais a motivation for the industry to
search alternative production systems (Hood e2@02; Walsh, 2005).

The fact that some plant produced products, suciviain, trypsin and3-glucuronidase,
have already reached the market generates a gositimal to encourage the development
of novel products. Also, the release for a draftiguine for plant-made pharmaceuticals in
the USA (FDA) indicates that this production systeran eminent possibility of becoming
adopted in the coming years (FDA, 2002). Indeedemtly, the first plant-made vaccine
was approved (Mihaliak et al., 2004). This vaccioegdoultry, against Newcastle disease
virus, represents a landmark showing that the ptsade vaccines can get the approval
from the regulatory agencies and shall pave thefaragew products.

It is likely that plants will be increasingly imgant in the near future as a sustainable
source of a variety of substances, including coriblesfuel oil. The possibility of using
plants also for the production of biopharmaceusicahd other industrial proteins can
certainly benefit society. These benefits, howevagy only become true by further
developing the technology, which will require thdiative from scientists and the industry.
Exploring new alternatives on scientific and innovatbasis will certainly help further
developing plant-based technology for recombinaotgin production.
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Summary

Over the past 10 years the production of recombipanteins in plants has become a
promising and realistic alternative for the moréabkkshed technologies which are often
based on microbial bioreactors or animal cell aeltu Selected recombinant proteins are
often high-valued biopharmaceuticals, antigensvimcination purposes and therapeutic
proteins such as hormones and cytokines. The ggodémand for these products and the
limiting production capacities have motivated thevelopment of alternative production

systems. Using plants for the production of hetggous proteins, either by transgenesis or
by infecting them with protein-expressing viral tecconstructs, could be very cost—

effective. The technology for efficient cultivatias available and production can be easily
scaled-up. Producing biopharmaceuticals from plenédso safer, as there is limited risk of
contamination with human or animal pathogens.

As plant-based protein production systems still reepnt a developing area in
biotechnology, some (potential) limitations stifled to be overcome and new opportunities
need to be explored. Expression levels of hetemlsgproteins produced in plants are
frequently low, while their post-translational mficktion, in particularly their
glycosylation, may differ from those produced innaal systems (reviewed in Chapter 1).

The research described in this thesis focused onghef transient expression systems for
heterologous protein production in plants. The chofor exploring and optimizing
transient expression systems was based on botbotheenience of a fast response and
anticipated high expression levels by using virdters. To further exploit the advantage
of a flexible convenient transient assay, viralteex based on PVX and TMV were adapted
through the Gatewal (GW) recombination system to facilitate the inmertof target
genes and tested by expressing marker genes (Ctptéhe resulting vector (denoted
PXV-GW) was successfully validated as expressioctoreand as VIGS (virus induced
gene silencing) tool for plant gene knock-out stadiThe PVX vector was also modified to
contain the green fluorescent protein (GFP) gerstre@m of the Gateway recombination
sites, thereby allowing easy marker protein fusions

In Chapter 3 the VP1, VP2 and VP3 proteins of Céiclanemia virus (CAV) were
expressed itN. benthamianglants aiming at a potential (oral) subunit vaecagainst this
virus. Expression was achieved using both viraltarscand theAgrobacteriumtransient
assay (ATTA) and the subcellular localization ofsth@roteins studied as GFP fusions. All
three CAV proteins localized in the nucleus, denatisg functional and autonomous
nuclear localization signals. Co-expression of (fised) VP2 resulted in a markedly
different distribution of GFP:VP1, indicating thiltese proteins interact within plant cells,
similarly as observed in animal and insect cellsales expressing CAV VP3 showed
extensive necrosis, which might reflect its progbfenction in (virus-induced) apoptosis in
animal cells.
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Chapter 4 describes the successful expressionaimspbf erythropoietin (EPO), a costly
therapeutic product used among others in canceA#n8 therapy, using both the TMV-
and PVX-derived vectors. The generation of a syitHePO gene with optimized amino
acid codons for expression in plants and the tesmtsxpression using viral vectors were
important factors to obtain an expression level raximately 200 fold higher than
previously reported. The secretion to the apopdast extensive glycosylation of EPO in
plants infected with TMV and PVX vectors was demmtsd. An EPO version provided
with a C-terminal KDEL peptide sequence was showbheaetained in the endoplasmic
reticulum, resulting in similar high expressiondéssand alternative glycosylation. Further
research will demonstrate whether these produetbiafogically activen vivo.

Taking advantage of the high replication capacityinfises, plant viral vectors represent a
very efficient expression system. However, the afsthese vectors is often hampered by
the genetic instability of the inserted sequenaagefibn of (parts of) the inserted sequence
may lead to systemically infected plants that nogkr express the desired protein. The
study described in Chapter 5 evaluated the veostability in infected plants using a GFP-

expressing TMV construct for easy monitoring. Farthore a comparison was made
between the fitness of the original GFP-expressiagtor and a non-expressor deletion
mutant derived from the same vector. In co-inodotaexperiments it was also shown that
the original vector and derived mutant occupy ssgaaireas within the infected plant.

In Chapter 6 the nucleoprotein (N) ®bmato spotted wilt virubas been evaluated as
potential fusion partner to increase protein siigbilnd facilitate protein purification. The

fusion of N to the GFP reporter protein was showibe highly expressed and form large
aggregates that accumulated for extended peiiogdanta, when compared to the non-
fused GFP. Purification was achieved by simple rifeigiation and filtration steps, thus

confirming the anticipated application of the N tein as a fusion tag for increasing
recombinant protein production in plants.

In Chapter 7 the major findings of the investigasiageported in this thesis are discussed in
view of the current limitations and challenges farther development of plant-based

recombinant protein expression systems. Also, aspetated to biosafety regulations in

the production of plant-based biopharmaceuticatbublic acceptance of this technology
are discussed.
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Samenvatting

Gedurende de afgelopen tien jaar is het gebruik planten en plantencellen voor de
productie van recombinante eiwitten een veelbeldvem realistisch alternatief geworden
voor gevestigde productietechnieken gebruikmakean micro-organismen of dierlijke
celsystemen. De aldus via heterologe expressiesgat@aangemaakte eiwitten zijn vaak
hoogwaardige farmaceutische eiwitten, antigenen ltehoeve van vaccinproductie en
therapeutische eiwitten zoals hormonen en cytoki®s groeiende vraag naar deze
producten en de beperkte productiecapaciteit hebibenontwikkeling van nieuwe
productiemethoden gestimuleerd. Het gebruik vantplavoor de productie van heterologe
eiwitten, hetzij door transgenese of door ze tedtdren met virale genvectoren kan erg
lucratief zijn. De technologie voor efficiénte pradie is beschikbaar en de productie kan
gemakkelijk opgeschaald worden. Het produceren femmaceutica in planten is ook
veiliger omdat er maar een beperkt risico op coirtatie met dierlijke of humane
pathogenen bestaat.

Omdat biotechnologische eiwitexpressie in planteg steeds in ontwikkeling is, moet een
aantal (potentiéle) problemen worden opgelost envé mogelijkheden geéxploreerd. Zo
zZijn de tot op heden behaalde expressieniveauarisgene planten over het algemeen laag,
terwijl de post-translationele modificaties van ii@n, met name de glycosylering, kan
verschillen van die in dierlijke systemen (Hoofds1).

Het in dit proefschrift beschreven onderzoek cotreemde zich op de transiénte
eiwitexpressiesystemen in planten. De keuze ont frassiénte systemen te onderzoeken
en te verbeteren was gebaseerd op zowel het gearaksnelle productie als ook de
verwachte hogere expressie bij het gebruik vanlesivactoren vergeleken bij transgene
expressie. Aldus werden de bestaande gebruikensldligke transiénte virale vectoren
gebaseerd op het Tobaksmozaiekvirus (TMV) en hetdaelvirus X (PVX) aangepast
voor het gebruik van de GatewHykloneringtechniek. Deze techniek maakte het migeli
genen in te brengen met behulp van recombinatievend getest door de expressie van
merkergenen te volgen (Hoofdstuk 2). De uit PVXwokkelde vector (PVX-GW) bleek
niet alleen te voldoen als expressievector vooitigiwmaar tevens als werktuig voor VIGS
(virus-geinduceerde gen silencing) om gericht glagénen mee uit te schakelen. De PVX
vector werd ook aangepast om eiwitten gefuseerchatgreen fluorescent proteifGFP)

te kunnen produceren.

In Hoofdstuk 3 werden de drie structurele eiwitdRl1, VP2 en VP3 van het Chicken
anemia virus (CAV) inN. benthamiandot expressie gebracht met als doel een mogelijk
(oraal) vaccin tegen dit virus te ontwikkelen. D@mressie werd bewerkstelligd met zowel
virale vectoren als met de “transiémgrobacteriuminfiltratietoets” (ATTA) waarbij de
subcellulaire lokalisatie zichtbaar werd gemaakt @EP fusie-eiwitten. Alle drie virale
eiwitten bleken in de celkern te accumuleren, waare aanwezigheid van functionele
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autonome kernlokalisatiesignalen in deze eiwitten korden aangetoond. Co-expressie
van (niet gefuseerd) VP2 veroorzaakte een opvadleretandering in de intracellulaire
lokalisatie van (GFP:)VP1, waaruit afgeleid mag der dat deze eiwitten, net als in
dierlijke en insectencellen, ook in de planten@#l enderlinge interactie aangaan. Bladeren
waarin het CAV VP3 eiwit tot expressie werd gebtaydven op uitgebreide schaal necrose
te zien, dit zou met de veronderstelde functie diareiwit in (virusgeinduceerde) apoptose
in diercellen te maken kunnen hebben.

In Hoofdstuk 4 is de toepasbaarheid van zowel TMMg-RVX-afgeleide vectoren voor
heterologe expressiedoeleinden verder getoetsi@diand van het humane erythropoétine
(EPO), een kosthaar therapeutisch eiwit dat ondderangebruikt wordt in kanker- en
AIDS therapie. Uitgaande van een synthetisch EPO-get een voor planten
geoptimaliseerd aminozuurcodongebruik werden esmeiveaus bereikt die ongeveer 200
maal hoger lagen dan eerder gerapporteerde resultaplanten. Hierbij kon excretie naar
de apoplast en glycosylering van het EPO-eiwit wordangetoond. Een EPO-variant
waaraan een carboxyterminaal KDEL tetrapeptide waeppeld bleek op te hopen in het
endoplasmatisch reticulum. Dit ging gepaard met\eagelijkbaar hoog expressieniveau
en een veranderd glycosyleringspatroon.

Zoals ook blijkt uit de resultaten van de Hoofdsekk2 — 4 kunnen virale genvectoren
vanwege hun hoge amplificatiesnelheid potentiesl zger efficiénte expressiesystemen
worden gebruikt. Echter, de intrinsieke genetisatsabiliteit van de ingebrachte, niet-
essentiéle sequentie is vaak een beperkende faxttetie van (een deel van) de extra
genetische informatie kan leiden tot systemiscinfgeteerde planten die het gewenste
eiwit niet meer tot expressie brengen. De in Haold$ beschreven proeven hebben deze
complicatie nader onderzocht gebruikmakend vanTééw construct dat het eenvoudig te
volgen fluorescerende GFP eiwit tot expressie kdredgk werd een vergelijking gemaakt
tussen de fitness van de originele GFP producerdrid¥ vector en een spontane
deletiemutant waarin GFP niet meer tot expressieankw Door middel van co-
inoculatieproeven kon worden aangetoond dat deinelgy TMV-GFP vector en deze
afgeleide mutant verschillende delen van de geleéede plant infecteerden en elkaar
binnen de plant kennelijk uitsloten.

In Hoofdstuk 6 werd het nucleocapside-eiwit (N) viaet Tomatenbronsvlekkenvirus
(TSWV) onderzocht als mogelijke fusiepartner voorvidehoging van de stabiliteit van
recombinante eiwitten en tevens hun opzuiveringelemakkelijken. Fusie van N aan
GFP bleek inderdaad te leiden tot verhoogde exjgress ophoping van grote, stabiele
eiwitclustersin planta Opzuivering kon worden bereikt door eenvoudigetrifeigatie- en
filtratietechnieken waarmee de verwachte toepassimghet virale N eiwit als fusiepartner
voor verhoogde expressie van recombinante eiwikibenworden aangetoond.

In Hoofdstuk 7 worden de belangrijkste bevindingan dit proefschrift bediscussieerd in
het licht van de huidige beperkingen en uitdagingeor de expressie van recombinante
eiwitten in planten. Ook komen aspecten zoals bistthe veiligheid van in de plant

geproduceerde biofarmaceutica en publieke acceptatiit hoofdstuk aan de orde.
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