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Preface

Molecular farming in plants is an emerging discipline in life sciences. It is also
known as molecular pharming or biopharming. Essentially it is using plants including
algae to produce pharmaceutical proteins, therapy peptides, vaccine subunits, indus-
trial enzymes and other compounds of interest. The plant system offers practical,
biochemical, economic and safety advantages compared with conventional produc-
tion systems. One successful example is Golden rice that was engineered with the
biochemical pathway to biosynthesize beta-carotene, a precursor of pro-vitamin
A in the edible parts of rice. This genetically modified rice can be used in areas,
particularly in developing countries, where there is a shortage of dietary vitamin A.

This book is aimed at reviewing the principles, current advanced methodology,
bottleneck problems and futures of molecular farming in plants in anticipation
of providing a textbook for students, teachers, and researchers who are interested
in molecular farming in plants and plant biotechnology. This book consists of
12 chapters written by international authorities in the field. Overall current status
and future prospective of the discipline is discussed in Chap. 1. In the area of thera-
peutic strategies using stable transgenic plants, cell suspension cultures (Chap. 3),
chloroplasts (Chap. 4), transient expression (Chap. 9), and viral vectors (Chap. 10)
are extensively reviewed. In addition to plant leaves that have been commonly used
for protein production, promising alternatives including plant seed (Chap. 5) and
algae (Chap. 6) are also discussed. From the angle of products, Chaps. 7 and 8
particularly address plant-derived vaccines/therapeutic proteins and industrial
proteins, respectively. Downstream processing, as an essential part of molecular
farming, is reviewed in Chap. 11. In dealing with public concerns about safety,
Chap. 12 provides an updated review in this topic. To make this book concise, basic
sciences such as molecular genetics and general plant biotechnology are not included.
Interested readers are recommended to read relevant textbooks or reference books
for basic knowledge in these areas.

Both the editors wish to express their sincere gratitude to all the authors for
accepting their invitation and taking on the challenging task to make valuable
contributions to this book. Special thanks go to Jacco Flipsen, Ineke Ravesloot and
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the other staff at Springer for their strong support and excellent professionalism
that make this book possible. Both the editors also thank their families, friends, and
colleagues who have provided tremendous support and continuous encouragement
from the deliberation of the book to its publication.

Aiming Wang
Shengwu Ma
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Chapter 1
Molecular Farming in Plants: An Overview

Shengwu Ma and Aiming Wang

Abstract Protein-based biopharmaceuticals have become increasingly important
due to a combination of their bioreactivity, specificity, safety and overall success rate.
Escherichia coli, yeast and animal cells have traditionally been used as heterologous
expression systems for production of pharmaceutical proteins. However, these con-
ventional expression systems are often limited by high production costs, potential
risks of product contamination, and the complexity and difficulty of scale-up to
industrial production. Plants have emerged as a promising alternative expression
system for production of pharmaceutical proteins because they offer several potential
advantages, including low production costs, ease of scale-up to commercial quantities
of production and reduced risk of product contamination by mammalian viruses or
toxins. Plants are already being used to produce antibodies, vaccines, growth
factors and many other proteins of pharmaceutical importance. The use of plants
as factories for production of recombinant pharmaceutical proteins, including
industrial enzymes, is now more commonly referred to as molecular farming. In this
chapter, we discuss the technological basis of molecular farming in plants, with a
focus on host systems and approaches/strategies developed to maximize protein
yields and to ensure efficient recovery and purification of plant-made recombinant
products.

S. Ma (<)
Transplantation Immunology Group, Lawson Health Research Institute,
London, ON N6A 4G5, Canada

Department of Biology, University of Western Ontario, London, ON N6A 5B7, Canada
e-mail: sma@uwo.ca

A. Wang
Southern Crop Protection and Food Research Centre, Agriculture and Agri-Food Canada,
1391 Sandford St., London, ON N5V 4T3, Canada

A. Wang and S. Ma (eds.), Molecular Farming in Plants: Recent Advances 1
and Future Prospects, DOI 10.1007/978-94-007-2217-0_1,
© Springer Science+Business Media B.V. 2012
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1.1 Introduction

Historically plants have been a primary source for medicinal products and many of
the currently available drugs have been directly or indirectly derived from plants.
For example, metformin, today’s foundation therapy for type 2 diabetes, is derived
from galegine, which is naturally found in the herb Goat’s rue (Gallega officinalis)
(Witters 2001). In recent decades, advances in molecular biology and genetic engi-
neering have created opportunities to expand the use of plants for a much broader
range of products of medical importance. Indeed, molecular farming using geneti-
cally engineered plants has emerged as a promising new approach for production of
biopharmaceutical products, such as monoclonal antibodies, vaccines, growth
factors, cytokines and enzymes. Since the first recombinant protein drug, human
insulin, was approved by the U.S. Food and Drug Administration (FDA) 29 years
ago, there has been a dramatic increase in the number and frequency of use of
therapeutic proteins, largely because protein and peptide drugs, especially antibodies,
usually display excellent potency and selectivity for the disease target and have
low incidence of toxicity. Presently, a quarter of all FDA approved new drugs are
biopharmaceuticals, and by January of 2009, the number of biopharmaceutical
drugs licensed by the FDA and the European Medicines Agency (EMA) reached
151 (Ferrer-Miralles et al. 2009). This number is expected to grow considerably over
the next few years, because development of new protein and peptide therapeutics is
continuing at a rapid pace.

Up to now, most of the clinically available protein and peptide drugs are still
derived primarily from mammalian cells, E. coli, and, to a lesser extent, yeast and
insect cells. While useful, these conventional cell culture-based expression systems
are usually limited by high production cost, low efficiency and low yield. Moreover,
the use of mammalian cells as a production platform also raises concerns about
product safety. The requirement for large quantities of economic and safe therapeu-
tic proteins has fueled a growing interest in the production of recombinant proteins
in plant bioreactors.

Plants offer a valuable alternative to traditional fermentation-based expression
systems for the commercial production of pharmaceutical proteins, having a number
of advantages. First is the ability to perform eukaryotic post-translational modifica-
tions such as glycosylation and disulfide bridging that are often essential for bio-
logical activity of many mammalian proteins (Ma et al. 2003; Tremblay et al. 2010).
Secondly, there is little to no risk of contamination with human pathogens, which is
always a concern when using cultured mammalian cells as a bioreactor. Thirdly, plant
growth requirements are simple and inexpensive compared to traditional cell culture
systems, allowing for inexpensive and nearly unlimited scalability. Plant cell cultures
have much simpler growth requirements than mammalian or insect cell cultures,
able to utilize light as the main energy source, reducing costs. Last but not least, plant
systems are robust and inert, allowing for simplified handling/purification and the
ability, in the case of pharmaceutically relevant proteins, to be administered orally
with minimal processing. This chapter discusses the technological basis of molecular
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farming in plants, with a focus on host systems and approaches/strategies developed
to maximize protein yields and to ensure efficient recovery and purification of
plant-made recombinant products.

1.2 Overview of Plant-Based Expression Systems

There are four major plant-based expression systems available for the production of
foreign proteins. Each system has its own characteristics and offers specific bene-
fits. The availability of different plant-based expression systems allows researchers
greater convenience and flexibility to choose a more effective system for the pro-
duction of a particular target protein, given that each protein has its own unique
amino acid sequence that will lead to a unique structure, and therefore may require
the use of different expression systems in order to achieve maximum protein yield.

1.2.1 Transgenic Plants

Transgenic plants are plants that have been genetically modified by introduction of a
foreign gene (transgene) into the nuclear genome of a host plant through the employ-
ment of recombinant DNA technology. Thus far, transgenic plants have been the
most commonly used expression platform for production of proteins of pharmaceuti-
cal importance. One of the main advantages of using nuclear-transformed whole
plants as a bioreactor is its flexibility and the efficiency in scaling up the production
of recombinant proteins, which can be achieved simply by planting more acres of the
biotech crops. Another major advantage is the long-term continuous production of
recombinant proteins with little to no external input, because foreign genes are
stably integrated into the nuclear genome of the host plant and are inherited in the
next generation, and as such, stable and predictable transgene expression can be
maintained over many generations (Tremblay et al. 2010). Additionally, the synthesis
of foreign proteins in nuclear transgenic plants can be readily targeted to edible plant
organs such as leaves, seeds or fruits, allowing them to be delivered orally without
the need to perform tedious, expensive downstream processing of expressed prod-
ucts. The disadvantage of transgenic plants as a protein production platform, on the
other hand, is that a relatively long period of time (6—9 months) is required to generate
plants expressing the target protein at usable levels. There are also some biosafety
issues raised with the use of whole plants, as tansgenes could accidently escape from
transgenic crops into wild populations through seed mixing or cross-pollination,
causing environmental and ecological problems (Pilson and Prendeville 2004).
There are two major types of techniques used for generating transgenic plants:
Agrobacterium-medicated transformation and biolistic transformation. The soil bac-
terium Agrobacterium tumefaciens, which causes crown gall disease in many fruit
plants, is well known for its ability to infect plants with a tumor-inducing (Ti) plasmid.
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A section of the Ti plasmid, called T-DNA, integrates into chromosomes of the
plant. Recombinant DNA can be added to the T-DNA and infection by the bacteria
containing the recombinant plasmid will provide for transfer of novel genes to plant
cells (Gelvin 2003). As not all plants are equally susceptible to Agrobacterium trans-
formation, an alternative method to deliver foreign genes into plant cells is through
a gene gun, which literally shoots gold or tungsten particles that carry “naked DNA”
on their surface into living plant cells,. This method, commonly known as particle
bombardment (‘biolistics’), has been applied successfully for many cultivated
crops, especially monocots like wheat or maize, for which transformation using
Agrobacterium is less efficient (Shrawat and Lorz 2006).

1.2.2 Chloroplast Transformed Plants

Chloroplast transformation offers a useful alternative stable expression system to
nuclear transformation for the production of therapeutic proteins in plants. A key
advantage of expressing foreign genes in plant chloroplasts as compared to their
expression in nuclear transformed plants is the high-level accumulation of protein
products and transgene containment. The plastid genome is highly polyploid.
A typical tobacco leaf cell contains as many as 100 chloroplasts per cell with up to
100 genome copies per chloroplast, and therefore the copy number of any introduced
transgene can be amplified by as many as 10,000 per cell, leading to extraordinarily
high levels of foreign protein products (Chebolu and Daniell 2009). Indeed, while
the level of accumulation appears to vary depending on the expression cassette used
and the type of protein being expressed, it is not uncommon to see expression levels
in plant chloroplasts ranging from 5% to 20% TSP, an amount that is difficult to
achieve using nuclear-transformed plants that give rise to the expression levels
within the typical range of 0.001-1% TSP (Chebolu and Daniell 2009; Tremblay
et al. 2010). Moreover, because chloroplast genomes are maternally inherited in
most plant species, there is minimal chance of the transgene being transferred by
cross pollination to wild or related species, thus posing no or lower risk to the envi-
ronment. Other advantages of chloroplast bioreactors include the precise integration
of transgenes by homologous recombination, which is in contrast to nuclear trans-
formation in plants that occurs by the random integration of transgenes into unpre-
dictable locations resulting in varying levels of expression and, in some cases, gene
silencing, the ability to express multiple genes in a single transformation event
(transgene stacking), as well as the ability to perform the complex post-translational
modifications such as disulfide bond formation, protein lipidation, folding and
assembly (Verma and Daniell 2007; Chebolu and Daniell 2009; Tremblay et al.
2010). Due to these advantages, transformed chloroplasts have been increasingly
used as a bioreactor system in order to achieve high-level expression of pharma-
ceutical proteins in plants. For example, Ruhlman et al. (2007) reported a 160-fold
increase in the accumulation of CTB-insulin fusion protein when expressed in
tobacco chloroplasts as compared to its expression in nuclear-transformed tobacco
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plants. Other examples demonstrating the potential of chloroplast transformation to
achieve high yield of foreign proteins in plants include the expression of human
immunodeficiency virus (HIV-1) Gag (Pr55gag) polyprotein, a primary HIV vac-
cine candidate, at expression levels up to 7-8% of TSP in tobacco (Scotti et al.
2009), expression of the p24 and Nef antigens, also HIV vaccine candidates, as a
fusion protein in both tobacco and tomato chloroplasts (up to 40% TSP) (Zhou et al.
2008), and the expression of human papillomavirus type 16 (HPV16) L1 structural
protein, a vaccine candidate for cervical cancer, in tobacco (up to 24% TSP)
(Fernandez-San Millan et al. 2008).

A limitation of using plant chloroplasts as an expression platform, however, is
that, like bacteria, they are unable to perform glycosylation, a necessity for many
pharmaceutical glycoproteins including monoclonal antibodies (Tremblay et al.
2010). Moreover, chloroplast transformation is typically achieved through particle
bombardment, and thus far, has been achieved routinely only in a few plant species,
although plastid transformation in tobacco was reported over 20 years ago (Svab
et al.1990). This may limit the choice of plant species that can be selected as a host
system for molecular farming via chloroplast transformation.

1.2.3 Transient Expression

Transient gene expression provides another plant-based platform for production of
recombinant pharmaceutical proteins in plants. The system offers a number of advan-
tages over stable gene expression. One of the most important advantages of transient
gene expression system is its speed of protein production. Useful amounts of target
proteins can be generated within a matter of days or weeks, which is not achievable
via stable gene expression. This may be of critical importance in ensuring a rapid and
effective response to a sudden outbreak of an infectious disease, such as the 2009
influenza A/HIN1 pandemic that would require a recombinant vaccine product to be
made in sufficient quantities within a very short time period in order to meet the
needs of a pandemic (Tremblay et al. 2010). The other attractive features of this
system include its simplicity and ease of performance, requiring no expensive sup-
plies and equipments. Moreover, transient expression does not depend on chromo-
somal integration of foreign genes so its expression is not affected by position effects
as often observed in nuclear-transformed transgenic plants (Sheludko 2008).
Different approaches have been developed to perform transient gene expres-
sion in plants, largely including infiltration of intact plant tissue with recombinant
agrobacteria (agroinfiltration) and infection with modified viral vectors. In agroin-
filtration, agrobacteria carrying T-DNA harbouring the gene of interest are forced
into intact or harvested plant leaf tissues by pressure. This method has now been
successfully used for rapid production of clinical grade bio-pharmaceuticals (Pogue
et al. 2010). The viral infection method, on the other hand, involves using plant
viruses as vectors to deliver foreign genes into plants. The major advantage of
virus-mediated transient expression is the rapid and high levels of production of
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recombinant proteins, as plant viral vectors are able to systemically infect all cells
of a plant after inoculation, generating many transcripts of the transgene (Fischer
and Emans 2000). Tobacco mosaic virus (TMV) and potato virus X (PVX) are the
most commonly used viral vector systems for transient production of pharmaceuti-
cally relevant proteins. Using these plant virus-based transient expression systems,
a number of pharmaceutical proteins have been produced, including full size anti-
bodies and antibody fragments (Canizares et al. 2005; Lico et al. 2008; Regnard
et al. 2010). However, a concern about the use of viral vectors for the expression of
proteins is that they may spread into the environment. Furthermore, there are strict
limitations on the size of the insert that can be introduced into the virus genomes and
successfully assembled into virions (Yusibov et al. 1997). To overcome these disad-
vantages, Icon Genetics (Halle, Germany) has developed a TMV-based “decon-
structed” viral vector system, known as magnlCON, for the over-expression of
foreign genes. The MagnICON system combines the advantages of Agrobacterium-
mediated delivery with the speed and expression level/yield of a virus (Gleba
et al. 2005). In this system, the TMV genome has been optimized by the removal of
cryptic sequences that, if recognized by the plant machineries, could affect viral
replication/spreading, and splitted into 5" and 3" modules. The 5’ module includes
the viral polymerase and the movement protein genes while the 3’ module carries the
gene of interest in place of the viral coat protein gene. The two modules, once inserted
into binary vectors and delivered to the plant cell nucleus by Agrobacterium medi-
ated infiltration, are then assembled together in vivo by a site specific recombinase
delivered by a third Agrobacterium cell line (Marillonnet et al. 2004, 2005). This
“deconstructed” virus system that lacks the coat protein gene is unable to spread
throughout the plant and into the environment, and is not influenced by the dimen-
sion of the inserted gene due to the absence of the packaging process, while leads the
plant cell machinery to the production of the heterologous protein. This system
proved to be very efficient for expression of proteins of interest, with expression
levels increased by up to 100-fold. For example, Giritch et al. (2006) reported that by
using the MagnICON system, they were able to generate an assembled full-size
monoclonal antibody at levels as high as 0.5 g of mAb per kg of fresh leaf biomass.

1.2.4 Plant Cell Suspension Cultures

Plant cell suspension culture provides another attractive plant-based production
platform for production of pharmaceutical proteins. The system integrates many of
the merits of the whole-plant system with those of microbial and animal cell cultures
(Xu et al. 2011). As a production system, plant cell suspension cultures maintain the
merits of whole-plant systems, i.e., product safety, easy scale-up, post-translational
modifications and ability to synthesize correctly folded and assembled multimeric
proteins. On the other hand, plant cells, like bacteria, have relatively rapid doubling
times and can be grown in simple synthetic media using conventional bioreactors.
Moreover, plant cells have the potential to secrete the expressed proteins into the
culture medium, making product recovery and purification substantially simpler and
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cheaper than that from plant biomass (Xu et al. 2011). Recombinant glycoproteins
derived from cultured plant cells also often have reduced N-glycosylation heteroge-
neity, owing to the uniformity of cultured plant cell populations (De Muynck et al.
2009). Tobacco suspension cells, particularly those from the closely related cartivars
BY-2 and NT-1, are frequently chosen as host cell lines because they exhibit high
growth rate and high homogeneity, and are easy to transform by using either particle
bombardment or co-cultivation with Agrobacterium tumefaciens (Hellwig et al.
2004). Examples of tobacco cell suspension culture-derived pharmaceutical proteins
include antibodies (Fischer et al.1999), human interleukin (IL)-2 and IL.-4 (Magnuson
et al. 1998), and human granulocyte colony-stimulating factor (hG-CSF) (Hong
et al.2006). Tobacco cell suspension culture-derived Newcastle disease virus (NDV)
vaccine, which was produced by Dow AgroSciences (Indianapolis, IN, USA), has
obtained regulatory approval from the US Department of Agriculture (USDA), rep-
resenting the world’s first plant-derived vaccine approved for veterinary application.
Cell suspension cultures derived from rice, soybean and tomato have also been
used for the production of recombinant proteins (Hellwig et al. 2004). Protalix
Biotherapeutics (Carmiel, Israel) has developed the use of suspension cultures of
carrot cells to produce recombinant human glucocerebrosidase for the treatment of
Gaucher’s disease (Shaaltiel et al. 2007), and preclinical and phase I human trials
showed that the plant cell-derived protein is safe to use (Aviezer et al. 2009).
However, the relatively low protein yields from plant cell suspension cultures remain
as a major challenge to be overcome (Hellwig et al. 2004).

1.3 Approaches for Increasing Heterologous
Protein Accumulation in Plants

There is now little doubt that the plant production systems offer many benefits over
conventional production systems. However, there are still a number of challenges
that remain to be overcome before plants can gain widespread acceptance as a main-
stream production platform. The relatively low yield poses one of the main chal-
lenges in promoting plants as a major protein production system. In the past several
years, various molecular approaches have been developed to address the challenge
of low product yields in plant-based production systems. Many of these approaches
have produced promising results.

1.3.1 Boosting Transcription

Expression of a foreign gene in plants is regulated at different levels. At transcrip-
tional levels, promoter elements can have a dramatic effect on the level of messenger
RNA of a transgene, which in turn affects accumulation levels of the protein prod-
uct. Therefore, increasing the rate of transcription initiation via the use of a strong,
constitutive promoter has the potential to enhance recombinant protein yields.
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In this respect, the 35S promoter of cauliffower mosaic virus (CaMV) has often
been used to drive transgene expression in transgenic plants as well as in transient
gene expression systems (other than viral vector-based expression) because it is a
strong promoter that is active in all or most cells of many dicot plant species (Twyman
et al. 2003; Tremblay et al. 2010). Using the CaMV 35S promoter, a number of
pharmaceutically relevant proteins have been produced at relatively high levels
in plants, including antibodies, vaccine antigens, autoantigens and growth factors
(Tremblay et al. 2010). The CaMV 35S promoter, however, has a much weaker
activity in monocots, so alternative promoters are used to drive transgene expression
when cereal crops serve as the expression hosts. The promoters of the constitutively
expressed rice (Oryza sativa) actin 1 gene and corn (Zea mays) ubiquitin-1 gene are
often the preferred choice (Twyman et al. 2003; Streatfield 2007). In the case that
the expressed foreign protein is toxic to the host cells, organ-specific or inducible
expression would be necessary. Several regulated promoters, such as organ/tissue-
or developmental stage-specific promoters and physically/chemically-inducible pro-
moters, have been developed to meet this need (Twyman et al. 2003; Streatfield
2007). Indeed, tissue- or organ-specific expression of several pharmaceutical pro-
teins, including vaccine antigen HBsAg M, murine single chain variable fragment
(scFv) G4 and human interferon-a., has been achieved by using a regulated promoter
system (He et al. 2008; De Jaeger et al. 2002).

Several strategies have been followed to further boost transcription over that
achieved with plant or plant viral promoters. One strategy is to further optimize
promoter activity. For example, incorporation of an additional duplicated enhancer
element to CaMV 35S promoter resulted in tenfold higher promoter activity than the
natural CaM V35S promoter (Kay et al. 1987). Another method to increase promoter
strength is to design novel synthetic promoters combining the most active sequences
of multiple well-characterized natural promoters. Indeed, synthetic hybrid promot-
ers consisting of a combination of elements from both the CaMV 35S promoter
and the Agrobacterium Ti plasmid mannopine synthase promoter showed activity
several-fold higher than either of the two parental promoters (Comai et al. 1990).
As polyadenylation influences mRNA stability and translational efficiency, the choice
of a poly(A) signal is also important for optimal transgene expression in plants.
The poly(A) signal from nopaline synthase (nos) gene of the Ti plasmid of A. fume-
faciens proved to be highly efficient for increasing mRNA levels of both transiently
and stably expressed transgenes, and is often chosen to add to the expression con-
struct (Streatfield 2007). Recently, Nagaya et al. (2010) demonstrated that the heat
shock protein 18.2 (HSP 18.2) poly(A) signal of Arabidopsis thaliana is more effec-
tive than the nos poly (A) signal in enhancing the expression of a transgene in trans-
fected Arabidopsis protoplasts, with more than twofold increase in the transgene
mRNA levels. Furthermore, the combination of HSP poly (A) signal and a transla-
tional enhancer, the 5'-UTR of the tobacco alcohol dehydrogenase gene (NtADH),
resulted in a 60- to 100-fold increase in the amount of the transgene protein com-
pared to the combination of the nos poly (A) signal and NtADH 5'-UTR in transgenic
tobacco plants. In plants, many introns enhance gene expression through an increase
in the steady-state level of mRNA, referred to as intron-mediated enhancement of
gene expression (Rose 2002). Inclusion of one or more introns in a gene construct
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could therefore be used as a strategy to increase the expression in plants of a trans-
gene that otherwise lacks introns, such as a cDNA or bacterial gene (Koziel et al.
1996). Indeed, Bartlett et al. (2009) demonstrated that the inclusion of an intron at
a specific position within the coding sequence of the transgene luciferase significantly
increased luciferase activity in transgenic barlay plants. Moreover, the enhanced
luciferase activity was stably maintained in the T1 and T2 progeny transgenic lines.
Other strategies proven to increase transgene expression include the elimination of
cryptic splicing sites and mRNA destabilizing elements to increase RNA stability,
and the use of viral suppressors of silencing to prevent or reverse post-transcriptional
gene silencing (Desai et al. 2010).

1.3.2 Boosting Translation

In addition to increasing transcription, it is important to maximize the amount of
protein translated per unit of mRNA, as mRNA abundance cannot necessarily give
rise to high protein levels. By estimation, only 20—40% of protein abundance is
determined by the concentration of its corresponding mRNA (Tian et al. 2004; Nie
et al. 2006). Protein concentrations depend not only on the mRNA level, but also on
the translation rate and the degradation rate. In plants, the efficiency of mRNA trans-
lation is the most important determinant of protein abundance (Kuroda and Maliga
2001). Different strategies have been employed to further boost the translational
efficiency of transgene mRNAs. One is to add a plant viral 5" non-translated sequence
to the transgene construct to increase the rate of translation initiation. For example,
insertion of the 5'-untranslated leader sequence from alfalfa mosaic virus (AMV)
RNA 4 between the CaMV 35S promoter and the human respiratory syncytial virus
(RSV) fusion protein (F) gene increased viral protein expression by over five fold as
compared to its expression from the same construct without this AMV RNA 4 leader
sequence in apple leaf protoplasts (Sandhu et al. 1999). The 5'-untranslated leader
sequence of tobacco mosaic virus RNA, potato virus X (PVX) RNA or rice seed
storage-protein genes has also proven to be effective in boosting transgenic protein
expression (Liu et al. 2010). Optimization of code usage of transgenes to match the
host’s preferred codon usage is another strategy for enhancing foreign protein
expression in plants. Transgenes from heterologous species often have a different
codon bias to the host plant, which might result in pausing at disfavoured codons
and truncation, misincorporation or frameshifting. Such effects can be avoided by
introducing silent mutations into the coding region of the transgene by site-directed
mutagenesis, which brings transgene codon usage in line with that of the host (Ma
et al. 2003). Indeed, Kang et al. (2004) showed that expression of a synthetic CTB
gene with codon usage optimized to tobacco plants resulted in approximately 15-fold
increase in the protein level compared to its expression using the unmodified native
gene. Other strategies for increasing recombinant protein accumulation include
optimization of the sequence context of the AUG translation initiation codon, flanking
transgenes with nuclear matrix attachment regions, and co-expression with protease
inhibitors (Desai et al. 2010).
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1.3.3 Subcellular Targeting

Targeting of heterologous proteins to the appropriate subcellular compartment can
be critical for obtaining high levels of accumulation, since the structure and stability
of the recombinant protein is affected by its route and final destination in the cell
(Streatfield 2007). The endoplasmic reticulum (ER) is the port of entry of the pro-
tein secretory pathway. Proteins destined for the cell wall, the vacuole or the other
compartments of the endomembrane system are first inserted into the ER and then
transported to the Golgi complex en route to their final destinations. The ER is the
compartment where newly-synthesized polypeptides fold, where many multimeric
proteins assemble and where glycoproteins acquire their asparagine-linked glycans.
The ER also provides a protein quality control function; proteins are usually retained
in this compartment until they have acquired their correct conformation. Additionally,
plants naturally use the ER to accumulate vast amounts of protein in specific tissues,
in the form of large aggregates or oligomers, as part of the developmental process
of seed maturation (Herman and Larkins 1999; Vitale and Ceriotti 2004). All these
features make the ER a potentially excellent target compartment for overexpression
of foreign proteins. To retain a secretory heterologus protein in the ER, a tetra-
peptide ER retention signal, KDEL or HDEL, is required at the C-terminus of the
target protein. This strategy has been shown to significantly enhance the production
yield of antibodies, vaccines, cytokines and many immunoregulatory proteins in
transgenic plants (Vaquero et al. 2002; Ko et al. 2003; Ma et al. 2005).

Targeting to other cellular compartments also provides a useful strategy for boost-
ing accumulation of foreign proteins in plants. Wirth et al. (2004) reported that while
the expression level of human epidermal growth factor (hEGF) did not exceed
0.001% of TSP when expressed in the cytoplasm of transgenic tobacco plants, the
expression level reached about 0.11% of TSP when targeted to the apoplast compart-
ment, resulting in about 100-fold yield increase. Apoplast targeting also facilitates
recombinant protein purification. Cheung et al. (2009) showed that the expression
of human insulin-like growth factor binding protein-3 (IGFBP-3) can be signifi-
cantly enhanced by targeting it to protein storage vacuoles in tobacco seeds, reach-
ing 800 ng IGFBP-3/g dry weight of seeds. Targeting to plant chloroplasts has also
been shown to increase foreign protein accumulation (Hyunjong et al. 2006; Van
Molle et al. 2007). However, it may be necessary, at least initially, to target the protein
of interest to different cellular compartments in order to evaluate the best localization
for a particular protein.

1.3.4 Fusion Protein-Based Approaches

Fusion protein-based approaches provide another effective means of boosting
the production of foreign proteins in plants. Fusion partners have been observed
to improve protein yield, to prevent proteolysis, increase solubility and stability,
and facilitate isolation and purification of target proteins (Hondred et al. 1999).
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Several fusion partners/tags have been identified and used to increase the yield of
foreign proteins in plants. A fusion partner that has received considerable attention
is Zera, a proline-rich N-terminal domain derived from the maize storage protein y
zein with both self-assembling and protein body formation properties. Moreover,
the ability of Zera to form protein bodies is not limited to native maize seeds, but
can be extended to nonseed tissues of plants as well as non-plant eukaryotic hosts
including cultured fungal, mammalian and insect cells (Torrent et al. 2009). Fusion
of Zera to proteins of interest has proven to induce the formation of PBs that facili-
tate the stable accumulation of recombinant proteins at very high levels. A good
example is the expression of F1-V hybrid vaccine antigens with a fused Zera in
N. benthamiana, Medicago sativa (alfalfa) as well as N. tabacum NT1 cells, resulting
in at least 3 times more recombinant protein than the control F1-V hybrid protein
without a fused Zera in all plant hosts tested (Alvarez et al. 2010). F1 and V are the
two most immunogenic antigens of Yersinia pestis, the bacterium that causes pneu-
monic and bubonic plague. Another example is the expression of human growth
hormone in N. benthamiana, with significantly higher levels of the recombinant
protein obtained when fused to Zera (Llompart et al. 2010).

The use of elastin-like polypeptides (ELPs) as a fusion partner to increase recom-
binant protein accumulation in plants has also attracted more attention. ELPs are
artificial biopolymers containing repeats of the pentapeptide sequence Val-Pro-Gly-
Xaa-Gly (VPGXG), where X can be any naturally occurring amino acid except Pro
(Urry 1992). ELP fusions have been shown to significantly enhance the accumula-
tion of a range of different pharmaceutical proteins in plants, including human IL-10
and murine interleukin-4 (Patel et al. 2007), the full-size anti-human immunodefi-
ciency virus type 1 antibody 2F5 (Floss et al. 2008) and anti-foot and mouth disease
virus single variable antibody fragment (Joensuu et al. 2009). In general, ELP fusion
can increase the expression of recombinant proteins 2- to 100-fold, depending on
the individual proteins. The ability of the ELP tag to increase recombinant protein
accumulation may be associated with its natural resistance against hydrolysis by
proteolytic enzymes, thus reducing the level of protein degradation, and its abilty to
increase the solubility of target proteins by protecting against irreversible aggrega-
tion and denaturation at high protein concentrations (Conley et al. 2011). Moreover,
it was shown that ELP fusion proteins accumulate in PB forms in the leaves and
seeds of tobacco, thus insulating them from normal cellular degradation processes
and increasing the overall protein yield (Conley et al. 2009). Recently, the potential
of hydrophobins as fusion tags to enhance recombinant protein expression in plants
has also been investigated. Hydrophobins are small surface-active fungal proteins
that have a characteristic pattern of eight conserved Cys residues, which form four
intramolecular disulfide bridges and are responsible for stabilizing the protein’s
structure (Hakanpaa et al. 2004). Joensuu et al. (2010) showed that hydrophobin
fusion significantly increased the expression of GFP in transiently transformed
N. benthamiana, representing 51% of TSP (equivalent to 5.0 mg of the fusion
protein per gram of leaf fresh weight). Other fusion partners with demonstrated
beneficial effects on the accumulation of target proteins in plants include ubiquitin
(Hondred et al. 1999; Mishra et al. 2006), b-glucuronidase (Gil et al. 2001), cholera
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toxin B subunit (Kim and Langridge 2003; Tremblay et al. 2008), viral coat
proteins (Canizares et al. 2005) and human immunoglobulin A (IgA) (Obregon et al.
20006).

1.4 Technologies and Strategies for Recovery
of Recombinant Proteins from Plants

Protein recovery and purification are regarded as another critical limiting factor in
the successful commercialisation of plant-made recombinant proteins (therapeutic
proteins and industrial enzymes), as processing steps represent a significant pro-
duction cost for recombinant proteins. For example, cost analysis of producing
the enzyme B-glucuronidase from transgenic corn revealed that milling, protein
extraction and purification operations accounted for ~94% of the production cost
(Evangelista et al. 1998), suggesting the importance of downstream processing in
determining the economic feasibility of plant-based protein production. Compared
to bacterial or yeast systems, protein isolation and purification from leafy plants is
more difficult and costly, owing to the complexity of the plant system, and has been
considered as a major challenge in plant molecular farming. Therefore, develop-
ment of simple, low-cost, and reliable methods for purification of target proteins
from plant materials is critically important. Toward this end, several methods and
strategies have been developed and used for recovery and purification of plant-made
recombinant proteins.

1.4.1 Affinity Fusion-Based Protein Purification

The addition of an affinity tag sequence to the genes of interest is the most com-
monly used method to assist in the purification of a protein. This gene fusion results
in the expression of an affinity-tagged fusion protein that can be easily purified via
an affinity matrix column. An ideal affinity tag should be small and allow for the
rapid and flexible purification from a complex mixture, achieving high yield and
purity (Terpe 2003). The poly-histidine tag, usually comprising 6 consecutive histi-
dines (6xHis), is the most widely used affinity tag for purification of recombinant
proteins from various expression systems, because it can be performed inexpen-
sively with large volumes and can provide good yields of tagged proteins. The puri-
fication of His-tagged proteins is based on the use of a chelated metal ion as an
affinity ligand. A commonly used ion is the immobilized nickel-nitrilotriacetic acid
chelate [Ni-NTA], which is bound by the imidazole side chain of histidine. While
His-tag purification can achieve high levels of purity of tagged proteins in bacterial
systems, it only achieves low purity in plants (Sharma and Sharma 2009). Strepll,
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another frequently used affinity purification tag, consists of eight amino acids
(WSHPQFEK), and binds to a streptavidin derivative termed Strep Tactin. Strepll
structurally mimics biotin and can be eluted from the StrepTactin column by washing
with biotin or desthiobiotin containing buffers. Witte et al. (2004) reported the use
of Strepll as an affinity tag to purify recombinant membrane-anchored protein
kinase, NtCDPK?2, from leaf extracts of transiently transformed N. benthamiana,
and demonstrated that Strepll-tagged NtCDPK2 could be purified to almost complete
homogeneity in one-step using a Strep-Tactin column. Other affinity tags useful for
recovering recombinant proteins include FLAG, c-myc, glutathione S-transferase,
calmodulin-binding peptide, maltose-binding protein and the cellulose-binding
domain (Terpe 2003). For some applications, small tags may not need to be removed
following protein purification, as they often do not interfere with protein performance.
While affinity fusion-based chromatography methods allow for fast, simple, one-step
purification of recombinant products and remain the most efficient protein purification
approach, they are generally used only for relatively small-scale purification. For
large-scale protein purification, these methods may be too costly. Also, due to their
small sizes, most affinity tags do not generally increase the expression of the fusion
proteins or enhance their solubility.

1.4.2 Non-affinity-Based Protein Purification

Several non-affinity-based purification methods have also been developed for isola-
tion of plant-made proteins. While elastin-like polypeptide (ELP) provides an effi-
cient fusion protein tag to enhance the production of plant-made recombinant
proteins, it also supports the development of a non-affinity-based method for pro-
tein purification. ELP consists of repeats of the pentapeptide sequence and under-
goes a reversible inverse temperature transition. When the temperature is raised
above the inverse transition temperature (T), the normally soluble ELP fused poly-
peptides form insoluble aggregates which can be separated by simple centrifuga-
tion. Subsequently, the aggregate can be resolubilized easily by a temperature shift
below T,. This non-chromatographic purification method was termed inverse transi-
tion cycling ITC) (Urry 1992). ITC has been used to purify cytokines (Lin et al.
2006), antibodies (Joensuu et al. 2009), and vaccinal antigens (Floss et al. 2010)
from transgenic plant tissues, with typical recovery rates of 30—-60%. These rates of
protein recovery are, however, lower compared to the recovery rate of 75-95%
achieved in bacterial expression systems. The reduced recovery rates of plant-made
recombinant proteins by using the same ITC is attributable partly to their much
lower expression levels in stable transgenic plants (i.e. <1% TSP) relative to bacte-
ria (i.e. 0.1-1.6 gL.) (Conley et al. 2011).

Like ELP, hydrophobins used as fusion protein tags can not only enhance foreign
protein production in plants, but can also aid in their purification by using non-
affinity methods. Hydrophobins have been described as the most powerful surface
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active proteins known and are capable of altering the hydrophobicity of their
respective fusion partners, thus enabling efficient purification using a surfactant-
based aqueous two-phase system (ATPS) (Linder et al. 2004). Joensuu et al.
(2010) reported that by using the ATPS method, they were able to recover up to
91% of the GFP-hydrophobin fusion protein from leaf extracts of transiently
transformed N. benthamiana. Oleosin fusion provides another method for recov-
ering plant-made proteins via non-affinity methods. Oleosins are hydrophobic
proteins localized abundantly in the oil bodies of plant seeds. Oleosin fusion prod-
ucts are capable of integrating into natural oil bodies in transgenic plant seeds,
where oil bodies can be easily separated from the rest of the cellular extract by
flotation centrifugation (van Rooijen and Moloney 1995). Using this system, hiru-
din, a pharmaceutical protein commonly used as anticoagulants to prevent throm-
bosis, has been successfully expressed and purified from seeds of Brassica napus
(Parmenter et al. 1995).

1.4.3 Soybean Agglutinin Fusion as a Novel System
Jor High-Level Expression and Purification
of Plant-Made Proteins

Soybean agglutinin (SBA) is a tetrameric lectin glycoprotein found in soybean
seeds. SBA binds to N-acetyl-D-galactosamine and is able to induce the agglutina-
tion of cells with this glycan on their surface. SBA accumulates to nearly 2% of the
soluble protein in soybean seeds and can be isolated from soybean flour with more
than 90% yield following one-step affinity purification on beads bearing N-acetyl-
D-galactosamine (Percin et al. 2009). Therefore, SBA has great potential for explo-
ration as a novel fusion tag to improve the expression and purification of plant-made
proteins. To provide a “proof of concept” for the utility of SBA as a new fusion tag
for expression and purification of plant-made proteins, we initially expressed SBA as
a non-fusion protein in transiently transformed N. benthamiana, with expression
levels higher than 4% of TSP. As expected, plant-derived rSBA forms stable tetram-
ers, binds specifically to N-acetyl-D-galactosamine, and retains the ability to induce
red blood cell agglutination. Moreover, plant-made rSBA can be purified from total
plant extracts in high purity through a simple one-step N-acetyl-D-galactosamine
agarose column (Tremblay et al. 2011a). Following this initial success, we subse-
quently expressed SBA as a fusion protein with the reporter protein GFP in tran-
siently transformed N. benthamiana and achieved expression levels higher than 2%
of TSP. Plant-derived SBA-GFP fusion protein was found to assemble into correct
tetramers essential for its stability, retain the capacity of SBA to induce red blood
cell agglutination and the ability of GFP to fluoresce. More importantly, the fusion
protein can be quickly purified to a high degree of purity via the simple one-step
N-acetyl-D-galactosamine agarose column (see Figs. 1.1 and 1.2) (Tremblay et al.
2011b). Taken together, these results confirm the potential utility of SBA as a new
tool to express and recover recombinant proteins in plants.
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Fig. 1.1 Schematic diagram of one-step purification of plant-made recombinant proteins using an
N-acetyl-D-galactosamine-linked agarose column. The total plant protein extract containing a
SBA-taged recombinant protein is loaded onto the sugar column. The column is then washed with
0.1 M NaCl solution to remove any non-specific proteins bound to the column. SBA-tagged fusion
protein is then eluted from the column by adding 0.5 M galactose
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Fig. 1.2 Coomassie Blue stained 12.5% (w/v) SDS-PAGE gel demonstrating purity of rSBA-GFP
following purification through an N-acetyl-D-galactosamine-linked agarose column. Purified
rSBA from N. benthamiana was used as a control. The single band in each lane corresponds to the
expected size for rSBA and rSBA-GFP, respectively. Approximinately 12 and 9 pg of purified
rSBA and rSBA-GFP were loaded, respectively (Adapted with the permission from Tremblay
et al. 2011b)

1.5 Conclusions

Plant-based molecular farming has the potential to become a major new method for
low-cost, mass and safe production of biopharmaceuticals. There are several plant-
based expression systems that are currently being explored to serve as production
platforms, each offering specific benefits. Moreover, a number of technologies and
strategies have been developed to further enhance the yield of foreign proteins in
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plant systems. Several protein purification methods were also developed to isolate
recombinant proteins from plant materials. These technological advancements in
plant molecular farming have translated into rapid growth in the number of plant-
made biopharmaceuticals. It is now possible to use plants to produce a wide range
of therapeutic products, including complex molecules such as monoclonal antibod-
ies. Importantly, many plant-made pharmaceuticals have already achieved preclini-
cal validation in a range of disease models following either injections or oral
delivery, with some plant-made vaccines in Phase II and Phase III clinical trials
(Daniell et al. 2009). While there are still some issues that need to be addressed,
such as the possibility of plant-specific glycans inducing allergic responses in humans
and regulatory barriers to commercialization, the potential benefit of plant-made
pharmaceuticals to human health should not be underestimated.
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Induction of Oral Tolerance to Treat
Autoimmune and Allergic Diseases
by Using Transgenic Plants
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Abstract In recent years, the use of plants as a green bioreactor for production of
recombinant pharmaceutical proteins, a technology known as plant molecular farm-
ing or biofarming, has gained increasing attention. This new technology has the
potential to produce large quantities of the required protein at competitive low costs.
Moreover, edible tissues or organs offer the possibility of direct oral delivery of
pharmaceutical proteins expressed by plants with minimal processing, significantly
reducing production costs and accelerating product development. To date, a number
of recombinant proteins of pharmaceutical interest have been produced in plants,
ranging from monoclonal antibodies, vaccines, hormones to enzymes. Furthermore,
many plant-made pharmaceutical proteins have been tested in pre-clinical animal
models of disease with promising results, with some plant-made vaccines and
monoclonal antibodies advanced to human clinical trials. This chapter highlights
the progress made towards the utilization of transgenic plants to express and deliver
recombinant autoantigens or allergens to induce oral tolerance for the treatment of
autoimmunity and allergy.
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2.1 Introduction

In recent years there has been a rapidly growing demand for protein-based therapeutics,
largely due to a better understanding of the molecular mechanisms underlying the
pathogenesis of various human diseases and the identification of new molecular
targets. Moreover, protein-based therapeutics have several advantages over small-
molecule drugs, including serving highly specific and complex set of functions that
cannot be mimicked by chemical compounds, and having highly specific actions that
produce no or minimal interference with normal biological processes (Douthwaite
and Jermutus 2006). Today most protein pharmaceuticals, including insulin, growth
hormones, and most monoclonal antibodies, are produced through recombinant
methods. Bacterial, yeast and mammalian cell cultures are the most commonly used
hosts for the expression of recombinant proteins. While these conventional expres-
sion systems offer certain advantages, they are generally limited by low yields and
high production costs, mainly due to the requirement for large fermenters, sterile
conditions, and expensive media. It has become more and more apparent that current
expression systems are inadequate to meet the ever increasing demand for protein
pharmaceuticals. In recent years, plants have emerged as a promising alternative
system for the production of heterologous proteins.

There are several potential advantages of using plants as a protein production
system. First, a major advantage of plant systems over conventional cell culture-
based production systems is the anticipated cost savings, reflecting the large amount
of biomass that can be produced in a short time with no need for specialized equip-
ment or expensive media. Plants can be contained, grown easily and inexpensively
in large quantities, can be harvested and processed with available agronomic infra-
structures, and have simple, unlimited scalability. It is estimated that protein produc-
tion in transgenic plants can be as much as four orders of magnitude less expensive
than production in mammalian cell culture, on a per gram of unpurified protein basis
(Dove 2002). Secondly, in contrast to the bacterial expression systems, plants, being
higher eukaryotes, are capable of performing many of the complex protein process-
ing steps, such as glycosylation. Thirdly, plants do not harbor infectious agents such
as viruses and prions harmful to humans as these agents cannot replicate in plants.
Safety is a primary concern when any therapeutic proteins for human use are
prepared from animal tissues or bacterial cells (Tremblay et al. 2010). Finally,
pharmaceutical proteins synthesized in the edible tissues of transgenic plants can be
delivered by ingestion of transgenic plant tissue without tedious and expensive
downstream processing.

Indeed, an increasing number of pharmaceutical proteins have been expressed in
plants, ranging from monoclonal antibodies, vaccines, hormones to enzymes.
Moreover, many plant-made proteins have been tested in preclinical animal models
with promising results, with several plant-derived monoclonal antibodies and vaccines
advanced into different stages of human clinical trials (Penney et al. 2011; Paul and
Ma 2011). Recently, there has been a growing interest in using transgenic plants as a
novel therapeutic strategy for the treatment of autoimmune diseases and allergies.
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Autoimmune diseases such as diabetes and multiple sclerosis or allergies such
as asthma are manifestations of immunological hypersensitivity. They arise when
mechanisms controlling responses to host’s self proteins or to innocuous environ-
mental antigens break down (Larché and Wraith 2005). Currently available therapies
mainly treat the symptoms of autoimmune or allergic diseases through global immu-
nosuppression and are associated with increased risk of infections. Specific suppres-
sion of unwanted autoimmune responses or allergic responses without affecting the
normal function of the host’s immune system is the major goal of treatment for auto-
immune disorders or allergies. Antigen-specific immunosuppression would allow
for the inhibition of autoimmune or allergic responses without adversely affecting
the function of the immune system. Mucosal administration of protein antigens to
induce oral tolerance is an attractive therapeutic option for the treatment of autoim-
mune diseases and allergies. The use of transgenic plants to express and deliver
recombinant autoantigens or allergens represents a novel strategy for oral tolerance
induction. This chapter highlights the progress made towards the utilization of trans-
genic plants to express and deliver recombinant autoantigens or allergens to induce
oral tolerance for the treatment of autoimmune diseases and allergies.

2.2 Oral Tolerance and Its Therapeutic Potential
in Autoimmunity and Allergy

Mucosal tolerance is classically defined as a state of hyporesponsiveness to subse-
quent parenteral injections of proteins to which an individual or animal has been
previously exposed via the mucosal route (Faria and Weiner 2006). It is now well
recognized that oral tolerance is an immunoregulatory strategy used by the gut and
its associated lymphoid tissues to render the peripheral immune system unrespon-
sive to nonpathogenic proteins, such as food, airborne antigens or the commensal
bacterial flora (Faria and Weiner 2006; Weiner et al. 2011). The gut-associated lym-
phoid tissue (GALT) is a well-developed immune network that has not only devel-
oped the inherent property of preventing the host from reacting to ingested proteins,
but has also evolved to protect the host from ingested pathogens. It is generally
agreed that oral tolerance is established and maintained at the T cell level (Faria and
Weiner 2006; Weiner et al. 2011).

Oral tolerance can occur via a number of mechanisms, depending on the amount
of an antigen administered. Administration of high doses of an antigen induces
tolerance via the mechanism of clonal anergy/deletion of effector T cells, whereas
low doses of mucosally administered antigen induce tolerance via the mechanism
of an active suppression of effector T cells through the induction of antigen-specific
regulatory T cells (Treg), which produce downregulatory cytokines such as IL-4,
IL-10 and TGF-b, a Th2/Th3 cytokine pattern. After activation in the GALT, the
regulatory T cells migrate to the site of inflammation, and on re-encountering the fed
antigen, they display their specific suppressive effect, resulting in an attenuated
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T cell-mediated immune response. Low-dose and high-dose tolerance may not be
mutually exclusive and may have overlapping functionality (Weiner et al. 2011).

The induction of antigen-specific oral tolerance is an attractive therapeutic
approach for treatment of autoimmune, allergic, and inflammatory diseases. Oral
tolerance has been shown to be effective in treating animal models of autoimmunity
and allergy. Examples include experimental allergic encephalomyelitis (EAE),
arthritis, diabetes mellitus, uveitis, airway eosinophilia, allergy and food hyper-
sensitivity (Weiner et al. 2011). Oral tolerance has also been studied in humans.
In rheumatoid arthritis (RA), patients with active RA were fed dnaJP1, which is a
15-mer dominant epitope heat-shock protein thought to be involved in RA patho-
genesis, though independent from the primary trigger of disease. After 6 months of
treatment, patients treated with dnaJP1 showed a significant reduction in T cells
producing TNF and a trend toward an increase of T cells producing IL-10, indicating
a positive effect on the disease (Park et al. 2009; Koffeman et al. 2009). Another
human trial conducted involves oral insulin for prevention of type 1 diabetes
[Diabetes Prevention Trial 10 (DPT-10)]. Although there were no differences
between the oral insulin and placebo groups in the primary outcome, a subset of
individuals in the oral insulin prevention trial with high levels of insulin autoanti-
bodies had an apparent several year delay in progression to diabetes (P=0.01),
and a follow-up study is planned (Skyler 2008; Weiner et al. 2011). Oral tolerance
has also been investigated in food allergy. Clark et al. (2009) reported that oral
administration of peanut flour induced clinical tolerance to peanut protein and pro-
tected peanut-allergic children from developing severe peanut allergy.

It is likely that the translation of oral tolerance to a realistic therapy for human
autoimmunity and allergy will require the use of a mucosal adjuvant to enhance the
efficacy of oral tolerance induction (Faria and Weiner 2006; Weiner et al. 2011).
Recent studies have shown that oral administration of Lactacoccus lactis cells engi-
neered to secrete OVA and/or IL-10 enhances oral tolerance in mice (Huibregtse
et al. 2007; Frossard et al. 2007). Oral, nasal, or sublingual administration of anti-
gen coupled to the cholera toxin B subunit (CTB) was also shown to enhance
mucosal tolerance (Sun et al. 2010). CTB increases mucosal antigen uptake and
presentation to antigen presenting cells by binding to GM1 ganglioside and the
induction of regulatory cells (Sun et al. 2010; Weiner et al. 2011).

2.3 Transgenic Plants as a Novel Strategy
for Oral Tolerance Induction

The induction of oral tolerance requires repeated ingestion of large amounts of
autoantigens or allergens. A major consideration for clinical application of oral tol-
erance is the cost. It is essential to develop such a heterologous expression system
that is able to provide recombinant autoantigens or allergens in sufficient quantities
and at an affordable cost. While cell culture-based conventional expression systems
may allow the production of sufficient quantities of recombinant proteins, they are
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unlikely to be cost effective, partly because recombinant therapeutic proteins derived
from these systems need to be purified before use. Downstream protein purification
and processing are a complex, labour-intensive and expensive process that can
eliminate the economic advantage of any production system. The use of transgenic
plants for oral tolerance strategy has considerable clinical appeal, not only for effi-
cacy but also for simplicity of production and delivery, advantages of cost, absence
of contamination risk with human pathogens, and perhaps, if used in edible plants,
increased patient acceptance. Also augmented immune responses to plant produced
vaccines may suggest increased stability for plant expressed recombinant proteins
to gastrointestinal degradation. There is now increasing evidence that foreign pro-
teins compartmentalized within plant cells are protected in the stomach through
bioencapsulation by the plant cell (Verma et al. 2010).

Both nuclear and chloroplast transgenic plants are being exploited to express
and deliver recombinant autoantigens and allergens for oral tolerance induction.
Transformation of plant nuclear genomes by Agrobacterium or biolistic methods
has become routine in plant research. The number of plant species amenable to
transformation and regeneration is now quite large (Tzfira and Citovsky 2006).
The main advantage of using nuclear transgenic plants as an expression platform is
its flexibility and the efficiency in scaling up the production of recombinant pro-
teins, which can be achieved simply by planting more acreages of the biotech crops.
An additional advantage is the long-term continuous production of recombinant
proteins with little to no external input because foreign genes are stably integrated
into the nuclear genome of the host plant and are inherited in the next generation
and as such, stable and predictable transgene expression can be maintained over
many generations. Moreover, the synthesis of foreign proteins in nuclear transgenic
plants can be readily targeted to edible plant organs such as leaves, seeds and fruits,
allowing for oral delivery of a palatable product. However, a limitation of using
nuclear-transformed plants for protein production is the relatively low-level accu-
mulation of recombinant proteins, with typical expression levels within the range of
0.0001 to ~1% of total soluble protein (TSP) (Tremblay et al. 2010).

Chloroplast transformed plants can also be an economic source of autoanti-
gens and allergens. One of the main advantages of chloroplasts as bioreactors is
the potential for accumulation of large quantities of recombinant proteins. A typical
tobacco leaf cell contains as many as 100 chloroplasts per cell with up to 100 genome
copies per chloroplast, and therefore the copy number of any introduced transgene
can be amplified by as many as 10,000 per cell, leading to extraordinarily high
levels of foreign protein products (Chebolu and Daniell 2009). Other advantages of
chloroplast bioreactors include high levels of transgene containment, no transgene
silencing and no position effects as often occurred in nuclear transgenic plants, and
the ability to express multiple genes in a single transformation event (transgene stack-
ing) (Chebolu and Daniell 2009). A limitation of chloroplast recombinant protein
production, however, is that like bacteria they are unable to perform glycosylation
essential for proper protein folding and functions.

Recently, the chloroplast of the unicellular green alga Chlamydomonas reinhardtii
has been gaining increasing attention as a new bioreactor for the production of
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autoantigens and other therapeutic proteins (Wang et al. 2008). Compared to
chloroplast transgenic plants, the use of chloroplast transgenic algae as a bioreactor
offers several additional advantages. Microalgae, such as C. reinhardtii, grow and
reproduce faster than any other terrestrial or aquatic plant, doubling its biomass in
approximately 8 h. Microalgae are non-toxic and non-polluting, thus environmen-
tally friendly for mass cultivation and commercial exploitation. Also, there will be
a significant reduction in the time required to generate transgenic algae as compared
to the time required to generate transplastomic plants. In general, stable transplasto-
mic algal lines can be obtained in as little as 3 weeks, with the potential to scale up
to mass production in an additional 4-6 weeks (Franklin and Mayfield 2004; Rasala
and Mayfield 2011). Moreover, C. reinhardtii is rich in essential amino acids and
protein, with the protein content comprising up to 25% of its dry weight (Franklin
and Mayfield 2004). These attributes, and the fact that green algae are generally
regarded as safe (GRAS) by the U.S. Food and Drug Administration (FDA) for human
consumption, make C. reinhardtii a particularly attractive system for oral tolerance
induction.

2.4 Treatment of Type 1 Diabetes with Transgenic Plants
Expressing Diabetes-Associated Autoantigens

Type 1 diabetes (T1D) is a chronic autoimmune disease in which a loss of self-
tolerance to insulin-producing 3 cells in the pancreatic islets results in impaired
glucose homeostasis (Eisenbarth 2004). While insulin replacement therapy has
transformed T1D from a fatal disease to a chronic one, it is still associated with
significant morbidity. Complications of diabetes lead to kidney failure, blindness,
amputations, and increased risk of macrovascular disease. Intensive insulin therapy
is associated with significant adverse events related to hypoglycemia (Arabi et al.
2009). Restoration of self-tolerance is considered as the most satisfactory solution
to the prevention and cure of T1D. A number of beta-cell-specific autoantigens have
been identified including glutamic acid decarboxylase (GAD), insulin, insulinoma-
associated antigen (IA-2) and heat shock protein 60 (Hsp60) (Eisenbarth 2004;
Jasinski and Eisenbarth 2005). The identification of islet cell autoantigens holds
promise as targets for antigen-specific immunotherapy in T1D.

2.4.1 Induction of Oral Tolerance by Mucosal Administration
of Transgenic Plants Expressing GAD

GAD is recognized as the major and early islet autoantigen in T1D. There are two
isomers of GAD, GADG65 and 67, both of which are implicated in T1D (Bu et al.
1992; Elliott et al. 1994). Rat and human islets express GAD65 predominantly,
whereas mouse islets majorly express GAD67 (Elliott et al. 1994). We are the
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first group to demonstrate that transgenic plants can be used as a novel strategy to
induce antigen-specific oral tolerance for the treatment of type 1 diabetes in non-
obese diabetic (NOD) mice. Initially we generated transgenic tobacco and potato
plants expressing murine GAD67, with expression levels up to 0.4% of TSP (Ma et al.
1997). To demonstrate that GAD-specific oral tolerance can be induced by admin-
istration of GADG67 transgenic plants, young pre-diabetic female NOD mice were
fed GADG67 transgenic potato tuber or tobacco leaf tissue as dietary supplementa-
tion for a period of 7 months starting at 5 weeks of age. Control mice received
an equivalent amount of vector-minus insert transformed tobacco or potato tissue.
As expected, GAD67 plant fed mice were protected from diabetes, whereas those
fed control plant tissue were not protected from diabetes. The protection was associ-
ated with the inhibition of proliferation of GAD-reactive splenic T cells as well as a
Th1 to Th2 cytokine profile shift.

We subsequently produced transgenic tobacco plants expressing human GAD65
(Ma et al. 2004). Compared to GAD67 expression in plants, human GADG65 accu-
mulated to a lower level (0.04% of TSP). Oral administration of GADG65 plant tissue
delivering approximately 8—10 ng GAD65/per mouse daily was shown not to pro-
vide protection against diabetes in NOD mice. To enhance oral tolerance to GAD65,
we additionally produced transgenic plants expressing the anti-inflammatory Th2
cytokine IL-4 for use as a mucosal adjuvant. Co-administration of IL-4 plant tissue
delivering approximately 1-2 pg IL-4/per mouse daily resulted in suppression of
diabetes in NOD mice, suggesting the effectiveness of IL-4 in potentiating induc-
tion of oral tolerance, especially in cases where only low expression levels of recom-
binant autoantigens can be achieved in transgenic plant systems. Frequency analysis
of cytokine-secreting cells in spleens showed that the ratio of IL-4/IFN-y-secreting
cells was increased in IL-4 plus GADG65 plant fed mice but was unchanged in con-
trol plant treated mice, suggesting a shift in the Th1/Th2 balance toward Th2 domi-
nance. Furthermore, the results of adoptive transfer experiments indicated that the
protection from diabetes in IL-4+GADG6S5 plant fed mice was associated with the
induction of regulatory T cells.

2.4.2 Induction of Oral Tolerance by Mucosal Administration
of Transgenic Plants Expressing Insulin

Insulin is another major early autoantigen in T1D (Jasinski and Eisenbarth 2005;
Zhang and Eisenbarth 2011). Arakawa et al. (1998) generated transgenic potato
plants synthesizing human proinsulin fused to cholera toxin B subunit (CTB-INS).
Fusion to CTB was intended to enhance oral tolerance induction to insulin. The
plant-derived fusion protein retained the GM1 ganglioside-binding activity of CTB
and the antigenicity of insulin. NOD mice fed transgenic potato tubers delivering pg
quantities of CTB-INS fusion protein had a reduction in insulitis, and a delay in the
progression of clinical diabetes, while control mice fed transgenic potato tubers
expressing insulin or CTB protein alone were not protected from diabetes.
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Recently, Ruhlman et al. (2007) expressed human proinsulin fused to CTB
(CTB-Pins) in chloroplasts of both lettuce and tobacco, with accumulation levels up
to ~16% of TSP in tobacco and up to ~2.5% of TSP in lettuce. In a short-term feeding
study, 5-week-old female NOD mice were fed 8 mg of powdered tobacco leaf
material expressing CTB-Pins or, as negative controls, CTB—green fluorescent protein
(CTB-GFP) or interferon—-GFP (IFN-GFP), or untransformed leaf, each week for
7 weeks. Histological analysis of the pancreatic islets from CTB-Pins treated mice
showed decreased lymphocytic infiltration in the islets (insulitis) compared with the
controls. Moreover, increased expression of immunosuppressive cytokines, such as
IL-4 and IL-10, was observed in the pancreas of CTB-Pins-treated NOD mice. Serum
levels of immunoglobulin G1 (IgG1), but not IgG2a, were also elevated in CTB-
Pins-treated mice. Taken together, the prevention of pancreatic insulitis in CTB-Pins
treated mice may be likely due to the induction of Th2 lymphocyte-mediated
oral tolerance.

2.5 Treatment of Arthritis with Transgenic Plants
Expressing Arthritis-Associated Autoantigens

Rheumatoid arthritis (RA) is an autoimmune disease that causes chronic inflamma-
tion of the joints. Rheumatoid arthritis can also cause inflammation of the tissue
around the joints, as well as in other organs in the body. Numerous antigenic targets
have been identified in RA patients including type II collagen (CII), human chon-
drocyte glycoprotein 39, and various members of the heat-shock protein family
(Ichim et al. 2008). To date, treatment interventions have all been associated with
non antigen-specific inhibition of inflammatory processes, causing concerns regard-
ing increased susceptibility to infections. Induction of oral tolerance offers the
promise of antigen-specific immunotherapy for the treatment of RA.

2.5.1 Induction of Oral Tolerance by Mucosal Administration
of Transgenic Plants Expressing Type II-Collagen Peptides

Hashizume et al. (2008) produced a fusion protein, consisting of glutelin and four
tandem repeats of a CIL,, .., peptide (GluA-4XCIL, ,.) containing a human T cell
epitope, in transgenic rice and conducted feeding experiments to determine whether
oral administration of transgenic rice seeds can provide protection against RA in a
mouse model of RA. In these experiments, DBA/1 mice were fed either transgenic
rice or wild-type rice for 2 weeks before immunization with type II collagen, and an
average daily intake of the CIL,, . peptide as a diet was estimated to be about 25 pg
per mouse. Mice treated with GluA-4XCIL, . transgenic rice showed lower
delayed serum specific-IgG2a response against challenge with type II collagen.
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2.5.2 Induction of Oral Tolerance by Mucosal Administration
of Transgenic Plants Expressing Mycobacterial Hsp65

Heat shock proteins (Hsp) are a group of highly conserved proteins that serve as
intracellular chaperons that are induced under stress conditions. Recent research has
implicated Hsp65 as an autoantigen in RA (Massa et al. 2007). To develop a novel
oral antigen therapy for RA using plant-based systems, Rodriguez-Narciso et al.
(2011) produced transgenic tobacco plants expressing recombinant mycobacterial
Hsp65 protein and examined the potential of orally administered plant-made Hsp65
protein for treating adjuvant-induced arthritis in Lewis rats. The results showed that
oral feeding of Lewis rats with transgenic tobacco leaf tissue delivering 10 pug of
Hsp65 per rat daily, which was started 10 days post induction of arthritis with a
M. tuberculosis strain, significantly promoted recovery of the body weight and
reduced joint inflammation.

2.6 Induction of Oral Tolerance to Treat Allergic Diseases
with Transgenic Plants Expressing Allergens

Allergic diseases have become one of the most important health problems through-
out the world. Allergic diseases are caused by inappropriate immunological
responses to harmless antigens driven by a Th2-mediated immune response.
Currently, the major therapies used to control allergic diseases are glucocorticoids.
These steroid hormones act nonselectively and their extended use can lead to numer-
ous side effects such as increased risk of infection (Moghadam-Kia and Werth
2010). Allergen-specific immunotherapy is considered the preferred approach for
treating allergy. A major problem with specific allergen immunotherapy is that the
allergen extracts that are currently used for vaccination are unfractionated prepara-
tions (Niederberger and Valenta 2004). The inclusion of non-allergenic materials
may elicit new allergenicity. Recombinant allergen—based immunotherapy will
improve current immunotherapy practice and may open possibilities for prophylac-
tic vaccination. Induction of oral tolerance by mucosal administration of transgenic
plants expressing specific recombinant allergens may provide a novel and effective
therapeutic strategy against allergy.

2.6.1 Induction of Oral Tolerance by Mucosal Administration
of Transgenic Plants Expressing a Full-Length Antigen

The sunflower seed methionine-rich 2S albumin (SSA) is an IgE-binding protein
and has been identified as the major allergen in sunflower seed (Asero et al. 2002).
Smartetal. (2003) produced transgenic lupin (Lupinus angustifolius L.) synthesizing
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SSA and investigated whether oral administration of SSA-lupin could protect against
the development of experimental asthma. They showed that oral consumption of
SSA-lupin seed meal attenuated mucus hypersecretion, pulmonary eosinophilic
inflammation, and airway hyperreactivity following subsequent allergen exposure in
a mouse model of allergic airway disease. The suppression of experimental asthma
was associated with the production of CD4* T cell-derived IFN-y and IL-10, and the
induction of CD4* CD45"" regulatory T cells. This work provides a proof of concept
for a plant-based new approach to treating allergy.

Recently, Lee et al. (2011) expressed Der p2 protein in transgenic tobacco plants
for oral tolerance induction as a strategy to treat house dust mite-induced airway
allergy. Der p2 is a major allergen from Dermatophagoides pteronyssinus, the main
species of house dust mite and a major inducer of asthma by activating cells in the
respiratory tract (Smith et al. 2001). To determine the effect, mice were fed total
protein extracted from Der p2 transgenic plants once per day over 6 days. Der
p2-treated mice showed a decrease in serum Der p2-specific IgE and IgGl1 titers, a
decrease in IL-5 and eotaxin levels in bronchoalveolar lavage fluid, and a decrease
in eosinophil infiltration into the airway. Hyper-responsiveness was also decreased
in mice treated with Der p2 containing total protein, but the number of
CD4+CD25 +Foxp3+ regulatory T cells were significantly increased in mediastinal
and mesenteric lymph nodes. Furthermore, splenocytes isolated from Der p2-treated
mice exhibited decreased proliferation and increased IL-10 secretion following
stimulation with yeast-derived recombinant Der p2.

2.6.2 Induction of Oral Tolerance by Mucosal
Administration of Transgenic Rice Expressing
Allergen-Specific T Cell Epitopes

Takagi et al. (2005) produced transgenic rice expressing mouse dominant T cell
epitope peptides of Japanese cedar (Cryptomeria japonica) pollen allergens (Cry
j I'and Cry j II), fused to soybean seed storage protein glycinin. Animal studies
showed that oral administration of transgenic rice seeds inhibited the proliferative
activity of allergen-specific CD4+ T cells, decreased serum IgE levels and reduced
clinical allergy symptoms such as sneezing in mice. Moreover, the levels of Th2
cytokines such as IL-4, IL-5 and IL-13 as well as IgE-mediated histamine release
were also significantly decreased in treated mice. Transgenic rice synthesizing
human dominant T cell epitopes of Cry j 1 and Cry j 2 allergens was also produced
(Takaiwa 2007).

To further enhance the efficiency of rice seed-based vaccines in inducing oral
tolerance against allergy, this group have recently expressed T-cell epitopes of Cry
j 1 and Cry j 2 as a fusion protein with the mucosal adjuvant CTB in rice seed
(Takagi et al. 2008). They showed that feeding mice with rice seeds containing CTB-
fused T-cell epitopes suppressed allergen-specific IgE responses and pollen-induced
clinical symptoms at 50-fold lower doses of T-cell epitopes compared with the same
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results obtained when control rice seeds expressing T-cell epitopes fused to rice
glutelin acidic subunit were used as feed.

Recently, Suzuki et al. (2011) reported the production of a subunit vaccine con-
sisting of a fragment (p45—145) of mite allergen (Der p 1) containing immunodomi-
nant human and mouse T cell epitopes in transgenic rice for oral tolerance induction
to treat asthma. They showed that prophylactic oral vaccination of mice with trans-
genic rice seeds reduced the serum levels of allergen-specific IgE and IgG. Allergen-
induced CD4+ T cell proliferation and production of Th2 cytokines in vitro,
infiltration of eosinophils, neutrophils and mononuclear cells into the airways and
bronchial hyperresponsiveness were also inhibited by oral vaccination. The immune
response induced by the rice vaccine was antigen-specific, because the levels of
specific IgE and IgG in mice immunized with control antigen Der f 2 or ovalbumin
were not significantly suppressed by oral vaccination with the Der p 1 expressing
transgenic rice.

2.7 Treatment of Inflammatory Bowel Disease by Oral
Administration of Transgenic Plants Expressing
Interleukin-10

Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and
ulcerative colitis (UC), is a relapsing and remitting condition characterized by
chronic inflammation at various sites in the gastrointestinal (GI) tract, which results
in diarrhea and abdominal pain (Kozuch and Hanauer 2008). Inflammation results
from a T cell-mediated immune response in the GI mucosa. The precise etiology is
unknown, but evidence suggests that IBD may result from a breakdown of immuno-
logical tolerance towards the gut flora in genetically susceptible hosts, resulting
in an inappropriate immune response responsible for the chronic inflammatory pro-
cess that characterizes CD and UC (Bouma and Strober 2003). Both UC and CD are
characterised by the activation of macrophages and dendritic cells with production
of pro-inflammatory cytokines such as IL-1, IL-6 and tumour necrosis factor-alpha
(TNF-a) (Bouma and Strober 2003; Balding et al. 2004). At present, there is no
cure, and therapeutics are primarily aimed at suppressing inflammatory responses.
Treatment with anti-TNF-a antibodies has met with some success, however, its
therapeutic limitations, elevated cost, and the side effects of other conventional
immunosuppressive drugs underscore the need for novel therapeutic strategies
(Kalischuk and Buret 2010).

Menassa et al. (2007) expressed human IL-10 in transgenic tobacco plants and
investigated the potential of the plant-made cytokine as a luminal therapy for IBD
in animal models of colitis. IL-10 is a potent anti-inflammatory cytokine with thera-
peutic applications in several autoimmune and inflammatory diseases (Beebe et al.
2002). IL-10 —/— mice, which spontaneously develop colitis, were used for feeding
experiments. Mice were fed IL-10 tobacco leaf tissue delivering up to 9 ug of human
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IL-10 per mouse daily for 4 weeks. Mice treated with IL-10 had reduced severity of
colitis. The TNF-a expression at the sites of inflammation was also down- regulated
in IL-10 treated mice. Gut histology was significantly improved relative to controls
(P=0.002) and was correlated with a decrease in small bowel TNF-a. mRNA levels
and an increase in IL-2 and IL-13 mRNA levels.

Recently, Bortesi et al. (2009) expressed viral and murine IL-10 in transgenic
tobacco. In vitro characterization showed that both plant-derived molecules formed
stable dimers, were able to activate the IL-10 signaling pathway and to induce spe-
cific anti-inflammatory responses in mouse macrophage cells. Their long-term goals
are to treat type 1 diabetes and other inflammatory diseases through oral delivery of
plant-made IL-10.

2.8 Conclusions

There is growing evidence to support the therapeutic value of oral tolerance induction
in the treatment of autoimmune disease, allergy, organ transplant rejection and many
other inflammatory diseases. The use of transgenic plants as an oral tolerance induc-
tion strategy offers a number of advantages, including simplicity of production and
delivery and low-costs. The number of recombinant autoantigens or allergens
delivered to intestinal mucosa by transgenic plants for successful oral tolerance
induction is increasing. There are a number of approaches that one could use to
further increase the efficiency of transgenic plant-based approach for oral tolerance
induction. One is to improve the yield of recombinant autoantigens or allergens in
transgenic plants, as this will lead to increased delivery of a target protein without
increasing the amount of transgenic plant tissue consumed. Recently, Morandini
et al. (2011) reported the expression of GADG5 at a significantly higher level in
transgenic plants, accounting for 7.7% of TSP when expressed in Arabidopsis seeds.
Another approach is to express autoantigens or allergens as fusion proteins contain-
ing a mucosal delivery-enhancing molecule, such as human serum transferrin, to
improve plant-based mucosal delivery of target proteins (Brandsma et al. 2010).
Transgenic plants are believed to hold great promise for oral tolerance therapy against
autoimmune disease, allergy, and many other inflammatory diseases.
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Chapter 3

Molecular Farming Using Bioreactor-Based
Plant Cell Suspension Cultures for Recombinant
Protein Production

Ting-Kuo Huang and Karen A. McDonald

Abstract The need for biomanufacturing capacity for recombinant protein production
to meet the expanding pharmaceutical and industrial market demands has gained
increasing importance, leading to the development of new protein expression plat-
forms capable of addressing requirements in terms of protein yield, product
quality, and production cost. In the past few decades, molecular farming using plant
cell-based expression systems (whole plants and in vitro plant cells, organ and tissue
cultures) have been investigated as an alternative for the large-scale bioproduction of
recombinant proteins. Molecular farming using bioreactor-based plant cell suspen-
sion cultures provides attractive features over recombinant microbial fermentation
and mammalian cell cultures in terms of intrinsic safety, cost-effective biomanufac-
turing, and the capability for post-translation modifications. The current research
and development, emerging techniques, commercialization and future prospects of
molecular farming using bioreactor-based plant cell suspension cultures for production
of recombinant proteins will be discussed in this chapter.

3.1 Introduction

The global market of recombinant protein products for pharmaceutical/therapeutic
applications reached $86 billion in 2007 and is expected to increase to an estimated
$160 billion in 2013, representing an annual growth rate of 11%. Large-scale
biomanufacturing of recombinant protein products has received important consi-
derations due to the expanding market demand with the additional applications of
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the industrial/technical recombinant proteins, resulting in new protein expression
platforms and emerging technologies development such as molecular farming
bioproduction platforms (transgenic animal and plant-based) in addition to mam-
malian cell cultures and microbial fermentation (Demain and Vaishnav 2009;
Hacker et al. 2009).

Plant molecular farming refers to the large scale production of recombinant
proteins, including plant-made pharmaceuticals (PMP) and plant-made industrial
proteins (PMIP), in transformed plant cells or, transgenic plants. Plant-based mole-
cular farming, including transgenic plants, transplastomic plants, transient expression
by agroinfiltration in plants and plant tissues, virus-infected plants, plant tissue and
organ cultures, and plant cell suspension cultures, have been investigated as an
economical alternative bioproduction platform for recombinant protein production
in the past 20 years (Obembe et al. 2011). Plant cell-based molecular farming offers
attractive features over traditional microbe- and mammalian cell-based expression
systems, including (1) their intrinsic safety (plant cells do not propagate mammalian
viruses and pathogens and can be cultivated in animal-derived component free
medium which are important considerations for therapeutics production), (2) cost-
effective biomanufacturing leading to lower production costs (Shadwick and Doran
2005), and (3) the capability for protein post-translation modifications (such as the
ability to produce glycoproteins with similarity to their native counterparts in terms
of N-glycan structure compared to mammalian cells) (Gomord et al. 2010).

Plant cell suspension cultures grown in a fully contained bioreactor system offer
additional features, compared to molecular farming using whole plants, for econo-
mical, sustained recombinant protein production, especially for biopharmaceuticals
production, (Franconi et al. 2010; Hellwig et al. 2004) including (1) shorter bio-
manufacturing timescale of only few weeks required in plant cell culture process;
(2) more consistency in product quality and homogeneity of the target protein
N-glycan structures in controlled bioreactor operations (De Muynck et al. 2010;
Lienard et al. 2007); (3) cost effective purification operations especially for secreted
products (Rawel et al. 2007); (4) less contamination from endotoxin and mycotoxin;
(5) safer production platform in a contained system, avoiding issues such as gene
flow in the environment and potential contamination to the food chains (Franconi
et al. 2010); and (6) ease of compliance with cGMP requirements (Shih and Doran
2009), etc. In this chapter, recent developments and future prospects of molecular
farming using bioreactor-based plant cell suspension cultures (dedifferentiated plant
cells such as tobacco, rice and carrot cell cultures, etc.) for recombinant protein
production will be discussed.

3.2 Recombinant Protein Production Using
Plant Cell Suspension Cultures

In vitro suspension cultured plant cells under controlled environmental conditions
have been developed primarily for the production of valuable medicinal metabolites
such as shikonin and paclitaxel (Taxol) in the past 50 years (Hellwig et al. 2004).
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Currently various recombinant proteins for therapeutic (monoclonal antibodies,
antigens, vaccines, hormones, growth factors and blood proteins, etc.), medical
(e.g. gelatin and collagen for drug capsules), and industrial (enzymes such as
cellulases, lignases and lipases for biofuel) applications can be expressed using
plant cell cultures transformed with appropriate gene expression systems (Huang
and McDonald 2009). In this section, the methods to establish transgenic plant cell
suspension cultures will be presented.

3.2.1 Features of Plant Cell Suspension Cultures
Jor Recombinant Protein Production

Molecular farming using bioreactor-based plant cell culture should exhibit the
following features: (1) ease of genetic manipulation by stable transformation or
transient expression, (2) high protein expression level, (3) low endogenous pro-
teolytic activity, (4) high product stability (inside and outside of the cells), (5) low
concentration of secondary metabolites, which may cause changes in expressed
protein structural and biological properties and complicate downstream processes,
(6) post-translational modification capability, uniform glycosylation pattern and
proper protein folding, (7) small cell aggregates and good homogeneous dispersion
in a bioreactor, (8) high specific growth rate, and (9) long-term cell line genetic and
production stability, etc.

3.2.2 Method to Establish Transgenic Plant
Cell Suspension Cultures

Transgenic plant cell suspension cultures developed for recombinant protein pro-
duction are usually derived from stably transformed plant or plant tissues generated
by mainly using Agrobacterium-mediated transformation methods (Offringa et al.
1990), although they can also be derived from initial transformed callus from
an independent transformation event. Leaves, roots, shoots or petioles from grown
plants can be used as initial explants. Callus cultures grown on agar containing
appropriate plant growth regulating hormones initiated from explants from transgenic
plants can be transferred to grow in a chemically defined media with continuous
shaking to establish suspended cell cultures (Rao et al. 2009). After 5-14 days, the
force from hydrodynamic/mechanical stress in continuous shaken or agitated liquid
media results in a population of cell suspensions with healthy cells, dead and/or
decaying cell material. The population of an initial suspended cells usually consists
roughly of three fractions including (1) free single cells of various shapes, (2) clusters
of 3-5 cells, small (up to 20 cells) and big cell aggregates (more than 20 cells), and
(3) cell groups with a threadlike morphology, released from the callus. The outermost
cell layers of the cell aggregates are removed due to the hydrodynamic force by the
agitation of the shaker and then represent the fractions of single cells.
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A dilution ratio of 1:1-1:5 (volume ratio of mother culture to fresh medium) is
typically used to maintain the cell suspension culture. Fine cell fractions can be
obtained and transferred using sterile pipette (2—10 mL). Sterile meshes with different
sizes (such as Sigma cell dissociation kit) can be implemented to separate large
aggregates and established a suspension culture only with single cells, clusters or
small aggregates. A mesh size of 60 is used to initiate a suspension culture composed
of big and small aggregates, clusters and single cells, size 80 is used to separate small
aggregates, clusters and single cells, size 100 is used to obtain clusters and single
cells, and size 150 is to isolate almost single cells. Observations using an inverted
microscope can be used to confirm the formation of structures, single cell, clusters
or cell divisions.

The preculture stage is carried out to propagate the single cells by inoculating the
original cell population containing single cells and small cell aggregates in fresh
nutrient media. The addition of plant growth regulators is usually required in the
culture medium to promote rapid cell growth and maintain the cell morphology.
After 1-2 weeks, part of the preculture (cells and nutrient medium) is transferred to
other vessels or a bioreactor. Usually the cell suspension with some nutrient medium
can be transferred from the smaller to the larger bioreactor to produce increasing
amounts of cell suspension. The optimization of bioreactor operation for recombi-
nant protein production will be discussed in later session. For some plant species,
starting with a population of active single cells in a liquid medium, cell aggregates of
various sizes will develop soon after initiation of growth, coexisting with some free
suspended cells. The size distribution of cell aggregates and single cell morphology
are important consideration for bioreactor optimization.

Subcultures are frequently conducted by a dilution of 1:5-1:10 with fresh nutrient
medium at 1-2 week intervals to maintain suspended plant cells in a healthy
and active condition for the establishment of long-term cell suspension cultures.
The optimal dilution ratio (or inoculation ratio) and subculture frequency have to be
experimentally determined for each individual species.

3.2.3 Example of Transgenic Nicotiana benthamiana
Cell Suspension Cultures

3.2.3.1 Plant Cell Transformation and Media

Figure 3.1 shows the schematic presentation of the production of a recombinant
protein of interest in transgenic tobacco plants, transgenic tobacco suspension
cell cultures and transiently expressed in tobacco suspension cells. The flowchart
of how to obtain a cell suspension in Fig. 3.1 can be easily adapted to other plant
cell systems.

The gene expression system is stably transformed into Nicotiana benthamiana
cells using Agrobacterium-mediated gene transformation by the recombinant
Agrobacterium tumefaciens carrying appropriate binary vector containing the gene
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Fig. 3.1 A schematic presentation of the production of a recombinant protein of interest in
transgenic plants, transgenic plant suspension cell cultures and transiently expressed in plant
suspension cells

of interest. Newly expanded leaves from N. benthamiana plants are cut into 1 cm
square sections soaked in an Agrobacterium solution adjusted to 0.1 OD, for
10 min and incubated on co-cultivation medium consisting of Murashige and
Skoog minimal organics (MSO) medium modified with 30 g/L sucrose, 2 mg/L
6-benzylaminopurine (BA), and 200 uM acetosyringone, pH 5.8, at 23-25°C in the
dark for 2-3 days. Leaves are transferred to agar-solidified selection medium
consisting of MSO medium modified with 30 g/L sucrose, 2 mg/L. BA, 400 mg/L
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carbenicillin, 250 mg/L cefotaxime, and 250 mg/L kanamycin and incubated at
23-25°C for 10 days. Plant tissues are subcultured until shoots formed. Shoots are
harvested and transferred to agar-solidified rooting medium consisting of half
strength MSO medium modified with 15 g/L sucrose, 2 mg/L BA, 1.3 g/L calcium
gluconate, 400 mg/L carbenicillin, 250 mg/L cefotaxime, and 100 mg/L kanamycin.
Leaves are removed from each rooted shoot with a portion of the petiole attached
and placed on callus-generating medium consisting of MSO medium modified with
30 g/L sucrose, 0.4 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), 0.1 mg/L kinetin,
400 mg/L carbenicillin, 150 mg/L timentin, and 100 mg/L kanamycin for developing
transgenic callus. Transgenic callus are subcultured every 3—4 weeks on agar-solidified
KCMS medium consisting of 30 g/L sucrose, 4.3 g/LL MS salt mixture, 0.1 g/L
myo-inositol, 0.204 g¢/L KH_PO,, 0.5 mg/L nicotinic acid, 0.5 mg/L thiamine-HCI,
0.5 mg/L pyridoxine-HCI, 0.2 mg/L 2,4-D, 0.1 mg/L kinetin, and appropriate
antibiotics as selection pressure, pH 5.8.

3.2.3.2 Transgenic Plant Cell Suspension Cultures and Media

Transgenic N. benthamiana cell lines are selected from transgenic callus cultures and
screened by appropriate protein analysis methods such as ELISA and Western blots.
There can often be a significant variation in expression levels between independent
transformed lines due to the fact the that the expression cassette is inserted randomly
at one or more locations in the nuclear genome, so screening of the independent
transformation events, either at the whole plant or callus stage, is an important
step. Transgenic plant cell suspension cultures established from callus cultures are
subcultured weekly by transferring 20 mL of established suspension cells into
200 mL KCMS medium (pH 5.8), consisting of 30 g/L. sucrose, 4.3 g/LL MS salt
mixture, 0.1 g/ myo-inositol, 0.204 ¢/L. KH,PO,, 0.5 mg/L nicotinic acid, 0.5 mg/L
thiamine-HCI, 0.5 mg/L pyridoxine-HCI, 0.2 mg/L 2,4-D, and 0.1 mg/L kinetin,
and appropriate antibiotics as selection pressure, in a 1 L flask maintained on an
orbital shaker at 140 rpm and 25°C. Scale-up of cell biomass expansion can be
conducted in larger vessels such as stirred-tank bioreactor.

3.3 Optimization of Recombinant Protein Production
in Plant Cell Cultures

Current limitations of plant cell-based expression systems for recombinant protein
production are the low product yields and the effects of non-human glycosylation
pattern of glycosylated plant-made recombinant proteins on the activity, immuno-
genicity and allergenicity for therapeutic applications. To achieve higher protein
yields and desired quality, recombinant protein expressed in plant cells can be
optimized from transcription to protein stability including the selections of promo-
ters, enhancers, integration sites, codon usage/synthetic gene design, gene silencing
suppressors, and product compartmentalization. Table 3.1 shows examples of



(panunuoo)

(soseyd
uononpoxd
pue yimoi3d
sdnnu) HHS
(Kep-mDA-3) ‘WAA T'0-T°0 Torfodur
(000 /3w 8— “(Kep-7) ‘0d %0L ope[q Ie[nyeoenx9 (s1qronpur) S[I92
et dorxal],  /Sw gl—¢ “IBWOII-0F DoLC ‘WdIGL YLS poyond YLS ‘PAIRIdAG achuyy Ivy uoisuadsng  (30W) paups "0
Ioonput (BAIAIND)
Sse [0IpeI)sd JIOJO9A [RIIA
N T °DDS %9 Tofjoduut dlqronpur (029eq01)
0102) (Jonuoo gd) Hd ‘Od %0 ape|q Ie[N[[QIBIIX SNIIA JTeSOW S[[29 PUPIUDYIUIG
Te 0 Sueny TIVVA-81i 009  ‘wdr01-0S ‘D057 Poyond YIS ‘pajeroag Toquimony) IVy  uorsuadsng DUDOIIN
10npur se (BAIAIND)
(1onuoo Hd) [orpensa NM o] J10109A [RIIA
T/IVVA-81 001 “UIEq 49 Torfadur a[qronpur (0921q01)
(6002) ‘(Jonuod Hd noyim) Hd ‘0d %01 ape[q Je[N[[QJBIIX SNIIA dTBSOW S[[99 pUPIUDYIUIG
‘Te 10 Sueny T/IVVI-31 ¢ ‘wdr 06 D67 peyond YIS ‘Pa1RIdS Rqunon) IVY uorsuadsng DUDIJOIIN
JIoonpur se
(Jonuoo gd) [orpensa AM O
T/IVVA-31 09 “Yoreq ‘49 Topjoduut woisks gAX (0228q01)
(6002) ‘(JTonuod Hd moypim) Hd ‘0d %01 apelq pnlehdivel d[qronpur S[[99 pUPIUDYIUIG
‘Te 30 Sueny T/LVV4-8r 1> ‘wd1 06 Q.67 poyond YIS ‘PArRINRS [o1pensg IVYy uorsuadsng DUDIOIIN
(Tonuod gd)
T/IVVA-31 001 yoreq ‘4’9 Joqroduur (0008q0))
(6002) ‘(JTonuoo Hd moyjim) Hd ‘0d %0¥ operq Ie[n[[ooenxo S[192 DUDIUDYIUIq
Te 30 Sueny T/IVVA-S > ‘wdr 06 “D067  poyoNd YLS ‘pajeInag SSE AINED IVy  uoisuadsng DUDOIIN
0UAIRJOY [9A9] uonoNpoId SUONIPUOd wISAs UuoneZIed0| woIsAs jonpoid  adKy axmyn) soroads juelq
uoneradQ Iojoealorg IojowoId uro)oid

(600T PreuooIAl pue Jueny) SwaIsAs 103o8aI101q 2anno [[29 jueld Aq suononpoid urejord ugra1of jo odwexa pajod[es [°€ d[qeL



nurw 1od 21mynd jo swnjoa 1od se3 Jo awnjoa WAA ‘urejoid 9[qnjos [810) J§ 7 {1010BAI0Iq que)-palIns Y IS {(Aep/1) el
uonn[Ip (7 2IN[Nd SNOUNUOIIWRS DS IYIIoMm [[90 PP MO U2SAX0 paaossip O ‘uisdAnnue-[-eyd[e uewny feuonouny vy, ‘uisdinnue-i-eydre uewny vy

(2000 4oreq D0ST Te[njaoenxs SII?92 (0998q01)
Te 10 Suoy 1/31 601 ‘Kep g1 ‘wdr o1y SB[ ‘PARIAg SSE AIWED  ASO-WDU  uorsuadsng 1 wnovgvl N
(€000 Uo18q “D6LT Te[n[[aoenxo (a1qronpur) S[I?2
Telourys  dSIJO %ST “1/5W 61 ‘Kep ¢1 ‘wdr Q7] ASeLd ‘pajeInag agdwyy ASO-WOY  uoisuadsng  (9dL1) paiws O
(uoneareys
(5002) Te3ns)
Te 1o B Imno o5ess J10J08a101Iq Ie[n[[ooenXo (91qronpur) S[192
PIBUOCOIN  JO %01~ 1/SW LFZ—001  omd ‘widI O¢] “D06T QUEIqUIDIA ‘PaIRIdAg aghuyy Ivy uoisuadsng  (30W) payws "0
QOUAIRJOY [9A9] uononpoId SUOT}IPUOd [EI UOTJRZI[BO0] wo)sAs jonpoid  adK) armyn) saroads jue[q
uoneradQ Jojoealolg Ioj0W0I] uro)old

(PonuUNuOd) '€ AYEL



3 Molecular Farming Using Bioreactor-Based Plant Cell Suspension Cultures... 45

recombinant protein production by stably transformed plant cell suspension culture
in bioreactors, highlighting the importance of selection of host, expression vector
and bioreactor operational strategy. Recent development to improve recombinant
protein expression in plant cell cultures will be discussed.

3.3.1 Host Systems

Although tobacco, maize, rice and alfalfa are commonly utilized as hosts for recom-
binant proteins production, the emerging plant expression systems, like Lemna minor,
Physcomitrella patens, Chlamydomonas reinhardtii or higher plant cell suspension
cultures are offering new opportunities for molecular farming.

3.3.2 Genetic Transformation Methods

Several methods can be implemented for a recombinant protein expressed stably or
transiently in plant cells including (1) stable transformation by incorporation of foreign
DNA into nuclear, plastid or chloroplast genomes using Agrobacterium-mediated
transformation, and by particle bombardment or electroporation of protoplasts
(Sharma et al. 2005), and (2) transient expression by Agrobacterium agroinfiltration
of plant tissue or infection with plant viral vectors (Pogue et al. 2010).

3.3.2.1 Stably Transgene Expression

Stable expression of a foreign gene in plant cell culture requires that the gene of
interest is integrated into the nuclear or chloroplast genome of host cells and will be
passed to subsequent generations. Transgenic plant-based molecular farming may
be a better choice for long-term commercial scale production. The methods of plant
transformation will depend on the plant host species and the procedure of stable
transformation is well established and usually time consuming, which normally
takes at least few months (3—9 months) for development and optimization of trans-
formation, selection of a best transformed clone, and plant regeneration (Twyman
et al. 2003).

However, genetic instability of the transgenic dedifferentiated cells has been
shown to result in somaclonal variation (gene drift), a potential limiting factor
in developing plant cell cultures for long term recombinant protein production
(Offringa et al. 1990). Reduction in the product yield is often attributed to genetic
instability, transgene loss, variation in growth rate, or other undesirable genetic
or epigenic changes and has been observed for dedifferentiated plant cell cultures
when maintained by liquid subculturing (Lambe et al. 1995; Vandermaas et al.
1994). Thus, cryopreservation of transgenic plant cell lines for plant cell suspension
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culture has been discussed to allow for the long-term preservation and maintenance
of a stable production system (Cho et al. 2007; Schmale et al. 2006). On the other
hand, recombinant protein expression using transient expression in plant cell culture
by either recombinant Agrobacterium-mediated transfection or plant viruses,
common methods applied to whole plants and intact plant tissues (Komarova et al.
2010), is under development as an alternative for recombinant protein expression.

3.3.2.2 Transient Transgene Expression

Transient expression for rapid transgene gene expression has potential for large-scale
recombinant protein production in whole plants or plant tissue. Transient expres-
sion by the agroinfiltration method (Kapila et al. 1997), in which recombinant
Agrobacterium tumefaciens are infiltrated into plant tissue, or using plant viral
vectors (Gleba et al. 2007) are commonly used. In agroinfiltration the T-DNA is
transferred to the nucleus in a large number of plant cells resulting in the expression
of milligram amounts of recombinant protein within a short time period (2—14 days
depending on the protein of interest, the host and the expression system). Viral vectors
have also attracted interest because viral infections are rapid and systemic, and
infected cells yield large amounts of virus and viral gene products (Streatfield 2007).
Since plant viruses do not integrate into the genome, there is no stable transforma-
tion and the transgene is not passed through the germ line.

Transient expression has given higher productivity than stably transformed
plants mainly due to the relative timing of the onset of PTGS (post-transcriptional
gene silencing) compared to transgene expression (Wroblewski et al. 2005) and
position effect of transgene integration into the plant cell genome (Kumar and
Fladung 2001). In transient expression, high levels of gene product may accumulate
prior to the initiation of PTGS. Currently, only few examples of using transient
expression for recombinant protein production in plant cell suspension cultures
have been reported. Boivin et al. utilized transient co-expression of a transgene
and the p19 viral suppressor by agroinfiltration to enhance the mouse IgG1 antibody
production reaching 148 mg IgG1/kg-FW in N. benthamiana cell culture, implying
the feasibility of using transient expression in a plant cell culture bioreactor system
(Boivin et al. 2010).

3.3.3 Gene Expression Systems

The type and characteristics of the promoter system significantly impact the gene
expression level by affecting the transcription rate of the target gene, and further
determines the bioreactor optimal operation mode. Constitutive or inducible pro-
moters are commonly utilized for gene expression in plant cell cultures. Table 3.2
compares the features of various promoters used in transgenic plants cells (Huang
and McDonald 2009).
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Table 3.2 Features of various promoters for expressing recombinant protein in plant cells (Huang
and McDonald 2009)

Types Examples Features
Constitutive promoter CaMV 35S, Maize Commonly used in plant-based
ubiquitin molecular farming

Recombinant protein production is
growth-associated
Potential problem of PTGS
Inducible promoter Steroid-regulated Easy for induction by simply adding
(chemically) inducer
Low dose required in plant cell cultures
Inducer-dependent toxic effects

Ethanol-regulated Inducer is simple with low toxicity
Volatility may be a problem
Tetracycline-regulated Short half-life of antibiotics

High dose required for induction,
resulting in toxic effect to host cells
Continuous addition required

Inducible promoter Metabolite-regulated: rice Need to conduct media exchange
(metabolic) alpha-amylase RAamy3D  Two stage cultures required
(sugar starvation) Affect cellular metabolism of host cells
Inducible promoter Temperature-regulated Trigger heat shock response related
(physical) proteins

Influence cellular metabolism
Additional energy required
Light-regulated Influence cell growth and cellular
metabolism

Additional energy required

Constitutive promoters, such as the CaMV 35S promoter, directly drive the
expression of the target gene which is directly related to cell growth. The target pro-
tein expressed by a constitutive promoter is considered to be a growth-associated
product and is continuously expressed until host cells reach the stationary phase,
resulting in an additional metabolic burden and hence impacting the plant cellular
physiology and growth rate due to the potential toxic properties of the product on
the host cells or it may interfere with host cell metabolism.

Inducible gene expression systems controlled by the strength of specific external
factors or compounds, such as light, temperature, metal ions, alcohols, steroids and
herbicides, etc., have been developed to achieve high-level recombinant protein
production (Murphy 2007; Padidam 2003; Zuo and Chua 2000), allowing the cell
growth and protein production phases to be optimized independently. The inducible
promoter systems are attractive particularly when product synthesis is deleterious
to host cell growth. The expression of a foreign gene linked to an inducible
promoter can be induced at a specific stage during the cell growth cycle, and there is
less potential for PTGS found in transgenic plants driven by constitutive promoters
(Vaucheret and Fagard 2001). Chemically inducible promoter systems induced by
estradiol (Zuo et al. 2000), ethanol (Zhang and Mason 2006) and dexamethasone



48 T.-K.Huang and K.A. McDonald

(Samalova et al. 2005) have mainly been developed for recombinant protein
production in plant systems. Selection of the highest expressing cell lines with an
inducible promoter system is complicated by the fact that the optimal timing
and level of the inducer is often not known a priori and must be determined
experimentally.

Plant viral vectors, designed to increase the transgene copy number by the action
of the viral replicase, are alternatives for foreign gene expression (Lico et al. 2008).
Several genetically modified viral vectors, such as Tobacco mosaic virus (TMV),
Cucumber mosaic virus (CMV) and Potato virus X (PVX), have been developed
for recombinant protein production in plant molecular farming systems (Lico et al.
2008; Lindbo 2007; Wagner et al. 2004). However, plant viral vectors are prone to
vector instability, leading to reduced replication of the viral vector due to methylation,
PTGS, or loss of transgene (Angell and Baulcombe 1997; Atkinson et al. 1998).

Therefore, inducible plant viral vectors, which combine the features of inducible
promoters and plant viral vectors (Gleba et al. 2007; Lico et al. 2008), are proposed
as an alternative (Gleba et al. 2007). Our group has developed a Cucumber mosaic
virus (CMV) inducible viral amplicon (CMViva) expression system encoding a
viral replicase controlled by an estradiol-activated XVE promoter (Zuo et al. 2000),
and hence the recombinant viral amplicons are only produced intracellularly under
induction conditions. The CMViva system has been demonstrated to allow tightly
regulated foreign gene expression and good production of functional recombinant
human proteins in non-transgenic plant tissues using transient agroinfiltration and in
transgenic tobacco cell suspension culture in bioreactor (Huang et al. 2009, 2010;
Plesha et al. 2007, 2009; Sudarshana et al. 2006). Other examples of inducible plant
viral vectors in plant cell cultures include the estradiol-inducible Tomato Mosaic
Virus (ToMV) amplicon system expressing GFP in tobacco BY-2 cells (Dohi
et al. 2006) and the ethanol-inducible Bean Yellow Dwarf Virus (BeYDV) amplicon
expressing Norwalk virus capsid protein (NVCP) in tobacco NT1 cells (Zhang and
Mason 2006).

3.3.4 Stability of Recombinant Proteins

Recombinant proteins expressed in plant cell cultures can be secreted to the
extracellular culture medium or retained in an intracellular compartment such as ER,
cytoplasm, or vacuole. Secreted products offer advantages of bioprocessing over
intracellular retained products such as simpler downstream processing and flexibility
in the bioreactor operational mode allowing continuous culture or multiple produc-
tion cycles by reusing plant cells, leading to increased the overall productivity.
However, secreted recombinant proteins are commonly degraded by proteolytic
enzymes produced during plant cell cultivation or resulting from cell death/lysis
(Doran 2006a) and/or may be unstable in the simple cell culture medium compo-
sition (James and Lee 2001; Tsoi and Doran 2002). Previous studies have proposed
a variety of approaches to improve the stability of secreted recombinant proteins and
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to prevent the recombinant protein loss from proteolytic degradation, including
the supplementation of protease inhibitors or protein stabilization agents (such as
gelatin, BSA and other low-value proteins), mannitol (to regulate the osmotic
pressure of the medium to minimize cell lysis), PVP, PEG, Pluronic F-68 and other
polymers (as stabilizing agents for protection of the protein product from denaturing
agents produced from the cell cultures) (Doran 2006a, b). Other molecular-level
approaches have also been proposed for reducing proteolytic effects on recombi-
nant proteins including (1) co-expression of protease inhibitors hindering endogenous
protease activities along the cell secretory pathway or released into the culture
medium (Komarnytsky et al. 2006), (2) suppression of protease gene expression
using RNA interference (RNAi) (Kim et al. 2008), and (3) development of specific
protease-deficient host cells (Schiermeyer et al. 2005).

Optimization of bioreactor operation is an alternative to enhance the stability of
secreted recombinant proteins. Huang et al. (2009) proposed a bioreactor strategy
involving pH control for improving functional recombinant human protein produc-
tion in transgenic tobacco cell culture, resulting in enhanced recombinant protein
stability and reduced protease activity in cell cultures, as an effective alternative to
adding protease inhibitors or protein stabilizing agents in plant cell culture.

3.3.5 Post-translational Modification of Plant-Made
Recombinant Proteins

Post-translational modification (PTM) of the plant-made protein is a critical quality
attribute and in certain cases may limit the pharmaceutical and industrial applica-
tions of plant-made proteins. Although plants and mammalian cells share similar
PTM mechanisms such as expressed proteins entering the secretory pathways where
N-linked glycosylation occurs in the ER and Golgi apparatus, O-linked glycosyla-
tion occurs in the Golgi apparatus, and molecular chaperones in the ER help to
fold the protein (Faye et al. 2005), minor differences in PTM have been observed.
Plant cells tend to attach a-(1,3)-fucose and B-(1,2)-xylose in the glycan of the
plant-made glycoprotein, which are absent in mammalian cells (Sethuraman and
Stadheim 2006). In addition, plant-made glycoprotein lacks the terminal galactose
and sialic acid residues, which have been observed on human glycoproteins
(Gomord and Faye 2004). These differences in the glycan structures of plant-made
glycoproteins may affect the expressed protein inherent stability, biological activity
and immunogenicity, limiting their applications.

Strategies have been demonstrated to alleviate this issue by expressing
“humanized” glycans in N-linked plant-made glycoproteins (Schahs et al. 2007),
such as applying RNAI against to the appropriate fucose and xylose transferases
in plant cells. Strasser et al. (2008) reported the generation of glyco-engineered
N. benthamiana lines with downregulated endogenous xylosyltransferase and
fucosyltransferase genes by using RNAi. In addition, double “knock-out” of
the a-(1,3)-fucose and B-(1,2)-xylose transferases has also been investigated for the
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production of human vascular endothelial growth factor (hWEGF) in moss cell
culture (Koprivova et al. 2004). Another example is to delete the fucose residues in
plant N-glycans by repression of the GDP-mannose 4,6-dehydratase gene using
virus-induced gene silencing and RNAi (Gomord et al. 2010). Castilho et al. (2010)
has introduced the entire biosynthetic pathway for sialyation and terminal galactose
in N. benthamiana using transient expression for producing MAb with a human-like
glycosylation pattern. Other strategies to control the glycosylated protein are to
understand how variations of bioreactor process parameters affect protein glycosy-
lation patterns in host cells (del Val et al. 2010).

3.4 Technological Progresses in Plant Cell Culture
Bioreactor Systems

In this section, the technological progress in bioreactor systems including bioreactor
selection, bioreactor operation considerations and optimization for recombinant
protein production in plant cell cultures will be discussed.

3.4.1 Bioreactor Systems

Table 3.3 summarizes important features of various types of bioreactors for in vitro
plant cell cultures. General criteria for choosing a suitable bioreactor design should
consider adequate oxygen mass transfer to cells, low shear stress to cells and adequate
mass transfer (nutrient supply to cells and product, and by-product and metabolite
removal from cells). The scalability of the bioreactor system for large scale production
of a recombinant protein in plant cell culture also needs to be addressed.

3.4.1.1 Stirred-Tank Bioreactor

Stirred-tank bioreactors with suitable impellers can provide adequate volumetric
mass transfer coefficients and a homogeneous environment enabling suspended plant
cell growth and product production to be controlled. Although Rushton turbines
(resulting in a radial flow pattern) can provide complete solids and gas dispersion,
they also induce high turbulence around the impeller region and have higher
specific power input and energy dissipation rate than other impellers with axial flow
patterns (such as marine, paddle, and pitched-blade impellers), resulting in higher
shear damage to suspended plant cells. The pitched-blade impeller with the upward-
pumping mode provides similar capabilities, compared to Rushton turbines, for cell
aggregate dispersion while reducing shear stress to plant cells when the power input
was restricted by cell damage considerations (Doran 1999). However, the oxygen
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mass transfer performance of an upward-pumping pitch-blade impeller was poor in
highly cell density cultures (Kieran 2001), compared with that of the same impeller
operated in the downward-pumping mode (Junker et al. 1998). Generally, impeller
systems exhibiting axial flow patterns with low impeller tip speed (less than 2.5 m/s)
are considered acceptable for plant cell cultures (Amanullah et al. 2004).

Approaches have been proposed to reduce cell damage from hydrodynamic shear
stress by agitation and from gas bubble bursting by aeration including developing
new impeller systems to provide more efficient mixing at lower impeller tip speeds
(such as the curved-blade disk turbine, hydrofoil impeller, helical ribbon, centrifugal
impellers and cell-lift) (Doran 1999) and designing new aeration systems (such as
bubble-free aeration, gas basket, and cage-aeration) for shear-sensitive cell culture
processes. In addition, the low-power-number impellers such as Intermig, Prochem
Maxflow and Scaba designed for animal cell culture can be implemented for plant
cell culture (Varley and Birch 1999). The bioreactor geometric specifications such
as impeller diameter, spacing between impellers, impeller off-bottom clearance, the
baffles and their width, the sparger type and position, the ratio of liquid height to
tank diameter, and the number of impellers are also critical considerations for large-
scale bioreactor performance in order to provide sufficient mixing and adequate
mass transfer.

3.4.1.2 Pneumatic Bioreactor

The pneumatic bioreactor (such as a bubble column or air-lift), consisting of a
cylindrical vessel in which air or a gas mixture is introduced through a sparger at the
bottom of the vessel for aeration, mixing and fluid circulation, exhibits features of
low capital and operational cost, and ease of scale up for large scale operation of plant
cell cultures. In addition, the low shear stress in pneumatic bioreactors is desirable for
shear-sensitive plant cells (Eibl and Eibl 2008). However, bubble column bioreactors
are less applicable to highly viscous liquid and high cell density cultures due to the
lower gas-liquid interfacial area resulting from bubble coalescence in the viscous
liquids and lack of mechanical break-up of bubbles.

Air-lift or modified air-lift bioreactors containing a draft tube (internal or external
loop) exhibit the following features: (1) preventing bubble coalescence by directing
them in one direction; (2) enhancing oxygen mass transfer by increasing the number
of bubbles or gas-liquid interfacial area for enhancing mass transfer; (3) distributing
shear stress more evenly; and (4) promoting the cyclical movement of fluid
resulting in shorter mixing times (Huang et al. 2001, Wang et al. 2002). However, the
inadequate oxygen mass transfer and poor fluid mixing in a high cell density culture,
leading to inhomogeneities in biomass, nutrient, oxygen and pH, and extensive
foaming (resulting from extracellular polysaccharides, proteins, fatty acids, and
high superficial gas velocity) may become limiting factors in pneumatic bioreactor
operation (Tanaka 2000).
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Table 3.3 Comparisons of bioreactor systems for foreign protein production by plant cell cultures

Bioreactor Stirred-tank Bubble column Air-lift bioreactor
el ot l
b Nl L B
TE{I1 i
.o.? . o o, Y
: o ol %,
- L,_;_\J A ‘
Features T~ Air t Air Air Air Air
k a (OTR) High Low Medium
Cell damage by High Low Low
agitation
Cell damage by Medium High High
aeration
Mixing time Short Long Medium
Operation Medium Simple Simple
Flexibility High High High
CIP/SIP Yes Yes Yes
Scale size Commercial Commercial Commercial
Scale-up Medium Easy Easy
Power consumption  High Low Low
Culture type Suspension; Suspension; Suspension; microcarrier
microcarrier microcarrier
Cell density Low/medium Medium Medium
Productivity Medium Medium Medium
Monitoring and Direct, easy, Direct, easy, Direct, easy, multiple
control multiple multiple
Operation cost High Medium Medium
Equipment cost High Medium Medium
Ease of GMP Yes Yes Yes

compliance




3 Molecular Farming Using Bioreactor-Based Plant Cell Suspension Cultures...

Single use technology Wave bioreactor Membrane bioreactor

Rocking —; Nriert Fow —+

motion

Cell culture

media

_ dgoggoog“é
o 1330805

— NiatRor| —p

MADOMandrane
Low Medium Low
Medium Low Low
Medium Low Low
Medium Medium Medium
Medium Medium Medium
Medium Medium Low
No No No
Pilot (2,000 L) Pilot (1,000 L) Pilot
Medium Complex Complex
Medium Medium Low
Suspension; microcarrier Suspension; microcarrier Immobilized
Low/medium Medium High
Medium Medium High

Direct, easy, limited

Direct, medium, limited

Indirect, complex, limited

Low Low Low
Low Low Low
Yes Yes Difficult
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3.4.1.3 Disposable Bioreactor (Single-Use Bioreactor)

Disposable bioreactors, in which the cultivation vessel is made of a single-use plastic
bag, provide attractive features for the biomanufacturing production of recombinant
proteins in terms of time- and cost-savings for clean-in-place, sterilization-in-place,
facility design and set-up, validation, capital investment on stainless steel vessels,
elimination of cross-contamination and reduction of turnover time between each
run, and shorter development time and increased throughput (Eibl et al. 2009a, b;
Hacker et al. 2009). Currently disposable bioreactors have been successfully imple-
mented into preclinical, clinical, and production-scale biomanufacturing facilities
(Eibl et al. 2010). Although disposable bioreactors with standard stirred-tank
configurations up to 2,000 L are available from companies such as HyClone and
Xcellerex, they are limited in volume and mostly used for seed expansion and inoc-
ulation of the large conventional bioreactors. The disposable shaken bioreactor is
another type of disposable bioreactor, which consists of a cylindrical vessel mounted
on a circular moving shaker platform and contains a disposable, sterile plastic bag
with appropriate connection tubes for seeding, feeding, gas supply and harvesting
of these cultures (Micheletti et al. 2006). Protalix utilizes a disposable, bubble
column-type bioreactor, which consists of a sterilizable polyethylene bag filled with
plant cells and medium, for the prGCD production in transgenic carrot cell culture
(Shaaltiel et al. 2008).

3.4.1.4 Wave Bioreactor

Wave bioreactors, another type of disposable bioreactor, possessing the advantages
of low-cost and providing a low shear environment, utilize a non-gas permeable
sterile bag comprised of plastic film. The mixing, mass and heat transfer in the wave
bioreactor are regulated by rocking rate, rocking angle and medium filling volume.
The bags can be filled with cell suspension up to 50—60% of their total capacity
(up to 1,000 L) (Eibl et al. 2009a). Oxygen is supplied from the air or gas mixture
continuously through headspace aeration. While the wave bioreactor is rocking,
the liquid surface of the medium in the bag is continuously renewed and bubble-free
surface aeration takes place resulting in oxygenation and bulk mixing with less
shear stress to suspended cells. Additional advantages include time and cost savings,
reduced foaming, easy operation and low risk of contamination. The wave bioreactor
can be operated in different culture modes, including batch, fed-batch and perfusion
when combined with different cell-retention devices. On-line measurements of pH,
DO and other sensing technology (Read et al. 2009) make the wave bioreactor
and other disposable bioreactors highly attractive for plant cell cultures (Eibl et al.
2009a). Investigations have demonstrated the application of the wave bioreactor for
cultivating tobacco, grape and apple suspension cells up to 100 L working volume
(Terrier et al. 2007). Eibl et al. achieved high plant cell (V. vinifera) biomass produc-
tivities of 40 g-FCW/(L-day) with a doubling time of 2 days and observed that there
was no significant change in cell morphology when compared to cultivations in
stirred tank bioreactors (Eibl and Eibl 2006).
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3.4.1.5 Membrane Bioreactor

Membrane bioreactors are designed to retain host cells and also possibly recombinant
protein product in a cell compartment by utilizing specialized membranes with a
specific molecular weight cut-off (MWCO) for in situ aeration, nutrient supply, and
product separation (Qi et al. 2003). The culture medium flow is circulated in the
membrane bioreactor for bringing oxygen and nutrients to the cell and removing
the waste metabolites. Membranes can be packed into different geometries including
plate-and-sheet, tubular, spiral-wound, and hollow-fiber modules. The hollow fiber
membrane bioreactor is the most commonly used geometry.

The main features of using membrane bioreactors in plant cell cultures are high
cell density and high protein volumetric productivity, resulting from the use of
membranes that retain the secreted foreign protein in the cell compartment, concen-
trating the product before harvest. Another feature is that the shear stress-induced
cell damage found in stirred-tank bioreactors can be minimized in a membrane
bioreactor because the cells are retained in a relatively quiescent region in which
cells are protected from mechanical damage and are not in direct contact with gas
bubbles. McDonald et al. (McDonald et al. 2005) applied a membrane bioreactor
for the production of recombinant human alpha- 1 -antitrypsin (AAT) using transgenic
rice cell culture with a rice alpha amylase promoter, Ramy3D, which is activated
under sugar starvation conditions, resulting in extracellular product titer up to
250 mg/L (equivalent to 4—10% of the extracellular total soluble protein). However,
large scale process in membrane bioreactors may cause operation problems resulting
in poor cell viability, poor process stability, product heterogeneity, membrane fouling,
and diffusion gradients (heat and mass transfer). Therefore the membrane bioreactor
is mainly implemented for small scale processes and is difficult to scale up for large
scale applications, although it may be useful for smaller scale applications such as
patient-specific therapeutics.

3.4.2 Bioreactor Operation Consideration

Plant cell cultures exhibiting features of biological, morphological properties and
cellular physiology characteristics, which are distinctive from bacterial and mam-
malian cells, need to be considered for their scalability in recombinant protein pro-
duction. Important bioreactor operation considerations for plant cell cultures include
hydrodynamics, mass and heat transfer, mixing, cell growth, viability and oxygen
demand, cell aggregation, rheological properties and shear sensitivity of plant cell
cultures, etc.

3.4.2.1 Plant Cell Growth and Oxygen Demand

Plant cells show a longer doubling time (20—100 h) than that of bacterial (30 min to
1 h), yeast (2-3 h) and mammalian cells (24—48 h). Different species show varied
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cell growth kinetics in bioreactors. A typical OUR (oxygen update rate) value for
plant cell cultures is about 2-10 mmol-O,/(L-h), compared with 10-90 mmol-O,/
(L-h) for microbial cells and 0.05-10 mmol-O,/(L-h) or 0.02-0.1x10-9 mmol/
(cell-h) for mammalian cells (depending on the cell density and cell line type). The
specific OUR is reported as 0.8 mmol-O,/(g-DCW-h) for transgenic rice cell cultures
expressing human AAT (Trexler et al. 2002) and 0.3-0.5 mmol-O,/(g-DCW-h) for
transgenic N'T-1 cells expressing recombinant GUS. Inadequate oxygen mass transfer
has been demonstrated to inhibit transgenic tobacco cell growth and reduce recom-
binant antibody heavy chain production (Sharp and Doran 2001b). Gao and Lee
(1992) found that an increase in the oxygen supply enhanced tobacco cell growth
rate, biomass concentration, and GUS production yield in shake flask, stirred-tank
and air-lift bioreactors.

To meet the OUR of 2-10 mmol-O/(L-h) for plant cell cultures, a typical
volumetric oxygen mass transfer coefficient (kLa) required in a bioreactor opera-
tion is between 10 and 50 h™' (Curtis and Tuerk 2006), which is lower than that for
microbial fermentation (100—1,000 h™") and slightly higher than that for mammalian
cell culture (0.25-10 h™"). The critical dissolved oxygen concentration for plant cell
cultures in a bioreactor is reported as 1.3-1.6 g/m?, corresponding to 20% of air
saturation (Doran 1993). The optimal settings of kLLa and dissolved oxygen concen-
tration in bioreactor for plant cells expressing recombinant protein need to be
investigated individually.

3.4.2.2 Aggregation and Rheological Properties of Plant Cell Cultures

Plant cell aggregate formation and aggregate size distribution are critical for plant
cell culture bioreactor operation and are dependent on plant species, method of
inoculum preparation, cell growth stage, medium composition, bioreactor types and
culture conditions. Formation of plant cell aggregates promotes cellular organiza-
tion and differentiation resulting in enhancing secondary metabolite production,
and also impacts mass transfer, leading to oxygen, nutrient or chemical inducer
inhomogeneities inside large cell aggregates (Kieran 2001). Therefore, the inner
cells of the aggregates may become oxygen and nutrient deficient, resulting in
adverse effects on cell growth and foreign protein production. Although moderate
cell aggregation (200500 pum) is advantageous in some cases since it enhances
sedimentation rates, facilitating media exchange as well as in-situ recovery of
culture broth during downstream processing, generation of large cell aggregates
(~1-2 mm) is undesirable since this complicates the bioreactor operation, exacer-
bates mass transfer limitations and makes cell aggregates more susceptible to shear
stress, resulting in cell damage, attributed to aggregate surface attrition (Kieran
et al. 2000) and aggregate shattering (Namdev and Dunlop 1995).

Rheological properties of plant cells in vitro culture are dependent on cell aggre-
gate size and morphology, biomass concentration, cell growth stage and culture
conditions. Plant cells tend to transition from spherical to elongated shapes when
cell division is terminated (Cosgrove 1997). Curtis (Curtis and Emery 1993) studied
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the rheological properties of 10 different plant cells in flasks and found that elongated
plant cell morphology in N. tabacum batch culture exhibited a power-law type fluid
rheological property (with a power law index of 0.6), resulting in higher apparent
viscosity, compared to spherical cells. Curtis (Curtis and Emery 1993) also observed
that tobacco cell culture displayed Newtonian rheological properties and did not
elongate when grown in semicontinuous culture (cells remained nearly spherical in
shape), confirming the dependence of rheology on cell morphology. Elongated plant
cell morphology may lead to higher packed cell volume (PCV) at a given dried cell
weight (DCW), attributed to a more loose cellular network under packed conditions
(Su and Arias 2003).

Kato et al. (1978) and Curtis (Curtis and Emery 1993) both found that culture
spent media was not responsible for the overall broth viscosity and the viscous
and non-Newtonian fluid character of the culture was mainly due to the plant cell
morphology (elongated and filamentous cells) and high biomass concentration
(with DCW over 10 g/L and PCV over 50-60%). Kato et al. (1978) found that the
apparent viscosity of N. tabacum cell culture broth was increased by a factor of 27
throughout the batch culture period and the filtrate (cell-free broth) was only
increased from 0.9 to 2.2 cP. A typical apparent viscosity of plant cell culture broth
is 4-150 cP.

3.4.2.3 Shear Sensitivity of Plant Cell Cultures

Two main shear stresses leading to cell damage in plant cell culture bioreactor
operation are hydrodynamic shear force induced by agitation and air bubble bursting
caused by gas sparging. A single plant cell (100-500 pwm in length and 20-50 pum in
diameter) is about 10—100 times larger in size than bacterial (<1 pm in diameter),
fungal (<100 pm in length and 5-10 pm in diameter) and mammalian cells (10-100 pm
in diameter) and thus are capable of withstanding tensile strain, however, suspended
plant cells are considered sensitive to shear stress due to their large volume of intra-
cellular vacuoles (up to 90% of cell volume) and a rigid, inflexible cellulose-based
cell wall (Dunlop et al. 1994). Thus, plant cells are more susceptible to shear
stress during the late exponential growth and early stationary phases when the cells
are of relatively large size and contain large vacuoles (Wagner and Vogelmann
1977), inducing the cellular response changes including cell viability, cell growth
rate, membrane integrity, release of intracellular components (proteins or metabolites),
metabolism (OUR, mitochondrial activity, ATP concentration, cell wall composition,
increase of calcium ions in cytoplasm), cell morphology and aggregation sizes
(Kieran et al. 1997, 2000), influenced by the intensity and the exposure duration of
the cells to the shear force.

For a stirred-tank bioreactor, shear stress generated by the impeller system
reduces the average aggregate size of Catharanthus roseus cell culture (80—100 um
in the shake flask versus 64—80 pum in the stirred-tank bioreactor) and has adverse
effects on plant cell growth and viability (Tanaka et al. 1988), partially due to the fact
that plant cells are subject to the higher shear stress region of the impeller and thus more
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shear-induced damage on cells is generated (Doran 1999). For shear-sensitive plant
cell cultures, therefore, reducing the shear stress intensity by decreasing the agitation
speed of the impeller is a general solution, while maintaining adequate mixing,
oxygen and heat transfer rates in a high apparent viscosity plant cell culture broth.
At high biomass concentration, low agitation rates can also enhance the clumping
of cells into cell aggregates of varying sizes. Thus, a concept of critical shear stress
(using regrowth of cells as an indicator) above which cell viability may be lost can
be applied for impeller design and a critical shear stress between 50 and 200 N/m?
has been reported (Kieran et al. 1997).

3.4.3 Bioreactor Process Optimization

The optimization of bioreactor operation needs to consider the characteristics of
plant cell expression system such as cell growth, viability and oxygen demand, cell
aggregation, rheological properties and shear sensitivity of plant cell cultures, foaming
and wall growth, interactions between host cell, gene expression system and product
formation including the type of gene expression system, expressed product location,
impact of expressed products on host cells, etc.

For the growth-associated recombinant protein production (secreted or intracel-
lular product) driven by a constitutive promoter, target protein productivity can be
enhanced by reaching high cell density culture and prolonging the exponential
active cell growth phase. Fed-batch cultures have been applied to achieve high cell
density culture when utilizing an effective substrate feeding strategy (Suehara et al.
1996). However, the accumulation of inhibitory metabolites in fed-batch cultures
might limit recombinant protein productivity. Therefore, perfusion culture with a
cell retention device can be an alternative to obtain high cell density culture and
continuously withdraw cultured medium (De Dobbeleer et al. 2006; Lucumi and
Posten 2006; Su and Arias 2003). The cell growth rate in a batch or fed-batch plant
cell culture is usually reduced when the PCV reaches about 60—70%, resulting in a
reduction of cellular metabolic activity (Maccarthy et al. 1980). Therefore, semi-
continuous culture or perfusion culture with a bleed stream has been demonstrated
to be more appropriate for high cell density culture compared with fed-batch and
perfusion cultures (De Dobbeleer et al. 2006).

For recombinant protein production driven by an inducible promoter, two-stage
cultures are typically implemented to allow the cell growth and protein production
phases to be independently optimized. The bioreactor operation and conditions for
the induction phase (protein production phase) are highly dependent on the type of
inducible promoter used (Huang and McDonald 2009). The sugar-starvation
Ramy3D promoter system (metabolically regulated) has been investigated to express
human proteins including human AAT (Huang et al. 2001) and human granulocyte-
macrophage colony stimulating factor (hGM-CSF) (Shin et al. 2003) in transgenic
rice cell cultures. In these studies, a media exchange to a sugar-free medium or
nutrient medium containing an alternative carbon source (Terashima et al. 2001) for
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inducing foreign protein production was applied at an appropriate time in the growth
phase. During the induction phase without carbon source supplementation, however,
the rice cell viability was significantly decreased, resulting in increased protease
activity. Therefore, a cyclical semi-continuous process, which alternates between
growth and production phases, has been developed to reuse the transgenic rice cells
for long-term operation (Trexler et al. 2005). For a chemically inducible system, the
timing of induction and concentration and manner of application of inducer (single,
multiple or continuous induction) applied to plant cell cultures are important for
optimizing inducible plant cell culture bioreactor operation. This will need to be
investigated based on the nature of the inducer (inducer stability and toxicity to host
cells) and plant species (cell growth rate and aggregates) for enhancing foreign
protein expression. Higher inducer concentrations and multiple or continuous appli-
cation may benefit high cell density operational modes. Semi-continuous/continuous
or perfusion bioreactor operation at high cell density with slower specific growth
rate for a prolonged protein production phase can be beneficial for inducible pro-
duction of the recombinant protein and the secreted recombinant protein can be
continuously harvested from the cell culture broth. Huang et al. showed that OUR
is an important parameter to determine the optimal timing of induction (TOI)
(Huang et al. 2010). In the case of a chemically inducible, estrogen receptor-based
promoter (XVE) system in tobacco cell culture, the optimal TOI occurs at the
maximum OUR which occurs at the end of the exponential phase (Huang et al.
2010). We developed the semicontinuous culture production of human AAT using a
chemically inducible plant viral vector in transgenic tobacco cell culture, resulting
in fivefold increase in volumetric productivity of biologically functional AAT
compared with batch operation (Huang et al. 2010).

Additionally, the productivity of secreted recombinant proteins, which could be
rapidly degraded in the culture medium, can be improved through (1) addition of
medium additives to enhance product stability and prevent the product from
proteolysis derived from proteases generated by host cells (Benchabane et al. 2008;
Doran 2006a, b), (2) in-situ protein recovery (either by adding resins into the
medium or by circulating the culture broth through a chromatography column external
to the bioreactor) (James et al. 2002; Sharp and Doran 2001a), and (3) immobiliza-
tion of plant cells, in which cells are immobilized into a suitable microcarrier or
support matrix in a bioreactor (Gilleta et al. 2000; Osuna et al. 2008), to facilitate
recovery of secreted protein from the culture broth.

3.4.4 Scale Up Considerations

The development of the large-scale bioreactor operation of plant cell suspension
culture has been well established for the production of plant secondary metabolites
such as paclitaxel (taxol), ginseng and shikonin (Hellwig et al. 2004). Phyton
Biotech (www.phytonbiotech.com) commercially produces paclitaxel compound
using plant cell suspension cultures up to 75,000 L and has been a long-term
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supplier of this small molecule API (active pharmaceutical ingredient) of Bristol-Myers
Squibb’s Taxol® oncology product. Therefore, the bioreactor technologies available
for large scale plant secondary metabolites production could be implemented for the
large scale production of recombinant proteins in transgenic plant cell suspension
cultures. Currently, the most challenging problem of the scale-up of bioreactor-
based plant cell culture is to providing a low-shear environment while maintaining
adequate mixing and oxygen transfer in high cell density culture and/or in long-
term perfusion culture operation. Although some investigations have tried to meet
market demands by increasing bioreactor capacity, the optimization of cell culture
productivity in bioreactors appears as a better strategy.

3.5 Current Status of Commercialization

Although molecular farming using bioreactor-based plant cell suspension cultures
provides an alternative biomanufacturing platform for large scale production of
recombinant proteins for pharmaceutical and industrial applications, only few available
commercial examples have been demonstrated.

In February 2006, USDA approved the first transgenic tobacco cell culture-
produced recombinant glycoprotein by Dow AgroSciences (www.dowagro.com), as
a veterinary vaccine based on the HN antigen derived from immunoprotective particles
of Newcastle Disease Virus (NDV) for preventing avian NDV disease (Travis 2008).
Other successful examples from Dow AgroSciences for the production of
immunogenic proteins include the HA antigen of Avian Influenza Virus (AIV) and
the VP2 structural protein of Infectious Bursal Diseases Virus (IBDV), which
are driven by CaMV 35S or CsVMV (Cassava Vein Mosaic Virus) constitutive pro-
moter in transgenic tobacco, potato or tomato cell cultures (Mihaliak et al. 2007).
The recombinant immunoprotective proteins are expressed and accumulated
in the stationary phase of plant cell growth in cytoplasmic, cell wall or membrane
structure, with the product titer up to 4-30 mg/L (Mihaliak et al. 2007; Miller
et al. 20006).

The most recent case in the plant cell culture made pharmaceuticals is the
transgenic carrot suspension cell culture in bioreactors developed by Protalix
Biotherapeutics for recombinant glucocerebrosidase (GCD) production dedicated
for patients with the genetic disorder Gaucher disease (Shaaltiel et al. 2007). Protalix
Biotherapeutics (http://www.protalix.com/) in Israel and Pfizer in the US (http://
www.pfizer.com/) have announced a collaboration to market the recombinant
glucocerebrosidase enzyme produced by transgenic carrot cell cultures as a thera-
peutic protein drug, currently in phase III clinical trial, for the treatment of Gaucher’s
disease in EU and USA (Ratner 2010). This represents an exciting milestone
for recognizing plant cell culture-based biomanufacturing as a bio-equivalent and
economical alternative to mammalian production of human biopharmaceuticals,
further suggesting the possibility of biosimilar products for existing protein drugs.
Currently patients are treated with either Ceredase® by Genzyme purified from
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human placental tissue or Cerezyme® by Genzyme produced in recombinant CHO
cell cultures (Ratner 2010). However, the recombinant GCD by CHO cell cultures
requires an additional in vitro enzymatic reaction to expose the terminal mannose
residues of its N-glycan chains to facilitate uptake of the GCD into macrophages,
making it one of the most expensive therapeutic proteins to date with an annual
treatment cost of nearly US $200,000 per patient (Kaiser 2008). The plant-made
recombinant GCD (prGCD) expressed in transgenic carrot cell culture by Protalix
is fused to the N-terminal signal peptide from Arabidopsis thaliana basic endochi-
tinase and to a C-terminal vacuole targeting sequence from tobacco chitinase A. The
prGCD expressed by transgenic carrot cells is retained in ER (endoplasmic reticulum)
for glycosylation and then targeted to the vacuole. Therefore, the N-glycan struc-
tures of the prGCD are trimmed to expose mannose residues, leading to the correct
mannose glycosylation pattern. As a result, the in vitro trimming of the glycans for
in vitro protein modification is eliminated during downstream processing, resulting
in significant cost reduction (Shaaltiel et al. 2007). Currently, the prGCD by Protalix
is undergoing a Phase III clinical trial to evaluate its safety and efficacy in Gaucher
patients.

3.6 Future Prospects

Though cheaper, safer, easier to manipulate and more rapid than most established
molecular farming using transgenic plants, plant cell suspension culture is still not the
best production platform the plant system can offer, as the overall product yield and
usability is often limited by the loss of recombinant protein during the late stationary
phase due to increased proteolytic activity (Corrado and Karali 2009). Although the
adoption of advanced cell culture technology has been implemented during the past
years, the system is still limited to a small number of well-characterized plant cell lines
(such as tobacco, rice, carrot, or Arabidopsis), which are amenable to develop suspen-
sion cell cultures and need improvement before they can be adopted commercially.

Therefore, future directions for enabling the molecular farming using bioreactor-
based plant cell suspension cultures as a recombinant protein production bio-
manufacturing platform include: (1) selection of plant hosts with lower endogenous
protease activity to the target protein, (2) development of algorithms for synthetic
gene design for optimal expression in plant hosts, (3) generation and selection
of the most productive cell lines by automatic high throughput system and/or
development of site-specific integration strategies, (4) medium formulation design and
optimization, (5) enhancing recombinant protein stability and preventing proteolytic
degradation, (6) selection of bioreactor systems according to the interactions between
host cells, product formation and bioreactor design, (7) optimization of bioreactor
operation strategy, (8) incorporation of gene silencing suppressors, (9) development
of large scale transient expression in plant cell culture, (10) adaptation of disposable
bioreactor technology, and (11) engineering humanized plant-made glycosylated
proteins.
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3.7 Conclusions

The promising cases described above, including Protalix’s transgenic carrot suspension
culture platform for prGCD production, indicate the opportunities for molecular
farming using plant cell culture bioreactor system for large scale biomanufacturing
of specialty proteins, orphan drugs or personalized medicine, rare genetic diseases,
and biosimilars or even biobetter therapeutics, to lower the cost of goods while
maintaining or improving the plant-made protein quality. Plant cell culture bioreactor
systems exhibit the advantage of plant-made therapeutics in a similar method capable
of meeting the EMEA and FDA regulatory requirements that have been set for
the past 20 years for microbial and mammalian cells-made proteins. Strategies for the
selection of plant species, cell culture types, gene expression systems, bioreactor
systems and operation modes, and product of interest for application need to be
carefully investigated for making the plant cell bioreactor processes a practical and
economical platform for foreign protein production in next phase of development
and commercial application.
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Chapter 4
Chloroplast-Derived Therapeutic
and Prophylactic Vaccines

James S. New", Donevan Westerveld®*, and Henry Daniell

Abstract Despite the development of advanced vaccine technology, as many as
15 million deaths occur annually as a result of inadequate prophylactic or therapeu-
tic treatments against infectious diseases (World Health Organization 2008). The
emphasis on profitability by the pharmaceutical industry has led to development of
high-cost vaccines targeting diseases with high profit margins, resulting in an
annual death toll for developing countries that is largely preventable. Daniell and
co-investigators published the first expression of a vaccine antigen, cholera toxin
subunit B, through transgenic tobacco chloroplasts in 2001. The polyploidy nature
of the chloroplast genome enables engineering of a high copy number of target
gene, while the translational machinery of the plastid directs the synthesis of bioac-
tive proteins with proper folding, disulfide bond formation, and lipidation.
Furthermore, gene integration is site-specific, expression is polycistronic, and natu-
ral gene containment occurs due to the maternal inheritance of the chloroplast
genome. The chloroplast transformation technology (CTT) has been used to express
proteins of bacterial, viral, protozoan, and recently mammalian origins that may be
subsequently utilized in immunization strategies to produce protective or therapeu-
tic immunity. Such chloroplast-derived vaccines represent an inexpensive and effec-
tive means of producing antigen-subunit vaccines. Furthermore, transformation of
edible crops such as lettuce could generate stable orally-deliverable vaccine anti-
gens through inexpensive field production and agricultural drying techniques. This
platform could therefore obviate cold-chain logistics and the requirement of sterile
injectables, drastically reducing downstream production costs of such biopharma-
ceuticals. With these proof-of-concept studies, focus within CTT is shifting
towards establishing a viable platform for human immunization by demonstrating
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the functionality of such chloroplast derived proteins, emphasizing the need to
develop edible plant-based alternatives to tobacco, and improving efficacy through
additional peptide fusion-domains.

4.1 Introduction

Current commercial systems for recombinant protein production include bacterial,
yeast, insect and mammalian cell culture systems. Although each system is endowed
with advantages, high production costs related to fermentation and purification
measures occlude inexpensive therapeutics from the market. Through chloroplast
transformation technology (CTT), fermentation costs may be eliminated and
replaced with green houses and even large-scale acreage bringing the concept of
molecular farming to fruition. Field production of vaccines would eliminate the
necessity of cold chain logistics and the engagement of many sectors. Furthermore,
plants carry the promise of long-term protein stabilization through low-cost drying
techniques, allowing for cheaper vaccine distribution. Recent reports have demon-
strated stability of insoluble protein inclusions even in dried, senescent tissues
(Boyhan and Daniell 2011); this observation argues for the utilization of dried-plant
matter as a vehicle for oral immunization.

Inherent bioencapsulation by the cellulosic cell walls protects accumulated pro-
teins from enzymatic digestion, enabling release of proteins in the small intestine
via oral delivery, and overcoming the cost requirements of sterile-injectables and
cold-chain transport (Streatfield 2005). Additionally, this method of delivery pro-
motes the induction of both mucosal and systemic immunity, providing more effica-
cious protection upon subsequent pathogen exposure (Davoodi-Semiromi et al.
2010). The low storage cost, minimal contamination risks, high product quality, and
large scale-up capacity make the transgenic plant an ideal system for the production
of recombinant proteins (Ma et al. 2003). Plant-derived biopharmaceuticals there-
fore offer an affordable route of protein synthesis, abolishing much of the down-
stream processing that contributes to the high cost of currently available vaccines.

Several approaches for producing recombinant plants exist including stable trans-
formation of the nuclear and chloroplast genomes, and transient viral expression
(Daniell et al. 2009b). Transformation of the chloroplast genome is achieved by
particle bombardment with vectors that facilitate homologous recombination with
the host chloroplast genome. Gene integration is site-specific, consequently normal-
izing gene expression across transgenic lines by minimizing position effect (Verma
and Daniell 2007). The plasmid-based nature of the chloroplast genome provides
other advantages such as an inherent gene containment system, owing to the largely
maternal inheritance of plastid genomes (Daniell 2007), the absence of epigenetic
gene silencing mechanisms, and pleiotropic effects (Daniell et al. 2001; Rigano et al.
2009; Verma et al. 2010a). The polyploid nature of this organelle provides a high
transgene copy number (up to 10,000 copies) allowing considerably higher expression
than nuclear counterparts (Verma and Daniell 2007); reports have demonstrated as
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high as a 500-fold increase in antigen yield between nuclear and chloroplast based
approaches (Daniell et al. 2001; Rigano et al. 2009; Scotti et al. 2009).

Chloroplasts have been shown to produce fully functional mammalian proteins
through proper protein folding and disulfide bond formation (Arlen et al. 2007;
Boyhan and Daniell 2011; Daniell et al. 2009a, b; Staub et al. 2000; Verma and
Daniell 2007; Lee et al. 2010), as well as lipidation (Glenz et al. 2006). Reported
expression levels of transplastomic lines are unchallenged by other recombinant
plant systems, with transgene expression approaching 72% of the total protein in
several cases (Oey et al. 2009b; Ruhlman et al. 2010), twofold higher than the expres-
sion of RuBisCo. Coincidentally, plant systems have proven remarkably capable of
dealing with massive accumulation of foreign proteins (Bally et al. 2009), further-
more sub-cellular localization of chloroplast derived antigen limits its escape. This
containment likely further promotes the maintenance of homeostasis and the preser-
vation of phenotype, explaining why hyper-accumulation of target protein is rarely
shown to hinder growth (Ruhlman et al. 2010).

CTT has begun to develop in applications beyond model organisms. Edible plants
facilitate simple and efficacious oral delivery of vaccine antigens without posing any
form of health risk. Several reports have opted for more digestible options such as
lettuce to produce antigens of bacterial (Davoodi-Semiromi et al. 2010; Ruhlman
et al. 2010), viral (Kanagaraj et al. 2011), and protozoan origin (Davoodi-Semiromi
etal. 2010) as well as human autoantigens (Ruhlman et al. 2007; Verma et al. 2010b;
Boyhan and Daniell 2011). Another chloroplast-based system of growing interest is
the eukaryotic algae Chlamydomonas reinhardtii, which is capable of expressing
bacterial antigens and human therapeutics (Dreesen et al. 2010; Rasala et al. 2010).
This system, however, invokes the use of bioreactors to culture this unicellular organ-
ism to sufficient culture densities and therefore is associated with a higher production
cost. Despite this, algae culturing has demonstrated its commensurate capacity to
produce such complex proteins as monoclonal antibodies (Tran et al. 2009). Interest
in harnessing the chloroplast’s biosynthetic machinery for biotechnological applica-
tions is growing rapidly, and with the advancement of platforms that foster oral deliv-
ery, the true potential of this technology is being demonstrated through functional
evaluation of chloroplast-derived biopharmaceuticals.

4.2 Chloroplast Derived Vaccine Antigens

4.2.1 Bacterial Antigens

In 2001 Daniell et al. published the first account of achieving the expression of a
vaccine antigen, cholera toxin subunit B (CTB), through plastid genetic engineering
(Daniell et al. 2001), with functionality of this tobacco-derived subunit vaccine
demonstrated through GM1 ganglioside binding, and by transcytosis of fusions
peptide GFP into the intestinal mucosa (Limaye et al. 2006). Later, a murine immu-
nization model wherein mice treated subcutaneously or orally with tobacco derived
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CTB developed strong IgG1 and, in the case of orally immunized mice, IgA titers
that were able to resist the intestinal osmotic disruption caused by CT (Davoodi-
Semiromi et al. 2010). Since the realization of the chloroplast’s ability to produce
vaccine antigens, considerable accomplishments regarding the expression of bac-
terial antigens have been achieved. Vaccines against enterogenic E. coli (Kang
et al. 2004, 2003; Rosales-Mendoza et al. 2009; Sim et al. 2009), Clostridium
tetani (Tregoning et al. 2003, 2005), Bacillus anthracis (Gorantala et al. 2011;
Koya et al. 2005; Watson et al. 2004), Yersinia pestis (Arlen et al. 2007, 2008),
Borrelia burdoferi (Glenz et al. 2006), as well as a multi-epitope vaccine against
diphtheria, pertusis, and tetanus (Soria-Guerra et al. 2009) have been produced
through the chloroplast. The yield of these vaccines is typically antigen-dependant
and therefore contingent on accumulation and susceptibility to proteolysis.
Examples ranging 31% total soluble protein (TSP) (Molina et al. 2004) to as low
as 0.5% TSP (Sim et al. 2009) have been reported. While a multitude of bacterial
antigens have been effectively expressed through CTT, only some of these studies
instituted an in vivo functional evaluation of the recombinant antigen. Moreover,
only 3 of 16 vaccines were produced in oral delivery systems i.e. lettuce and algae
(Lossl and Waheed 2011). Detailed functional evaluations in edible plants for
human use are critical to advancing CTT to higher-animal models and through
clinical trials.

4.2.1.1 Bacillus anthracis

Recent biological terrorism threats underscore the requirement for the development
of a new generation of anthrax vaccines; the currently used culture filtrates of live
Bacillus anthracis produce severe reactogenicity, emphasizing the need for a safer
and more widely applicable vaccine (Cybulski et al. 2009). Protective antigen (PA)
of the tripartite anthrax exotoxin facilitates the translocatation of the enzymatic
components lethal factor (LF) and edema factor (EF) into the cytosol of an invaded
phagocyte (Passalacqua and Bergman 2006; Thoren and Krantz 2011). PA, the tar-
get of commercially available Anthrax Vaccine Adsorbed (AVA), was first expressed
in tobacco chloroplasts by Watson et al. in 2004. Chloroplast-derived PA activity
was similar to the B. anthracis analogue during translocation of LF in the mac-
rophage lysis assay (Watson et al. 2004). This PA was later shown to drive immunity
through a murine immunization model wherein mice immunized subcutaneously by
this chloroplast-derived antigen developed titers similar to those in mice immunized
by B. anthracis PA (Koya et al. 2005). Though serum IgG molecules of mice immu-
nized by the chloroplast derivative provided slightly less toxin neutralization, chal-
lenge of these animals with 1.5 LD, of anthrax toxin demonstrated 100% survival
of test mice that received chloroplast-derived PA. This indicates the potential for
CTT to produce efficacious and toxin-free PA. Daniell et al. later generated a simi-
lar protective antigen plant line in Lactuca sativa, suggesting a potential future for
the oral delivery of PA (Ruhlman et al. 2010). Several constructs were generated
with an optimized expression cassette reaching levels of approximately 22% TSP.
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Recently, another study evaluated the effects of oral immunization against anthrax
using tobacco derived domain I'V of PA delivered orally in conjunction with cholera
toxin; gastric neutralization followed by feeding of tobacco derived PA(dIV) pro-
duced levels of immunity comparable to mice immunized though i.p. injection by
the same antigen (Gorantala et al. 2011). However, low levels of titers (>10%) were
induced through oral delivery in the absence of subcutaneous priming when com-
pared to previously cited titers of ~300,000 that were shown to confer 100% sur-
vival of test animals (Koya et al. 2005); characterization of IgG isotypes suggested
elevated IgGl1 levels indicative of polarized Th2 cell response, and low secretory
IgA was detected from fecal extracts. The sera of these mice were shown to increase
macrophage efficiency against PA and neutralize exotoxin in a protective manner.
Upon challenge, mice immunized orally by tobacco-derived PA had only a 60%
survival rate. Therefore, further functional evaluations of edible systems for the oral
delivery of PA need to be fully investigated.

4.2.1.2 Staphylococcus aureus

The opportunistic pathogen Staphylococcus aureus may invade to cause bacterae-
mia, which often leads to life-threatening infection (Lowy 1998; Que and Moreillon
2004). The development of multiple drug resistant lines of this pathogen highlights
the necessity to produce more effective means of treatment (Lowy 2003). S. aureus
pathogenicity is dependant on fibronectin-binding proteins (FnBPs), which enables
adherence to host extracellular matrixes (Patti and Hook 1994). FnBPs therefore
represent a target to impede invasion and colonization of S. aureus. The expression
of the D2 Fibronectin-binding domain of S. aureus fused to cholera toxin B subunit
was achieved in C. reinhardtii (Dreesen et al. 2010). CTB-D2 fusion protein formed
functional oligomers that recognized GM1. A simulated gastric fluid assay was used
to screen the stability of the CTB-D2 vaccine during digestion and its potential to
deliver antigen to the intestinal mucosa. While stability for 20 min in Sodium Acetate
(pH 1.7, 37°C) supplemented by 0.5 mg/ml pepsin was observed, the parameters
utilized therein differ from standardized examples in the literature. US Pharmacopeia
cited gastric conditions include a 3.2 mg/ml concentration of Pepsin within a simu-
lated gastric fluid (0.2% (w/v) NaCl in 0.7% (v/v) HC] (Herman et al. 2005, 2006).
As the duration of stomach-based digestion is dependant on particle size, disparate
stomach contents could prolong the exposure of target antigen to the conditions of
the stomach; a time lapse of digestion is important to demonstrate stability for lon-
ger periods of time (Pohle and Domschke 2003). Furthermore, a quantitation of the
assay would have clearly demonstrated antigen stability. After 20 months of storage
at room temperature, lyophilized algal derived antigen induced protective titers when
delivered orally in the absence of priming. A large 160 pg oral prime, followed by
4 weekly feedings resulted in a dose-dependant induction of IgG and IgA. These
systemic and mucosal responses significantly reduced the pathogen load of the
spleen, conferred protection in up to 80% of test animals challenged intraperitoneally
with a lethal dose of S. aureus.
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4.2.2 Viral Antigens

Progress in the field of CTT came about with the expression of the canine parvovi-
rus vaccine antigen 2L.21 (Molina et al. 2004). Subsequently, several viral epitopes
have been expressed including L1 protein of HPV-16 that formed functional VLPs
(Fernandez-San Millan et al. 2008), and a mutated form (L1_2xCysM) that formed
more thermostable capsomeres (Waheed et al. 2010). Other viral epitopes targeted
by CTT include Vaccinia virus envelope protein (Rigano et al. 2009), Hepatitis E E2
(Zhou et al. 2006), Hepatitis C core protein (Madesis et al. 2009), as well as Epstein-
Barr viral capsid antigen complex (Lee et al. 2006). Additionally, viral expression
platforms have utilized edible systems including lettuce (Kanagaraj et al. 2011) and
tomato leaves demonstrating the potential use for this system in humans, although
antigen expression was undetectable in ripe tomato fruits (Zhou et al. 2008).
However, the evaluation of viral antigen functionality is critical in advancing this
system into higher-animal models, yet few examples exist wherein investigators
completed an in vivo analysis and demonstrated the induction of antigen specific
immunity (Fernandez-San Millan et al. 2008; Zhou et al. 2008; Gonzalez-Rabade
etal. 2011).

4.2.2.1 Human Immunodeficiency Virus

Human immunodeficiency virus type 1 (HIV-1) is the causative pathogen of acquired
immunodeficiency syndrome (AIDS), a deadly disease that is a global problem.
Treatments for this virus are exacerbated by high mutation rates leading to multiple
clades of this pathogen (Loemba et al. 2002; Young et al. 2006; Walker and Burton
2008). A multi-valent vaccine against HIV-1 therefore holds the most promise to
elicit an efficacious immune response (Gonzalez-Rabade et al. 2011). Two highly
conserved structural proteins, P24 and negative regulatory protein (Nef), show 80%
and 84% homology across HIV-1 clades respectfully (Geyer and Peterlin 2001).
Gonzalez-Rabade et al. engineered transplastomic tobacco lines expressing p24 as
well as p24-Nef fusion protein that accumulated to ~40% TSP, and evaluated their
induction of immunity in mice utilizing a prime-boost strategy. Subcutaneous prim-
ing with E. coli derived p24 or Nef proteins followed by oral boosting with tobacco
p24 and p24-Nef fusion antigen, in conjunction with CTB, developed measureable
immune responses. Evaluation of the sera from immunized animals demonstrated a
primarily IgG1 and IgG2a driven response which implicates both Th1 and Th2 sub-
sets of thymocytes, indicative of cell-mediated and humoral immunity respectively.
Interestingly it remains to be determined if the form of immunity generated by this
immunization approach would provide protection upon pathogen exposure. The
lack of available viral-model systems in mice requires the advancements of studies
such as this to higher primate models wherein analogous viruses such as Simian
immunodeficiency virus could be examined.
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4.2.2.2 Dengue Virus

Dengue hemorrhagic fever, caused by Dengue virus, is a potentially lethal
infectious tropical disease and a recent global resurgence of Dengue fever cases
worldwide emphasizes the need for Dengue vaccine development (Kanagaraj
et al. 2011; Matsui et al. 2010). The first report of viral antigen expression in an
edible oral delivery system was achieved with the generation of a plant-line
expressing a fusion of Dengue antigens. Dengue-3 serotype polyprotein
(prM/E), consisting of premembrane protein (prM) and truncated envelop pro-
tein (E), was shown to assemble into structures resembling VLPs ~20 nm diam-
eter. The obviated threat of replication within immunized hosts and the potent
B cell and CTL mediated immune responses associated with VLPs support the
use of prM/E VLPs to will induce protective immunity. This structural domain
developed in this system contains type specific and complex reactive antigenic
sites, considered the dominant neutralizing determinants to Dengue virus, and
its expression in an edible crop is a significant advancement (Kanagaraj et al.
2011).

4.2.3 Protozoan Antigens

Interestingly, while vaccines against protozoan-based infectious disease are per-
haps the most under represented in CTT, these pathogens produce high mortality
rates in many developing countries. Protozoan pathogens include members of the
genus Giardiinae, Haemosporida, Leishmania, and Trypanasoma among others.
While many of these pathogens rely on insect-driven transmission, other common
modes of dissemination include ingestion of contaminated water and foodstuffs,
or the inhalation of oocysts. The lack of licensed vaccines for the majority of
these often fatal protozoan infections requires the advancement of immunization
methods. Indeed many cases of protozoan pathogenesis target the intestinal
mucosa, suggesting that the mucosal immunity provided by oral plant-based
immunization could be well implicated. A 2007 study published by Chebolu et al.
described the first transplastomic expression of an antigen against a protozoan
pathogen, Entamoeba histolytica, and an evaluation of its immunogenicity
(Chebolu and Daniell 2007). A later study by Davoodi-Semiromi et al. achieved
expression of malarial antigens apical membrane antigen-1 and merozoite surface
protein-1 and functional evaluation by inhibition of proliferation of the malarial
parasite (Davoodi-Semiromi et al. 2010). While efforts have been made to pro-
duce vaccines targeting protozoan parasites, the lack of available challenge mod-
els prevents their effective development. With improved models of human disease,
protozoan-based infectious disease could be one of the major targets off vaccines
produced through CTT.
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4.2.3.1 Amoebiasis

The causative agent of amoebiasis is the enteric pathogen Entamoeba histolytica.
Infection is characterized by colitis and formation of liver abscesses. Of the 50 mil-
lion cases worldwide more than 100,000 deaths are reported annually, primarily
confined to developing countries. Pathogen adherence and cytolysis of immune-
effectors cells are functions of the galactose/N-acetyl-D-galactosamine (Gal/
GalNAc) lectin, which has been shown to be a potential target for prophylactic vac-
cination against this pathogen ( Vines et al. 1998; Lotter et al. 2000). The expression
of the Gal/GalNAc lectin in tobacco chloroplasts was achieved in 2006 and was the
first report of this antigen being expressed in plants (Chebolu and Daniell 2007).
This vaccine was evaluated in a murine immunization model, with the subcutaneous
delivery of crude transplastomic plant extracts. Induction of higher IgG titers (>10*
in the presence of adjuvant) than previous examples of immunization against this
target was reported, however no pathogen challenge was completed due to the abro-
gated susceptibility of BALB/c mice to E. histolytica. While the successful induc-
tion of antibodies was demonstrated, this study should be repeated in a relevant
model where pathogen challenge can evaluate the protection conferred by the
induced immunity. With expression levels of 6.3% TSP, a yield of over 29 million
doses of this vaccine was estimated from an acre of transgenic plants, suggesting the
potential for mass immunizations facilitated by large-scale field production of plant-
derived vaccine antigens against protozoan pathogens.

4.2.3.2 Malaria

Malaria is perhaps the most globally important protozoan-based infectious disease,
impacting tropical and subtropical areas in over 100 countries (Greenwood et al.
2005). While the most virulent form of this pathogen is Plasmodium falciparum,
several causative agents exist. The lack of a licensed vaccine against malaria is a
result of the high-degree of pathogen polymorphisms, the unavailability of animal
challenge models to evaluate functionality, and the sheer cost of development and
delivery of such a vaccine (Aide et al. 2007). While several vaccines targeting can-
didate antigens from the blood stage of this parasite are in clinical trials (Maher
2008), the global implication of this disease stipulates the use of a low-cost vaccine
production and delivery system. Two targets of malaria immunization, the apical
membrane antigen-1 (AMA-1) and the merozoite surface protein-1 (MSP-1), were
expressed in the chloroplasts of both tobacco and lettuce (Davoodi-Semiromi et al.
2010). Expressed as CTB-fusion proteins, these antigens accumulated to 10-13% in
tobacco, and 6—7% in lettuce. Mice subcutaneously primed with each of these
respective antigens were boosted with tobacco-derived subunit vaccines in either
subcutaneous or oral delivery fashions. Significant IgG1 titers were detected in both
groups, though mice boosted-orally displayed >twofold weaker titers. However,
oral boosting with these antigens drove antibody class switching resulting in an
additional IgA response. Furthermore, the antibodies generated in mice were shown
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to be functionally active through their reactivity of cell-free parasite extracts from
each of the life cycles of the parasite. Anti-AMA-1 antibodies bound proteins form
the schizont phase, whereas anti-MSP-1 antibodies reacted with both the ring and
schizont stages. These sera samples were used to visualize P. falciparum through
immunofluorescence microscopy, ultimately demonstrating the capacity for this
chloroplast-derived vaccine to confer the ability to recognize P. falciparum to the
mammalian immune system.

4.2.4 Autoantigens

Autoimmune diseases occur when activated lymphocytes recognize endogenous
proteins as foreign antigens resulting in an immune response targeting self-tissues.
The mechanisms that drive the acquisition of such self-polarized lymphocytes are
poorly understood, largely due to the variety of multifariousness of these diseases
(Goronzy and Weyand 2007). However, the induction of a unique set of thymic lym-
phocytes, termed regulatory T-cells (T, ), may serve to attenuate the destructive
responses of cytotoxic T-cells and effectively halt disease pathology (Weiner et al.
2011). The first autoimmune disease that became the target of CTT was Type 1
Diabetes (T1D), with the development of chloroplast-derived insulin in tobacco and
lettuce systems (Ruhlman et al. 2007). While diabetes is among the most widely
studied autoimmune disorders, multiple targets of autoimmunity that drive diabetic
pathology have been identified in the pancreas. Another such diabetic autoantigen
that has been produced in algal chloroplasts is glutamic acid decarboxylase (Wang
et al. 2008). Functionality of chloroplast derived GAD65 was confirmed through
conformational-dependant interactions with diabetic patient sera and was further
substantiated by its ability to promote B-cell proliferation of NOD mice.

4.2.4.1 Insulin

Insulin dependent diabetes, or Type 1 diabetes (T1D), is characterized by lympho-
cytic infiltration to the Islet of Langerhans of the pancreas, leading to a decreased
B-cell mass and subsequent hyperglycemia, termed insulitis (Nagata et al. 1994).
While current patients of T1D rely on self-administration of injectable recombinant
insulin to maintain appropriate blood glucose levels, the threat of more serious com-
plications such as nephropathy, high blood pressure, heart disease, and diabetic neu-
ropathy emphasizes the need for a cure. The development of proinsulin producing
tobacco and lettuce lines was accomplished in 2007 (Ruhlman et al. 2007). Expression
of CTB-Proinsulin fusion protein resulted in accumulation of up to ~24% in lettuce,
with activity illustrated through the GM1 binding assay. Oral delivery of chloro-
plast-derived proinsulin to 5-week old NOD mice significantly reduced observable
insulitis, and blood and urine glucose levels, that was accompanied by islet preserva-
tion. Furthermore, the increased expression levels of immunosuppressive cytokines
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interleukin-4 and IL-10 suggested an active attenuation of cytotoxic immunity.
Characterization of the immune response induced established a predominantly
IgG1 response; the lack of IgG2a involvement suggests that a T-helper 2 cell
response was invoked to drive the induction of oral tolerance to CTB-Pins. A later
study completed by Boyhan and Daniell instituted a tripartite furin cleavage site
that enabled in vivo pro-protein processing to occur outside of the pancreas (Boyhan
and Daniell 2011). This is the first report of proinsulin gene expression in plants
with simultaneous delivery of C-peptide which enhances glucose disposal and
metabolism control, and aids in the prevention of diabetic nephropathy and neu-
ropathy (Hills and Brunskill 2009). While expression of complete proinsulin chol-
era toxin B (CTB) fusion protein in lettuce chloroplast reached up to 53% of TLP,
mice orally gavaged with this material displayed a marked decrease in blood glu-
cose levels in comparison to the control mice given wild-type lettuce, demonstrat-
ing that correct folding, and pro-peptide processing occurred to deliver active
chloroplast-derived insulin to the circulatory system (Boyhan and Daniell 2011).
Together, these studies emphasize the potential for chloroplast-derived insulin
products to replace commercially available systems in the form of orally deliver-
able pharmaceuticals.

4.2.4.2 Factor IX

Haemophilia B is a disease characterized by a loss of functionality in blood clot-
ting factor IX. Replacement therapy with intravenous delivery of recombinant
human factor IX results in the development of inhibitory antibodies in 9-23% of
patients, potentiating life threatening anaphylactic reactions to this therapeutic
(DiMichele 2006). Expression of recombinant human Factor IX in transplastomic
tobacco led to expression of CTB-FIX or CTB-FFIX (engineered Furin cleavage
site) at 3.8% TSP (Verma et al. 2010b). Oral delivery of FIX induced oral tolerance
such that the development of fatal anaphylactic reactions upon subsequent intrave-
nous delivery of FIX was prevented. Systemic release of this protein occurred
2-5 h after feeding, and sights of absorption were localized to the M-cells of the
ileum. The reduction of inhibitory antibodies and a Th2-dependant IgE response
resulted in >90% survival of mice upon intravenous exposure to recombinant
human Factor IX, when compared to 20% survival of untreated animals that
received far fewer injections. This observed regression of anaphylactic responses,
in comparison to unfed animals or those that received untransformed material, was
described as the effects of Th3 cells driving IgG2b and IgA production through
TGF-B mediated modulation of B-cell activity. This effect was contingent on con-
sistent oral exposure to FIX, as a hiatus in the feeding schedule resulted in elevated
levels of inhibitors. However, resumption of feeding diminished these levels and
anaphylactic responses were against prevented. Chloroplast-derived autoantigens
were previously demonstrated to induced regulatory thymic lymphocytes upon
oral delivery that combated self-recognition of insulin (Ruhlman et al. 2007),
therefore successful induction of LI in haemophilia B patients through induction
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of oral tolerance would enable proper replacement therapies that avoid neutraliz-
ing reactions of intravenously delivered Factor IX.

4.2.5 Veterinary Advancement

Further advancements of the field through veterinary applications help substantiate
the promise of chloroplast-derived vaccines, with their efficacy in livestock immu-
nization demonstrating the viability of this platform for human use. Canine
Parvovirus vaccines targeting the 2L.21 antigen was among the first attempts made
at generating viral vaccines in chloroplasts (Molina et al. 2004). CTT has since been
used to produce vaccine candidates in algal chloroplast against Swine Fever Virus;
the CSFV E2 protein derived from tobacco chloroplast was found to be immuno-
genic in mice (He et al. 2007). These advancements will enable the study of chal-
lenge models in relevant animals, and therefore lend themselves to study the efficacy
of prophylactic immunization. However, a deficiency in the evaluations of these
vaccines’ biological activity has prevented further advancement. Lax regulations
over the development of live-stock pharmaceuticals should promote the evaluation
of CTT in this field.

4.2.5.1 Canine Parvovirus

Canine parvovirus causes acute gastroenteritis leading to a high mortality rate in
unvaccinated dogs. The highly immunogenic peptide 2L.21 derived from the canine
parvovirus (CPV) protein (Langeveld et al. 1994), has been credited as the first dem-
onstration of functional vaccine expression in transgenic chloroplast (Molina et al.
2004). CTB-2L.21 fusion protein accumulated to 31% TSP in tobacco chloroplast and
was subsequently analyzed for immunogenicity. Parenteral injections of enriched
plant-extracts in mice and rabbits induced high titer antibody production against 21.21
(Molina et al. 2005). Rabbit sera displayed the same capacity for neutralizing 21.21
antigen as the monoclonal antibody 3C9. Furthermore, orally delivered pulverized
leafs expressing CTB-2L.21 generated systemic IgG and secretory IgA when delivered
in a prime-boost strategy following parenteral administration of a prime vaccination.
While the priming generated a humoral IgG response, oral boosting was critical to
drive iso-type switching to mucosal IgA. However, the antibodies induced by oral
immunization were ineffective at neutralizing 2L.21 during in vitro assays suggesting
the breakdown of key epitopic determinants (Molina et al. 2005). The high yield of
subunit vaccine generated through this approach vindicates the generation of similar
chloroplast-derived vaccines in edible food systems. The use of a rabbit parenteral
immunization model in this study exemplifies the requirements for CTT to advance to
higher animal models, but such studies should be implicated for the study of oral
immunization to observe the possible differences in efficacy that may arise due to the
variable intestinal surface area of mammals.
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4.2.5.2 Foot and Mouth

Endemic to developing countries, Foot and Mouth Disease holds the potential
to cause massive economic breakdowns by affecting live stock and may impede
the progression of an impoverished society (Forman et al. 2009; Rweyemamu and
Astudillo 2002). Expression of Foot and mouth disease virus (FMDV) vaccines
through chloroplasts have been achieved in tobacco chloroplast (Lentz et al. 2009).
Recent progress in the development of an effective vaccine via chloroplast transfor-
mation against FMDV is evident in the work by Lentz et al. Expression of the
FMDV capsid protein VP1, fused to the B-glucuronidase reporter gene (uidA), was
accomplished in transplastomic tobacco that accumulated to 51% TSP. Subsequent
inoculation of mice with the chloroplast derived antigen demonstrated the induction
of VP1 specific antibodies (Lentz et al. 2009). The importance of an effective plant
derived vaccine against FMDV is apparent when considering the financial impact
this disease may have on the impoverished countries in the world. The ability to
transport such a vaccine with disregard to cold chain logistics or even a needle-
based system would provide much needed relief in combating global indigence.

4.3 Challenges to Chloroplast-Derived Vaccine
Antigens and Conclusions

The major challenges to chloroplast-derived vaccines are obtaining a sufficient
overall yield of vaccine-antigen, demonstrating the biological activity of said anti-
gens, and developing systems for oral delivery. Research within the past year has
approached these issues to further substantiate the potential of chloroplast-derived
vaccines in human immunization. The promise of prophylactic immunization by
virtue of chloroplast derived vaccines has led to the development of subunit vac-
cines against an array of human pathogens, as well as several autoantigens that were
previously described in comprehensive plant-made vaccine reviews (Daniell et al.
2009b; Lossl and Waheed 2011). Current research appears to be more concerned
with expressing novel antigens, rather than focusing on methods of improving the
viability of this platform for human use.

Optimization of gene regulatory elements as well as improving antigen stability
in planta has been the two major approaches to improving the yield of antigens.
Factors that contribute to the accumulation of a target protein include rates of tran-
scription, translation, and susceptibility to degradation. The use of strong promoters
has a direct influence on the protein levels in the chloroplast (Verma and Daniell
2007), as well as the 5’ and 3" UTRs which initiate translation and confer mRNA
stability respectively (Eibl et al. 1999). While a detailed list of the potential tran-
scriptional elements has been reviewed (Verma and Daniell 2007), endogenous
transcriptional activators provide unchallenged levels of expression (Ruhlman et al.
2010). Additionally, sustained protein hyper accumulation may negatively affect
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plant metabolism by altering phenotype. Oey et al. reported the expression of
bactericidal phage lytic protein to more than 70% TSP with an optimized codon in
transplastomic tobacco (Oey et al. 2009a). The marked stability of this protein resulted
in translational limitations characterized by depleted levels of such plastid-encoded
proteins as RuBisCo, which severely stunted growth. The production of recombinant
proteins at the expense of the materials necessary for growth (Bally et al. 2009)
exhausted the metabolic machinery and consequently limited plant growth. However,
other reports demonstrated 70% TSP expression without observed phenotypical
changes, indicating the antigen dependency of this effect (Ruhlman et al. 2007;
Ruhlman et al. 2010). A recent 2010 publication produced a synthetic plastid encoded
riboswitch which enabled inducible expression of a full grown plant induced by the
exogenously applied ligand: theophylline (Verhounig et al. 2010). Fusion domains
may also contribute to the stability of recombinant antigens in planta (Molina et al.
2009; Ruhlman et al. 2007, 2010; Boyhan and Daniell 2011; Verma et al. 2010b;
Daniell et al. 2009b; Lee et al. 2011; Morgenfeld et al. 2009; Ortigosa et al. 2009;
Scotti et al. 2009). These fusion domains were effective in improving the yield of
small viral peptides such as E7 HPV type 16 protein, 2L.21 of Canine Parvovirus VP2,
as well as PR55#¢¢ of HIV. Such fusion peptides may also improve immunogenicity by
promoting particularization of the antigen (Davoodi-Semiromi et al. 2010). Certain
chaperones, for example the CRY chaperone (encoded by the orf2 gene), fold nascent
proteins into cuboidal crystals, offering heightened protection from the chloroplast
proteases and promoting higher levels of accumulation. Future design of the transfor-
mation protocol must include the appropriate determinants regulating protein stability
in plastids which are at present time relatively unknown (Apel et al. 2010).

At the forefront of challenges in the field of chloroplast transformation technol-
ogy stands the lack of available genome sequences (Verma and Daniell 2007). Our
limitations in this regard govern the repertoire of plants available for genetic modifi-
cation. With a few exceptions, most chloroplast-based antigen expression systems
have been completed in tobacco cultivars. While this system will never be implicated
for human use, progression into plant systems such as lettuce, tomato, and algae are
critical. Furthermore, current tomato-based systems accumulate the majority of anti-
gen in the leaves with low levels detectable in immature-green fruits and no detect-
able levels in mature tomatoes (Zhou et al. 2008). This system therefore requires
enhanced targeted expression to the fruit that humans actually consume. Sequencing
the chloroplast genomes of high-biomass, edible plants would promote the transition
of CTT into platforms viable for humans. Naturally, further elucidation in the field
will add to our collection of tools and broaden recombinant possibilities. Few active
research groups and poor funding from the pharmaceutical sector (Daniell et al.
2009b; Kirk and Webb 2005) underline the callowness of this technology.

Yet another limitation to CTT is the scarcity of animal models or functional
evaluation of chloroplast-derived antigens. While differences between the patho-
gens that affect humans and mice exist, examining the level of protection conferred
to mice against a human pathogen via challenge may be impractical. An important
concept, however, is an in vitro evaluation of the reactivity of the chloroplast
derived antigen with clinical serum samples of patients previously sensitized to
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the pathogen (Rigano et al. 2009). Alternatively, demonstrating the opsonization of
chloroplast- or pathogen-derived antigens by chloroplast-derived vaccine
immunized-mice sera further substantiates the reactivity of antibodies generated
through chloroplast-derived vaccines (Davoodi-Semiromi et al. 2010; Zhou et al.
2006). Demonstrating efficacy in these mouse-models is required to warrant exam-
ination in higher animal models. Advancing through trials in rabbits has been
accomplished by some groups (Molina et al. 2005); however, this trend must
become more widespread and continue to advance through other systems such as
gerbils, pigs, dogs, and eventually non-human primates before human clinical eval-
uation of chloroplast-derived antigens may occur. These models will aid in the
development of antigen doses, and immunization strategies that will be effective in
humans. Also, this platform must additionally be evaluated on the basis of field
production. It is unknown if similar yields of antigen will be achieved, and other
than a single report (Arlen et al. 2007), no examples of chloroplast-derived vaccines
produced in the field have been evaluated. This is required for the consideration of
long-term antigen stability, wherein preservation processes must be applied to
transplastomic plant materials to obtain stable subunit vaccines.

Further characterization of the pathways controlling immune-sensitization ver-
sus tolerance would provide insight into the rational design of pharmaceuticals
expressed in chloroplasts and delivered orally (Weiner et al. 2011). Fusion proteins
with adjuvant or effector domains enhance the in vivo activity of the proteinaceous
drug. Oral adjuvants such as CTB work through their ability to invoke their natural
invasive behaviour in conjunction with the vaccine antigen, subsequently promoting
immunity to both (Davoodi-Semiromi et al. 2010; Limaye et al. 2006). Recent
reports have implicated the effectiveness of CTB adjuvant properties by delivering
a mixture of plant-derived antigen and purified CT (Dreesen et al. 2010). Effector
domains, such as the Fc regions antibodies, are capable of inducing complex
molecular reactions and may be generated as fusion peptides to vaccine antigens.
Cross-linking of antibodies will generate a particle infused with antigens to be
internalized by APCs, endowing vaccine antigens with elevated immunogenicity.
Chloroplasts have successfully expressed both Fc portions of antibodies, in addition
to full monoclonal antibodies (Tran et al. 2009); therefore, effector domain potential
appeals highly to this platform.

The translational capacity of the chloroplast is such that it has been used to express
a diverse repertoire of proteinaceous molecules ranging from small antigens to com-
plex human monoclonal antibodies. This enables for the inexpensive production of
both prophylactic and therapeutic vaccines in recombinant chloroplasts. This platform
holds great promise for applications in the context of bioterrorist threats or natural
disasters due to its rapid implementation of oral vaccines; however, in order for CTT
to burgeon into its full potential there must be an increase in studies that evaluate
functionality and enable the efficacious oral delivery of chloroplast-derived antigens.
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Chapter 5
Seed Expression Systems for Molecular
Farming

Allison R. Kermode

Abstract Plant seeds are potentially one of the most economical systems for
large-scale production of recombinant proteins for industrial and pharmaceutical
uses. Plant-based systems in general have several advantages over the current pro-
duction systems for biopharmaceuticals, such as yeasts, fungi, insect cells, mammalian
cell cultures and transgenic animals. These advantages include the ability to post-
translationally modify recombinant proteins, cost-effective production of recombi-
nant proteins, due to the ease of scale-up and the availability of established protocols
for harvesting, transport, storage and processing, and a minimal possibility of product
contamination by animal/human pathogens. Plant seeds have a further significant
advantage, that of providing a stable repository for recombinant proteins. Despite
significant progress in the use of transgenic plants and seeds for therapeutic pro-
tein production, there are still technical challenges that must be surmounted before
these systems can be fully embraced as suitable, viable alternatives for large-
scale production of biopharmaceuticals and other products. These challenges
include: (1) Enhancing the yields of recombinant proteins to maximize economic
feasibility; (2) Manipulating the post-translational machinery of the plant or seed so
that the recombinant protein is structurally and functionally similar to the native
protein; (3) Developing efficient methods for downstream processing of recombi-
nant proteins, including the removal of any foreign amino acid motifs, in vitro
post-translational processing and protein purification, and (4) Addressing regulatory
issues, such as suitable mechanisms for containment of the transgenic materials to
prevent inadvertent transgene flow. Considerable strides have been made toward
addressing these challenges particularly in the past 5 years. This has culminated in
some plant-derived pharmaceutical proteins including antibodies, vaccines, human
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blood products and growth regulators reaching the stage of preclinical studies or
commercial development, and the promise of the first plant-made pharmaceutical
glycoprotein intended for human parenteral administration. Below this progress is
reviewed, with an emphasis on enhancing protein yields in seeds and controlling the
N-glycan status of seed-produced recombinant proteins.

5.1 Introduction

With an increased understanding of the underlying pathophysiology of human
diseases, there has been a great surge in the development of recombinant proteins as
therapeutics. The past 30 years has witnessed a significant increase in the number of
developed and approved protein therapeutics, and an even larger increase in the
number of protein therapeutics in clinical trials. During this time, well over 100 new
therapeutic proteins, or peptides (“biologics™) have been licensed for production,
primarily using microbial systems and mammalian cell cultures (e.g. human fibro-
blasts or Chinese Hamster Ovary cells) as the production hosts. In some years, the
rapid growth in the number of protein targets being pursued as disease therapeutics
has produced critical shortages of some drugs as a result of limited manufacturing
capacity; the industry has responded by increasing the number of facilities devoted to
therapeutic protein production, and by improving protein yields and the efficiency
of recombinant protein purification/processing utilizing the established production
hosts (Karg and Kallio 2009). Companies and academic researchers have also
pursued alternative production hosts, including transgenic plants, plant cultures, and
seeds, with the added promise of potentially overcoming some of the biochemical,
technical and economic concerns with the traditional production systems (reviewed
in Gomord and Faye 2004; Faye and Gomord 2010; Gomord et al. 2010).

The choice of a suitable system for production of a given recombinant therapeu-
tic protein relies on the extent to which the heterologous host (e.g. yeast, fungus,
plant/seed, animal or cultured cell system) is capable of post-translationally modi-
fying the protein in such a way that it is identical or very similar to the native pro-
tein. In this regard, plant cells are generally able to properly fold, post-translationally
modify and otherwise process recombinant proteins in a manner that is similar to
that of mammalian systems. Indeed the success of select plant- or seed-based sys-
tems for production of biopharmaceutical proteins is evident in several recent
reviews showing the range of these proteins, some of which are currently in clinical
trials, are on the market, or are about to enter the market (Lau and Sun 2009; Karg
and Kallio 2009), and by the increase in publication activity over the past 20 years
related to biopharmaceutical products generated in plant hosts (Faye and Gomord
2010). The advantages of plant- and seed-based systems for production of biophar-
maceuticals include: (1) potential cost-effective production of recombinant proteins;
(2) minimal possibility of product contamination by animal/human pathogens and
thus the transmission of human and animal viruses and prions; and (3) the avail-
ability of natural storage organs such as tubers, fruits and seeds to facilitate the



5 Seed Expression Systems for Molecular Farming 91

stable accumulation of recombinant proteins (Twyman et al. 2003; Fischer et al.
2004). The use of plant seeds to host recombinant protein production offers fur-
ther advantages (Giddings et al. 2000; Twyman et al. 2003). Developing seeds are
already geared for high rates of protein synthesis and the stable accumulation of
proteins; in the mature dry state, seeds are viable for long periods, thus facilitating
storage and distribution of transgenic material (Stoger et al. 2005; Ma et al. 2003).
The capacity of seeds to remain viable in the dry, quiescent and stored state, allows
for the additional advantage of a ‘decoupling’ of the processing of the materials to
obtain the purified recombinant protein from the generation and harvesting of the
transgenic seeds; methods for cost-effective manufacturing of seed-based biophar-
maceuticals in the realm of GMP (good manufacturing practice) can also be devised
(Boothe et al. 2010).

Despite the advantages associated with plant- and seed-based production sys-
tems, there are nonetheless significant challenges associated with them; these obsta-
cles must be surmounted before these systems can be fully embraced as suitable,
viable alternatives for large-scale production of biopharmaceuticals and other prod-
ucts. These challenges include: (1) Enhancing the yields of recombinant proteins to
maximize economic feasibility; (2) Manipulating the post-translational machinery
of the plant or seed so that the recombinant protein is structurally and functionally
similar to the native protein; (3) Developing efficient methods for downstream pro-
cessing of recombinant proteins, including purification and in vitro post-translational
processing; and (4) Addressing regulatory issues, such as suitable mechanisms for
containment of the transgenic materials to prevent inadvertent transgene flow.
Progress in seed-based production systems is reviewed below, with an emphasis
on enhancing protein yields in seeds and controlling the N-glycan status of seed-
produced recombinant proteins. Wherever possible, seed-based production of human
recombinant lysosomal enzymes for treatment of lysosomal storage diseases is used
as an example.

5.2 The Need for Cost-Effective and Safer Recombinant
Protein Production Systems

The importance of developing systems that ensure both cost-effective production,
and generate safe, high-quality biopharmaceuticals cannot be underestimated. Most
recently a major pharmaceutical company — Genzyme Corporation — experienced
significant problems in relation to product contamination of their mammalian
(Chinese hamster ovary; CHO) cell cultures. This included a viral contamination
that both reduced the protein yields of the cultures and caused the shut-down of
some of the protein production systems that were being used to generate recombi-
nant therapeutic enzymes for several months in 2009 and 2010 (Allison 2010). The
shortage of recombinant proteins led to the interruption of treatment of patients,
dose reduction, or the initiation of alternative treatments. These problems are elimi-
nated with plant- and seed-based systems for recombinant protein production.



92 A.R. Kermode

Another major issue is often the cost of a therapeutic generated by a given heterologous
production system, especially those that are mammalian-cell based. Certainly across
all production platforms, the major cost is typically associated with the downstream
processing/purification of the recombinant protein. An extreme example here is the
prices set for approved therapeutics for rare diseases known as lysosomal storage
diseases. Lysosomal storage diseases are a broad class of progressive genetic diseases;
collectively they represent a diverse class of over 50 disorders that represent a sig-
nificant proportion of childhood metabolic disease. Most are caused by a deficiency
of a single hydrolytic enzyme that resides in the lysosome; because of this there is
a block in the stepwise catabolism of certain macromolecules, a process critical for
the growth and homeostasis of tissues. These diseases are unique in that they are
generally amenable to enzyme therapies (ERT or Enzyme Replacement Therapy)
(Desnick and Schuchman 2002), the intravenous (parenteral) administration of the
purified recombinant enzyme. However, the current systems used to produce recom-
binant lysosomal enzymes for this purpose (most commonly human fibroblasts or
Chinese hamster ovary cells, some of which have led to approved, commercialized
products for a few of the lysosomal storage diseases) are prohibitively expensive,
costing an average of $170,000 US per patient annually (Werber 2004), and often
much more. For example, an average 8-year-old child of 40 kg would incur an
annual drug cost of over $400,000 US for Aldurazyme™ — recombinant o-L-idu-
ronidase, a treatment for one of the lysosomal storage diseases known as mucopoly-
saccharidosis I, and generated using Chinese hamster ovary cell cultures. The high
prices of the therapeutics place a considerable burden on health care systems. In
addition, for those lysosomal storage diseases that are considered to be ‘ultra-rare’,
there is little commercial interest toward pursuing the development of the associated
therapeutics.

5.3 Enhancing Yields of Seed-Produced Recombinant
Proteins by Improving Gene Expression and Stable
Protein Accumulation

Seeds are versatile hosts for the production of recombinant proteins of several types,
all the way from short, simpler peptides, to larger complex, multi-subunit proteins.
Various antibodies and other immunoglobulins, insulin, human growth hormone,
lysozyme, lactoferrin, and the lysosomal enzymes, B-glucocerebrosidase, and
o-L-iduronidase, are among the examples of seed-produced biopharmaceuticals
(reviewed in Kermode 2006; Lau and Sun 2009; Boothe et al. 2010). Seeds of major
cereal crops have been utilized as host production systems for recombinant proteins
of clinical interest, with the major target species including maize, rice, barley and
wheat. Likewise, seeds of various dicots, such as soybean, safflower, Arabidopsis and
tobacco are convenient hosts for seed-based recombinant protein production, each
with its associated advantages and disadvantages. Obviously a significant factor that
will ultimately constitute part of the economic feasibility of a given seed platform
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Table 5.1 Strategies for optimizing expression of transgenes for greater recombinant protein
accumulation in transgenic seeds

Level of control Enhancement strategy

Transcriptional Promoter: seed-specific; regulated
Co-expression with transcription factors
3'UTR

MAR sequences
Coordinated (multicistronic) expression
Altering seed proteome balance

Post-transcriptional Intron-mediated enhancement
3" UTR (mRNA stability)
Homology-dependent gene silencing
Avoid mRNA destabilizing sequences
Translational 5" UTR and AUG context
Codon usage
Co-translational Signal peptide replacement
Post-translational Targeting: Apoplast
(Protein folding and stability) ER lumen and ER-derived protein bodies
Protein storage vacuoles
Oil bodies
Ubiquitin fusions
Chemical enhancement of protein transport/stability
Co-expression of gene encoding protein stabilizer or molecular
chaperone

Adapted with permission from Kermode (2006) © 2006 Canadian Science Publishing or its
licensors

relies on the yields or accumulation levels of the target recombinant protein. For
example, this will influence the efficiency of downstream purification. Improving
expression levels in seeds has been, and will continue to be, greatly improved by
dissecting information from functional genomics studies tailored to elucidate fac-
tors that control seed-specific gene expression, such as the transcription factors that
activate seed gene promoters, as well as other regulatory control points. However,
attempts to improve the accumulation of a recombinant protein require a ‘holistic’
view of gene expression beyond the transcriptional level, and an appreciation of the
interdependent nature of the processes in the pathway leading from the gene to the
functional protein, in which each step is functionally linked to the next. Improving
yields of recombinant proteins in seeds by careful choice of promoters and other
transcriptional control elements has been recently reviewed (Stoger et al. 2005;
Stoger 2005; Lau and Sun 2009; Boothe et al. 2010) and so will not be covered here.
Throughout this section, reference is made to Table 5.1, which illustrates some of
the strategies that are being used to achieve high yields of recombinant proteins in
seeds and in other plant-based systems.

Beyond this challenge, several proteins, including human enzymes have been
shown to be stable in the mature dry and stored seed (Reggi et al. 2005; Downing
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et al. 2007; Boothe et al. 2010). This is illustrated well for the recombinant lysosomal
enzymes, iduronidase and glucocerebrosidase expressed in Arabidopsis seeds
(Downing et al. 2007; He et al. unpublished). Following transfer of the mature seeds
to cool, dry storage conditions, the activities of these enzymes are largely retained.
Indeed this is one of the key advantages of using seeds as the production system,
that of providing a stable repository for therapeutic proteins.

5.3.1 Inducible Systems to Switch on Gene Transcription
by Co-expression of Transcription Factors
or Exposure to Chemicals

One mechanism that has met with some success is to co-express two transgenes in
the plant host — one gene encodes a transcription factor that is capable of transacti-
vating the specific promoter driving expression of your gene of interest (Table 5.1).
For example, human lysozyme gene expression driven by the rice storage-protein
(globulin) gene promoter is enhanced by almost fourfold when the chimeric gene is
co-expressed in transgenic rice with a rice bZIP transcription factor, REB (rice
endosperm bZIP) (Yang et al. 2001). The use of the “global” transcriptional factor,
Abscisic Acid Insensitive3 (ABI3), which controls the transcription of several
abscisic acid (ABA)-regulated seed developmental genes, can be used to induce the
expression of recombinant proteins in the vegetative tissues of the plant. This can be
important in some cases as vegetative tissues may have relative advantages over
seeds in relation to regulatory issues such as the need for a high level of containment
and the feasibility of separating edible food crops destined for consumption from
those destined for biopharmaceutical use (reviewed in Fox 2006). The ectopic
expression of transcription factors has been used as a mechanism to trigger induc-
ible expression in vegetative tissues of the plant host. Normally the human lyso-
somal enzyme o-iduronidase is very unstable in leaf tissues of transgenic tobacco,
and is subject to proteolysis when synthesized in a constitutive manner. Ectopic
expression of an ABI3 gene in transgenic tobacco leaves is able to switch on high
levels of recombinant a-iduronidase expression (driven by seed-specific 5’ and 3’
regulatory elements), particularly upon exposure to ABA (Fig. 5.1) (Kermode et al.
2007). This approach has also been used successfully to enhance the production of
the 65-kDa glutamic acid decarboxylase isoform (GAD 65) in leaves, a major
autoantigen involved in the pathophysiology of type 1 diabetes mellitus (Jayaraj
et al. unpublished). As well as promoting enhanced accumulation of recombinant
proteins in leaves, the same strategy is also effective in inducing expression in young
seedlings; thus one can capitalize on the advantages of the use of the mature dry
stored seeds as a stable repository of recombinant proteins. Once the recombinant
protein is required for purification, the seeds co-expressing the transgene of interest
and the ABI3 gene can be germinated and grown in the presence of ABA; the young



5 Seed Expression Systems for Molecular Farming 95

Strategies to enhance recombinant gene expression

High level of Inducible Constitutive expression
expression expressionin in tobacco
in seeds tobaccoleaves BY-2 cultured cells
a b c
1000
£x i
£8 800
L] a— 0 X
CIS wove o
H »
Eg 400 | . 73 kDa C 1 2 3 4 5 6
HE |
M c 1 2 3 4 g3 M m |
0

C ABA C ABA

Fig. 5.1 Some strategies used to enhance the synthesis of human recombinant biopharmaceutical
proteins in plant and seed hosts using the human lysosomal enzyme, o-L-iduronidase as an exam-
ple. High-level accumulation is achieved in Arabidopsis (cg/) seeds with the use of the arcelin gene
regulatory sequences (Downing et al. 2006, 2007), in leaves and other vegetative tissues using co-
expression of an ectopically expressed ABI3 gene (Kermode et al. 2007), and in tobacco BY-2
cultured cells using the CaMV 35S (‘constitutive’) promoter (Fu et al. 2009)

ABA-treated seedlings can then serve as the materials to purify the recombinant
protein whose production has been elicited.

Soybean seeds have been used as a model system to chemically induce transcrip-
tion of recombinant gene expression (Semenyuk et al. 2010). The underlying
mechanism behind the ‘genetic switch’ involves the intracellular formation of a
sensitive, stable ligand-receptor complex. This system was tested utilizing a chime-
ric synthetic transcription factor VGE adapted for use in soybean seed by linking
it to the glycinin G1 promoter to drive its expression. The modular transcriptional
activator consists of three parts — the Herpes simplex VP16 activation domain (V), the
yeast Gal4 binding domain (G) and the ligand-binding domain of the ecdysone
receptor of spruce budworm (E). In the absence of ligand the VGE is inactive as a
gene transcription activator, but upon interaction with the chemical inducer, a
nonsteroidal ecdysone analog, the tripartite transcription factor VGE binds to a
specific synthetic promoter upstream of the gene of interest resulting in the expres-
sion of that gene. A gene construct encoding an ER-targeted (GFP-KDEL) reporter
protein is activated using this chemical induction system in cultured somatic and
zygotic embryos of transgenic soybean plants, as well as in planta in seeds generated
from the transgenic plants grown in the greenhouse. The efficiency of induction of
GFP expression by the inducer was strongly influenced by the developmental
stage of the seed; the formation of ER-derived GFP-containing protein bodies in the
storage parenchyma cells of the seed was correlated with the level of induced
expression (Semenyuk et al. 2010).
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5.3.2 Altering the ‘Proteome Balance’ of Seeds to Improve
Recombinant Protein Levels

An interesting strategy with potential for enhancing the expression of any transgene in
seeds is the use of a post-transcriptional gene silencing mechanism to down-regulate
amajor seed protein gene. This has been attempted in seeds of soybean and Arabidopsis;
the suppression of a major seed storage protein leads to a ‘rebalancing of the pro-
teome’, and can be exploited to produce an enhanced level of a recombinant protein.
In Arabidopsis, expression of a transgene (the intact arcelin5-1 gene of Phaseolus
vulgaris) is enhanced when an antisense gene encoding an endogenous seed storage
protein, 2S albumin, is co-expressed (Goossens et al. 1999b). In control transgenic
plants, the Arc5-I protein accumulates to levels of up to 15% TSP; the population
of co-transformed plants expressing the antisense 2S gene construct, exhibits higher
accumulation of the arcelin protein (up to 24% TSP). Presumably, down-regulation of
the 2S albumin storage protein gene made the translational machinery more available
to arcelin mRNAs, which competed more efficiently than did other seed transcripts.
In soybean seeds, suppression of the synthesis of the o.-/a’- subunit of B-conglycinin
leads to a corresponding increase in the synthesis and accumulation of glycinin stor-
age protein, some of which is sequestered as proglycinin into de novo ER-derived
protein bodies. Expression of a chimeric GFP-KDEL construct flanked by 5" and 3’
regulatory regions of the glycinin gene leads to a fusion protein capable of forming
ER-derived protein bodies in soybean seeds; when introgressed into the 3-conglyci-
nin-suppression background, there is a four-fold increase in the accumulation of the
GFP-KDEL fusion protein which accumulates in ER-derived protein bodies along
with glycinin to >7% of the total seed protein (Schmidt and Herman 2008).

5.3.3 Enhancement of Transcript Stability, Translation,
and Co-translational Processes, and the Synergy
of the Regulatory Pathway from Gene to Protein

Among the various strategies at the post-transcriptional level (Table 5.1), these
include the use of: (1) an optimal 3" UTR (3’ flanking region) to enhance mRNA
stability, and avoid mRNA destabilizing signals; (2) introns; (3) various 5’ UTRs,
either from plant genes or from plant viral genes, that lack secondary structure in the
5" region of the mRNA and facilitate ribosome scanning for translation initiation;
(4) an optimized AUG context, in which the nucleotides surrounding the AUG start
codon facilitate translation initiation; (5) Optimized codons that represent host-pre-
ferred ones, or those that not limited by availability of the corresponding aminoacyl-
tRNAs, for improvement of translational efficiency; and (6) Plant signal peptides
(over native signal peptides) to promote efficient signal peptide cleavage during
translocation of a recombinant protein into the ER lumen, a process which likely
facilitates more efficient protein folding.
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The avoidance of mRNA destabilizing sequences to improve the yields of
recombinant proteins has been relevant for achieving improved yields of the
E. coli LT-B antigen (Chikwamba et al. 2002). When the targets are prokaryotic
and protozoan genes, a consideration of the high AU contents and presence of
RNA destabilizing sequences is important for the stability of transcripts in the
plant host (Lau and Sun 2009).

There are several reports of introns enhancing the expression of a reporter gene
or a gene encoding a recombinant protein of pharmaceutical interest. Indeed most
promoters that are active in dicots need to be modified by the addition of an intron
before they will work efficiently in monocots (Stoger et al. 2005); in most cases,
the intron is inserted in the untranslated region upstream of the open reading frame.
For example, introns from the monocot genes ADHI, SHI, UBII and ACTI genes
improve the functioning of the CaMV 35S promoter in transgenic maize and blue-
grass, and a dicot intron (CHS A) likewise improves expression driven by this pro-
moter by 100-fold (Vain et al. 1996). While the intron-mediated enhancement effect
may be as high as 100-fold, generally the effect is often twofold to tenfold, and there
tends to be a greater effect in monocots than in dicots, although it is unclear how the
enhancing effect is achieved. The most likely mechanism is through enhanced
mRNA stability (although there is an exception to this); introns appear to increase
steady-state levels of mRNAs without significantly affecting the rate of transcrip-
tion initiation. It is also evident that while splicing is neither necessary, nor suffi-
cient to achieve the intron-enhancing effect, the mRNAs generated by splicing are
more rapidly and efficiently exported from the nucleus to the cytoplasm.

Various 5" UTRs have been used to boost translation initiation of transgenes in
both seed-based systems and transgenic plants. These include the 5'-UTR of the
tobacco mosaic virus RNA (omega), the potato virus X RNA and the bean arcelin5-1
gene of common bean (Gallie et al. 1987; Pooggin and Skryabin 1992; De Jaeger
et al. 2002). Toward determining their efficacy for achieving high-level production
of recombinant proteins in transgenic rice seeds, the potential of the 5’-UTRs of six
seed storage-protein genes to enhance the expression levels of a GUS reporter gene
driven by a glutelin (GluC) promoter was conducted (Liu et al. 2010). The study
included the 5" UTRs of three glutelin genes (GluA-1, GluA-2 and GluC), two pro-
lamine genes (10 and 16 kDa), and the globulin gene, GIlb-1. All of the 5" UTRs
significantly enhance the GUS expression level without altering the qualitative
expression patterns of the glutelin promoter. The 5'-UTRs of Glb-1 and GluA-1
genes increase the expression of GUS by about 3.36- and 3.11-fold, respectively, and
this is due to an increased translational efficiency of the mRNAs (Liu et al. 2010).

There is a tendency to overlook the connectivity of the regulatory steps involved
in the ultimate production of an active mature protein product. Production of the
recombinant human lysosomal enzyme, o-L-iduronidase in transgenic Arabidopsis
cgl seeds serves as a good illustrator of how gene regulatory sequences can function
synergistically to promote recombinant protein accumulation (Fig. 5.2) (Downing
et al. 2007). This enzyme is deficient in the lysosomal storage disease known as
mucopolysaccharidosis (MPS) I (see earlier). Because of the enzyme deficiency,
the stepwise degradation of glycosaminoglycans is disrupted; in severely affected
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Fig. 5.2 (a) Schematic diagram of constructs for expression of the gene encoding the human
lysosomal enzyme, o.-L-iduronidase, in Arabidopsis cgl mutant seeds. Gene constructs differ in the
5'-UTR-signal peptide sequences, and in the 3'-UTR-flanking sequences. (b) Table of a-L-iduroni-
dase activities (units per mg total soluble protein) and o-L-iduronidase protein in extracts of the
highest-expressing transformed lines determined from the sceening of at least 30 independent
transgenic lines for each construct. The table also shows a-L-iduronidase activities of three atypi-
cal ARC5s3 lines with extremely high levels of a-L-iduronidase gene expression (Reprinted with
permission from Kermode (2006) © 2006 Canadian Science Publishing or its licensors)

humans this genetic disease leads to death in early childhood because of profound
skeletal, cardiac and neurological disturbances (Clarke 2008). Figure 5.2 shows the
constructs geared to express the human a-L-iduronidase gene in Arabidopsis cgl/
seeds. In constructs containing the arcelin gene promoter, exchange of the 5'-UTR
and signal peptide sequence of the a-iduronidase gene with those of the arcelin gene
results in a considerable increase in a-iduronidase activity (Fig. 5.2). This increase
in activity is also reflected in an increased accumulation of protein and in steady-
state mRNA levels. A 13-nucleotide-5'-UTR is predicted for ARC5s and ARC5s3
mRNAs while the ARC5 and ARCS5-3 transcripts, are expected to contain a 20-nucle-
otide 5'-UTR. Extremely short 5'-UTRs (<20 nucleotides) may inhibit the entry of
the ribosomal 43S pre-initiation complex or the recognition of the AUG initiation
codon (Kozak 1991; Kawaguchi and Bailey-Serres 2005). However, with respect to
the arcelin gene, it is clear that its short 5'-UTR is not an impediment to translation
initiation since this gene is abundantly expressed in Phaseolus vulgaris seeds and,
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as a transgene, in seeds of other species (Goossens et al. 1999a; De Jaeger et al.
2002). Furthermore, replacement of the short arcelin 5'-UTR with the 68-nucleotide-
long 5'-UTR (translational enhancer) of tobacco mosaic virus (Gallie 2002), has
little effect on transgenic expression (De Jaeger et al. 2002). On the other hand, a
high GC content (>50%) of the 5'-UTR significantly reduces ribosome loading,
while a low GC content (<33%) can promote ribosome loading (Kawaguchi and
Bailey-Serres 2005). The much lower predicted GC content (38%) of the arcelin
5'-UTR as compared to the a-iduronidase gene 5'-UTR (about 60%) may improve
ribosome loading and hence increase translation initiation.

The recruitment of ribosomes to the initiation codon AUG is the rate-determining
step in translation, due to the mechanism by which the small ribosomal subunit
scans the mRNA for the first AUG in an appropriate context (Kawaguchi and Bailey-
Serres 2002); sequences immediately upstream (A _,) and downstream (G, ) of the
initiation codon are important. If one considers an optimal translation AUG con-
text for dicots as: aaA(A/C)aATGGCTNCC(T/A)C (Joshi et al. 1997; Sawant et al.
2001; Niimura et al. 2003), the sequences from the human a-iduronidase gene
(TGGCCATGCGTCCCT), especially in the —3 and +4 positions, are far from the
ideal as compared to that for the arcelin gene (TGATCATGGCTTCCTC). Indeed,
the predicted AUG context of the arcelin gene best matches the canonical sequence
found in highly expressed plant genes (Sawant et al. 2001), and is superior to the
analogous sequences within other seed protein genes, including those encoding
napin and vicilin.

There is a positive correlation between codon-usage bias and the level of gene
expression (Duret and Mouchiroud 1999), which likely reflects the composition of
the pool of tRNAs available when a gene is expressed. During translation, rare
codons could deplete the corresponding tRNAs and lead to ribosome pausing; desta-
bilization of transcripts and ultimately a lowering of translation efficiency may
occur (Gustafsson et al. 2004). In some plant hosts, such as tobacco, the presence of
rare codons does not appear to affect mRNA stability (van Hoof and Green 1997);
however, rare codons may have an effect if they are located just downstream of the
start codon or if they occur frequently throughout the transcript. Some investigators
have modified codons to optimize the expression of human and microbial genes in
plant hosts (e.g. Huang et al. 2002). This is not necessary for high-level expression
the human a-iduronidase gene (Downing et al. 2006, 2007). The isolation of three
ARC5s3 lines with extremely high levels of a-iduronidase gene expression implies
that the GC-rich sequence encoding the mature o-iduronidase protein does not
impede the efficiency of protein synthesis, and may even be an advantage.

The precision and efficiency of processing of the signal peptide during co-
translational translocation of the polypeptide into the ER may influence the level of
protein accumulation in a plant host (Kermode 1996). The native signal peptides of
animal/human proteins can be correctly removed in plant host cells (Gomord and
Faye 2004); however in some cases, the efficiency of co-translational cleavage may
be greater with plant-gene-derived signal peptides. The arcelin signal peptide is
correctly removed from pro-o-iduronidase derived from an ARC5s3 line (Downing
et al. 2006); it was not determined whether this is true for the native a-iduronidase
signal peptide in Arabidopsis seeds. Indeed the two constructs that include the
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arcelin signal peptide (and 5’ UTR) yield greater protein accumulation levels
(Downing et al. 2007). Incorrect or inefficient cleavage of the innate (i.e. human-
protein) signal peptide could cause improper folding of the nascent protein, and
result in protein degradation mediated by the ER quality control system. There is an
increased expression of recombinant thrombomodulin in tobacco leaves when
the innate signal peptide is replaced by heterologous signal peptides, one of which
is plant-derived (Schinkel et al. 2005). Likewise, cleavage of an N-terminal plant-
protein-derived signal peptide from human serum albumin occurs in the correct
manner in transgenic potato and tobacco plants; the native signal peptide is only
partially processed (Sijmons et al. 1990).

Replacement of the nopaline synthase (nos) gene 3’ end with the arcelin gene 3’
end (3' UTR and flanking sequences) results in a significant increase in o-iduroni-
dase activity. However, this increase is highest when other gene regulatory sequences
from the arcelin gene are present (5'-UTR and signal peptide), which appear to act
synergistically to enhance expression at the protein and activity level. The arcelin
gene 3'-end may exert its effects at the transcriptional level due to the presence of a
putative MAR (matrix attachment region) motif that would work in concert with the
MAR sequence in the 5’ flanking region of the arcelin promoter (Goossens et al.
1999a; De Jaeger et al. 2002). For some plant genes, the 3'-UTR region appears to
be important in controlling transcript stability; however, effects on translation due to
an interaction between the 3’ poly A tail and 5’ cap of the transcript may also be
operative. In addition, some examples of quantitative regulation of transgenic
expression by 3'-UTR sequences have been reported (Ali and Taylor 2001; Richter
et al. 2000). The extremely high accumulation of a-iduronidase (activity and pro-
tein) in three ARCSs3 lines may be due to several post-transcriptional factors as well
as fortuitous transgene integration into transcriptionally active sites of the Arabidopsis
genome (Downing et al. 2007).

The results overall suggest that post-transcriptional events have a considerable
impact on the level of accumulation of human o-iduronidase. In this system, one of
the bottlenecks is likely at the translation initiation step; changes to enhance this also
increase the protein accumulation levels. Post-translational modulation of expression,
e.g. enhanced protein stability, because of a greater efficiency of signal peptide cleav-
age, and therefore protein folding, cannot be ruled out. The identification of some
very high expressing lines implies that the endomembrane system of developing
seeds has a high capacity to properly process, fold and secrete active o-iduronidase.

5.3.4 Subcellular Targeting and Other Post-Translational
Approaches to Enhance the Stable Accumulation
of Recombinant Proteins in Seeds

Various post-translational processes have been used and can be used to attempt to
enhance processing and stability of biopharmaceutical proteins in transgenic plants
(Table 5.1). The specific targeting of recombinant proteins within plant hosts can
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not only determine their function, stability and correct post-translational modification
(e.g. proper folding and assembly, disulphide bond formation, and protection from
proteases), but can play a multitude of functions including minimizing deleterious
effects of the foreign protein on the transgenic plant host, and facilitating down-
stream processing, including purification. Although exceptions exist, the types of
post-translational modifications that many human recombinant proteins undergo
in the native host (e.g. N-linked glycosylation), require that they are likewise syn-
thesized and transported along the secretory pathway of the heterologous host.
There are several examples of recombinant proteins that are stably accumulated in
transgenic seeds when targeted to an apoplastic location, i.e. secreted by adding an
N-terminal signal peptide. However, in some instances, manipulating the subcellular
localization and deposition site of the recombinant protein has a significant impact
on yield. Thus positive outcomes have come from incorporating specific addi-
tional targeting motifs, or by fusing the recombinant protein to a very stable partner
protein.

5.3.4.1 Targeting of Recombinant Proteins to the ER Membrane

Although not attempted in seeds, the use of a tail anchor domain has been used to
enhance the yields of a human immunodeficiency virus protein Nef (negative
factor), a promising target for the development of an antiviral vaccine. This antiviral
protein is a cytosolic protein; it accumulates to only low levels in the cytosol of
transgenic tobacco plants and is very unstable when introduced into the secretory
pathway (Barbante et al. 2008). Due to an enhancement of the stability of this pro-
tein, its accumulation is very much improved by targeting it to the cytosolic face of
the ER membrane using a C-terminal domain of a mammalian ER cytochrome b5,
a long-lived, tail-anchored protein. An engineered thrombin cleavage site allows
for the Nef protein to be conveniently removed in vitro from its tail-anchor
(Barbante et al. 2008).

5.3.4.2 Targeting of Recombinant Proteins to the ER
Lumen Using KDEL or Similar Motifs

There are several instances, particularly when the expression system is a vegetative
tissue of the transgenic plant, in which the addition of a C-terminal ER retention
motif (KDEL/HDEL) improves the level of accumulation of the protein of interest.
This is the case for human interleukin-4 synthesized in transgenic tobacco leaves
and potato tubers (Ma et al. 2005) and for intact immunoglobulins and single chain
Fv fragments (reviewed in Twyman et al. 2003; De Muynck et al. 2010). Two forms
of the human lysosomal enzyme o-L-iduronidase — one with, and one without a
C-terminal ER-retention sequence SEKDEL, have been produced in seeds of both
Brassica napus and tobacco (Nicotiana tabacum) using regulatory sequences from
the arcelin 5-1 gene (Galpin et al. 2010). The C-terminal modification of the human
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enzyme has little effect on its stability or activity; the specific activities of the purified
human enzymes from seeds of both plant species are consistently between 32,000
and 40,000 nmol product min~! mg protein='. Thus, importantly, the addition of this
targeting motif does not abolish the biological activity of the recombinant enzyme.
The yield-enhancing effects of the KDEL sequence are not specific to vegetative
tissues; this targeting motif also has positive effects on improving yields of recom-
binant proteins in seeds, including vaccine antigens (Moravec et al. 2007), and a
human chimeric GAD-67/65 mutant in Arabidopsis seeds, which reaches 7.7% of
total soluble protein (Morandini et al. 2011).

It is noteworthy that confinement of proteins within the ER lumen is not guaran-
teed by the addition of the C-terminal HDEL/KDEL motif, and localization can
depend on the status of protein assembly and can even differ in different host spe-
cies and tissues (reviewed in Stoger et al. 2005). In some cases the predicted local-
ization patterns are particularly unusual in cereals, indicating that more basic
knowledge concerning pathways of protein trafficking in cereals and other hosts is
required. KDEL-tagged recombinant human serum albumin synthesized with an
N-terminal mammalian signal peptide, is targeted to the ER lumen in leaf cells, but
is deposited in storage protein aggregates within the vacuole of wheat endosperm
cells (Arcalis et al. 2004). It was surmised that the recombinant protein was trans-
ported along the same route as the bulk of the endogenous glutelins and prolamins,
which in wheat endosperm cells aggregate and bud off from the ER, but later become
incorporated into the vacuole by an autophagy-like process.

A KDEL-tagged recombinant antibody fragment, synthesized in rice endoperm
cells, with a signal peptide ends up mainly in protein bodies and to some extent in
protein storage vacuoles (Torres et al. 2001). When the different subunits of secre-
tory IgA are synthesized in rice endosperm cells, the subcellular locale depends on
the assembled status of the subunit proteins (Nicholson et al. 2005). More specifi-
cally, unassembled proteins (light chain, heavy chain and secretory component)
accumulate predominantly within ER-derived protein bodies, while the assembled
antibody, with antigen-binding capability, accumulates specifically in protein stor-
age vacuoles.

5.3.4.3 Use of Proteins and Protein Motifs Sufficient for Stable
Accumulation of Fusion Proteins in ER-Derived Protein Bodies

Recently, strategies have been developed to sequester recombinant proteins in
ER-protein bodies as a means of improving their accumulation levels (production
yields), and at the same time assist in their subsequent purification (reviewed in
Floss et al. 2010; Conley et al. 2011). The unique intrinsic physico-chemical prop-
erties of the fusion partners appear to exploit general ER mechanisms that insulate
the recombinant proteins, segregating them from both the secretory and the degra-
dative (vacuolar or ERAD) pathways (Vitale and Boston 2008). Elastin-like poly-
peptides are thermally responsive biopolymers composed of a repeating pentapeptide
‘VPGXG’ sequence; to date, most studies in plant hosts have used between 25 and
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125 multimers of this pentapeptide appended to the recombinant protein of interest.
Some of their useful characteristics include an ability to undergo a thermally respon-
sive reversible phase transition, which is retained when the elastin or elastin-like
protein is fused to a recombinant protein. The temperature-dependent, reversible
self-aggregation (referred to as an inverse phase transition), occurs within a 2-3°C
temperature range, and can be monitored with a spectrophotometer, due to the resul-
tant increase in the turbidity of the protein solution. Thus, below the transition tem-
perature, elastin proteins are monomeric and soluble; at temperatures above the
transition temperature, the proteins aggregate and become insoluble. Because of
this property, some of the potential applications of these proteins include drug deliv-
ery (e.g. precise targeting of cytotoxic agents to tumour cells), formation of new
molecules with unique biomechanical and chemical properties (e.g. silk-elastin like
copolymer), tissue engineering or repair, and most relevant to this review, increas-
ing the yields of recombinant proteins as well as providing a convenient mechanism
for recombinant protein purification (reviewed in Floss et al. 2010; Conley et al.
2011). As noted in these recent reviews, some of the therapeutic targets of this strat-
egy have included interleukin-10, murine interleukin-4, erythropoietin, single chain
antibody fragments, and a full-size anti-human immunodeficiency virus-neutralizing
antibody, primarily using tobacco leaves and transient systems based on Nicotiana
benthamiana as hosts (see references therein). A systematic analysis characterizing
the accumulation of GFP-elastin-like-protein fusions in relation to subcellular target-
ing (e.g. to the cytosol, chloroplasts, apoplast and ER), reveals that only protein tar-
geting to, and retention in, the ER (via a C-terminal KDEL motif) leads to increased
accumulation of the recombinant protein as a fusion (Conley et al. 2009). In this case,
the fusion proteins, transiently expressed in N. benthamiana plants, induce the for-
mation of novel protein bodies, which are similar in size and characteristics to the
ER-derived protein bodies that accumulate prolamin storage proteins in the endosperm
of seeds of rice and maize. The stable deposition of the fusion proteins in these organ-
elles is very likely the reason for the positive effect of the elastin-like protein on
recombinant protein accumulation — i.e. by sequestering the heterologous protein
away from normal physiological turnover and perhaps the various regulated protein
degradation pathways of the cell (e.g. ERAD and other pathways).

Although primarily used for expression of recombinant proteins in whole
transgenic leaves or plants, there are reports of this strategy enhancing the yields of
recombinant proteins in seeds. Addition of an elastin-like protein (ELP) to a single-
chain Fv antibody fragment (scFv) leads to a 40-fold increase in the accumulation
of the fusion protein, in which the levels approach 25% of the total soluble seed
protein in transgenic tobacco; further, the antigen-binding properties of the antibody
fragments are not compromised (Scheller et al. 2006). A recombinant ‘ELPylated’
[(Val-Pro-Gly-Xaa-Gly), ] antibody with neutralizing activity against HIV-1 accu-
mulates to a greater extent that the non-ELPylated control when expressed in trans-
genic tobacco seeds (Floss et al. 2009). The N-glycan profiles are congruent with
the fusion protein residing primarily in putative ER-derived protein bodies, while
the control (“free”) recombinant antibody accumulates primarily in protein storage
vacuoles. Importantly the protein is stable in the mature dry and stored seeds.
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Equally important, regardless of the purification method, the addition of the elastin-like
protein does not affect the binding affinity of the antibody, but does have a slightly
negative effect on the HIV neutralizing capacity of the light chain (Floss et al. 2009,
2010). The size, orientation and peptide sequence or composition of the elastin-like
protein all influence the efficiency of recombinant protein recovery from plant
extracts (Conley et al. 2009, 2011). Manipulating the size of the elastin-like protein,
fine-tuning the process for purification of the recombinant protein, and the use of
self-cleaving elastin-like protein-intein tags (Banki et al. 2005; Fong et al. 2009) are
among some of the improvements that can be made to this strategy, and may increase
the biological activities of the target recombinant protein, and improve the efficiency
of purification and recovery (Floss et al. 2009, 2010).

In a similar vein, a domain of the maize seed storage protein y-zein, can
induce the formation of protein storage bodies, thus facilitating the recovery of
fused proteins using density-based separation methods (reviewed in Conley et al.
2011). y-Zein is a prolamin-type storage protein that accumulates (along with o-
and [3- zeins) in the endosperm storage tissues of the maize seed during grain matu-
ration. The y-zein storage proteins have unique biophysical properties that in part
lead to their retention in the ER and assembly into ER-derived protein bodies: a
highly repetitive proline-rich sequence (PPPVHL), and a Pro-X motif; the former
is able to adopt an amphipathic helical conformation which can self-assemble, and
may participate in a biophysically-mediated ER-retention process (Kogan et al.
2001; Geli et al. 1994). When fused to a recombinant protein of interest, the
112 amino acid-N-terminal proline-rich domain of y-zein (the so-called ‘Zera’
sequence) leads to the stable accumulation of the fusion protein in ER-derived
protein bodies of transgenic plant leaves and seeds (Torrent et al. 2009a, b). y-Zein
fusions (i.e. involving the ‘Zera’ sequence) have been used to facilitate the accu-
mulation of various recombinant therapeutic proteins in leaves of transgenic
tobacco; human growth hormone is increased by ~13-fold (to a max. of 3.2 g/kg
fresh weight), and epidermal growth factor is increased by ~100-fold (to a max. of
0.5 g/kg fresh weight) (Torrent et al. 2009a, b). Perhaps surprisingly, the y-zein
domain also functions to stably sequester recombinant proteins in ER-derived
organelles in several eukaryotic systems, not just plant cells, including insect cells,
fungal cells, CHO cells, and other mammalian-cell systems (Torrent et al. 2009a).
Capitalizing on some of the positive attributes conferred by ER-PB sequestration
in established eukaryotic host systems for recombinant protein production may
create unique opportunities for improving manufacturing efficiencies (Torrent
et al. 2009a). Using N. benthamiana as a host, and a cyan fluorescent marker pro-
tein, a detailed characterization of the proline-rich domains of y-zein reveals that
two Cys residues (Cys7 and Cys9) of the proline-rich domain are critical for oli-
gomerization, which is the first step towards protein body formation; the hydro-
phobic central region appears to facilitate lateral protein-protein interactions to
allow for alignment of the proline-rich domain (‘hydrophobic packing’), an
arrangement also stabilized by intermolecular disulphide binding (Llop-Tous et al.
2010). The 8 units of PPPVHL in Zera appear to provide the optimal length for
self-assembly.
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A recombinant “fusion” storage protein (‘zeolin’) comprised of a portion of
maize y-zein and the bean storage protein phaseolin accumulates to high amounts in
leaves of transgenic tobacco and forms ER-protein bodies (‘zeolin protein bodies’).
An association of the ‘zeolin’ protein bodies with BiP via an ATP-sensitive mecha-
nism may partly account for the improved and stable deposition of the chimeric
protein, which accumulates to 3.5% total soluble protein (Mainieri et al. 2004).
A comparative analysis of y-zein- versus ‘zeolin’- fusions has been undertaken in
relation to improving the yields of human immunodeficiency virus antigen Nef,
a recombinant protein that is prone to instability (de Virgilio et al. 2008). The
‘zeolin’-Nef fusion protein accumulates in small protein bodies to a maximum of
1.5% TSP in tobacco plants; in contrast, the y-zein-Nef fusion is degraded by ER
quality control, perhaps because it is recognized as structurally defective in contrast
to the ‘zeolin’-Nef fusion. Similar to the transgenic tissues of dicots, in transgenic
rice, a prolamin-GFP fusion does not require seed-specific factors for aggregation;
its interaction with BiP results in the formation of ER-protein bodies regardless of
the tissue — i.e., in seeds, roots and leaves (Saito et al. 2009).

Yet another class of proteins with similar advantages is the hydrophobins, small
fungal proteins capable of altering the hydrophobicity of their respective fusion
partner. Part of the hydrophobin contains an exposed hydrophobic patch, and 8 con-
served Cys residues that form 4 intramolecular disulphide bridges (Hakanpaa et al.
2004); the various properties of the hydrophobins make them prone to self-assembly
into an amphipathic protein membrane at hydrophilic-hydrophobic interfaces
(Wang et al. 2005). These small proteins are able to facilitate efficient purification
by surfactant-based aqueous two-phase systems; this includes the recovery of
hydrophobin-fusions from plant cell extracts (Joensuu et al. 2010; reviewed in Conley
etal. 2011). Increased yields of recombinant proteins as hydrophobin fusions have
been reported in the leaves of transgenic plants (e.g. in the transient expression
system using N. benthamina) (Joensuu et al. 2010); as with y-zein- and elastin-fusion
proteins, the hydrophobin fusion proteins accumulate in ER-protein bodies. This
stable accumulation appears to be beneficial on several levels. For example, under
some circumstances non-chimeric ER-targeted proteins (e.g. those engineered to
contain a C-terminal H/KDEL) accumulate to high levels; the result is a triggering
of toxic responses in the ER (Joensuu et al. 2010).

Although some testing of the biological activities of target recombinant proteins
(as fusions with elastin-like proteins, y-zein, or hydrophobins) has begun, more
extensive testing will likely be necessary to establish the feasibility of these fusion
technologies for clinical or industrial applications (reviewed in Conley et al. 2011).

5.3.4.4 Targeting of Recombinant Proteins to Protein Storage Vacuoles

In some instances, targeting of human recombinant proteins to the protein storage
vacuole of seeds appears to a suitable locale for their accumulation. The human
insulin-like growth factor binding protein-3 is able to negatively regulate cell prolif-
eration and induce apoptosis. The targeting of this recombinant protein to protein
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storage vacuoles of transgenic tobacco seeds, achieved by the use of a phaseolin
signal peptide and C-terminal tetrapeptide AFVY, yields a high level of protein
accumulation (800 Ig/g dry weight) (Cheung et al. 2009). Targeting of human pro-
insulin to the protein storage vacuoles of transgenic soybean seeds yields stable
accumulation, in which the mature dry seeds stored at room temperature still retain
high levels of the protein even after 7 years (Cunha et al. 2010).

As with ER lumen localization, the subcellular locale of a targeted protein is
not always predictable (reviewed in Stoger et al. 2005). This appears to be true for
expression in both cereal and dicot hosts. For example, when recombinant proteins
are synthesized with a signal peptide and no additional targeting information, secre-
tion to the apoplast is not consistently the outcome. This may be particularly true for
expression of recombinant proteins in cereal endosperm cells, but may also occur in
dicot hosts. For example human lysozyme synthesized in rice endosperm cells with
an N-terminal signal peptide is accumulated in protein storage vacuoles (Yang et al.
2003); the same appears to be true for recombinant proteins synthesized in wheat
endosperm cells (Arcalis et al. 2004). The human lysosomal enzyme glucocerebro-
sidase of transgenic tobacco seeds is targeted to the protein storage vacuole by the
soybean basic 7S globulin signal peptide (Reggi et al. 2005).

There is a species- or tissue-dependent functionality of some protein sorting
signals (Vitale and Hinz 2005); further, a reporter glycoprotein expressed in the
endosperm of maize seeds reveals that there may be a shift in its intracellular
trafficking route during seed development (Arcalis et al. 2010). A fungal phytase
expressed in rice, is readily detected in the apoplastic environment of leaf tissues,
but is retained in ER protein bodies and protein storage vacuoles in the seed
endosperm (Drakakaki et al. 2006). As noted earlier, although the vacuole may be a
suitable site for stable accumulation of recombinant proteins in seeds, often in plant
vegetative tissues, proteins are quite unstable when targeted to this locale. For
example, accumulation levels of the spider dragline silk protein (DP1B) expressed
in Arabidopsis (Yang et al. 2005) show the impact of vacuolar targeting on the sta-
bility and yield of a recombinant protein. Although this silk protein is found at lev-
els reaching 8% of TSP in seed storage vacuoles, it is undetectable in leaf cell
vacuoles. In a similar manner, targeting of the same protein to the apoplast provides
good yields in leaves, but poor yields in seeds (Yang et al. 2005). Thus, there is the
need to conduct an empirical case-by-case assessment for each recombinant pro-
tein of subcellular targeting within the context of the target tissue for expression
(Benchabane et al. 2008).

Other protein storage vacuole sorting pathways are being exploited in seeds.
For example a target recombinant protein can be modified to contain the BP-80
transmembrane domain, and the cytosolic tail of a-TIP (tonoplast intrinsic protein);
these act as a membrane anchor and a vacuolar sorting signal respectively. Their
appendage onto a target recombinant protein results in its localization to a sub-
compartment of the protein storage vacuole for stable accumulation (Jiang et al.
2000; Jiang and Sun 2002). This has been accomplished for the lysosomal enzyme
glucocerebrosidase, which is targeted to the protein storage vacuoles of Arabidopsis
seeds. However the levels of the recombinant enzyme are very low (0.02% of total
soluble seed protein) (He et al. unpublished).
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5.3.4.5 Targeting of Recombinant Proteins to Qil
Bodies by Oleosin Tethering

When targeted to the oil bodies of transgenic Arabidopsis seeds as an oleosin-insulin
fusion protein, recombinant human insulin precursor accumulates to significant
levels (0.13% total seed protein) and can be enzymatically treated in vitro to generate
a product with a mass identical to that of the predicted product (Nykiforuk et al.
2006). Human growth hormone has also been produced in oilseeds using an oil-
body-targeting approach in which the range of protein accumulation is ~0.44—1.58%
of total seed protein; the yields of this recombinant protein are significantly improved
by oil-body-targeting, in contrast to its apoplastic accumulation, in which the pro-
tein accumulates to only 0.28% of total seed protein (reviewed in Boothe et al.
2010). A liquid-liquid separation leads to a marked enrichment of the recombinant
protein due to the removal of more than 90% of host cell proteins; at this point in the
recovery process all of the oleosin fusion proteins are still part of the oil body par-
ticle; treatment of the purified oil bodies with trypsin to cleave a trypsin-sensitive
site between the oleosin and the recombinant protein fusion partner, enables a con-
venient recovery of the recombinant protein. Typically the partially purified extracts
require some further downstream approach to purify the protein to homogeneity
(Boothe et al. 2010).

A modification of the oleosin-tethering strategy involves adding an N-terminal
fusion partner to the recombinant protein of interest to provide for the in vivo target-
ing or post-extraction capture of the fusion protein on seed oil bodies, thereby sim-
plifying and reducing the cost of downstream purification (Van Roojen and Moloney
1995). This has been attempted with insulin in which the fusion partner is an anti-
oleosin single chain antibody (ScFv) (reviewed in Boothe et al. 2010).

5.4 Controlling N-Glycosylation of Recombinant
Proteins in Seeds

Manipulation of the post-translational processing machinery of plant cells is a chal-
lenging area. Human proteins that are of pharmaceutical importance undergo sev-
eral complex post-translational processes in order to be functional (e.g. disulphide
bond formation, proteolytic processing, N- or O-linked glycosylation and other
modifications). Although glycosylation is only one of these processes, it is of prime
importance to ensure that the protein’s glycans are similar to those on the authentic
protein. New strategies have emerged to control N-linked glycosylation in plants
and seeds, particularly in relation to controlling N-glycan processing. However, sig-
nificant challenges remain in this area. Elucidating the functions of N-glycan het-
erogeneity and microheterogeneity, especially with respect to protein function,
stability and transport, are poorly understood and this represents an important area of
cell biology. In addition, there are lines of evidence trickling in that N-glycosylation
patterns are dependent upon the developmental stage of the plant or seed, and
are further influenced by tissue-specific, host-specific and environmental factors.
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It is perhaps important to note that these challenges are not unique to plant-based
production systems. For example even in the system most commonly used to generate
human protein therapeutics — Chinese hamster ovary (CHO) cells — the therapeutic
quality can be compromised under certain conditions, for example, when the cultured
cells over-express a recombinant protein. Further, the glycoforms of a recombinant
protein vary depending on the culture conditions and from one cell line to another,
despite great efforts toward glycoengineering different cell lines (reviewed in
Hossler et al. 2009).

The central importance of glycosylation is underscored by the fact that at least
one-third of approved biopharmaceuticals are glycoproteins (Walsh and Jefferis
2006); a large proportion of these are subjected to N-glycosylation (Gomord et al.
2010). While transgenic plants and seeds can effect many of the necessary post-
translational modifications to proteins, the different glycosylation patterns medi-
ated by Golgi-localized enzymes have hampered the use of plants as biofactories
for production of therapeutic proteins. The differences in N-glycan processing in
plant and mammalian cells occur during endomembrane transport as proteins tran-
sit through the Golgi apparatus. Within this compartment, enzymes convert the
original high mannose N-glycans of proteins to complex N-glycans by a series of
sequential reactions that rely on the accessibility of the glycan chain(s) to the Golgi-
processing-machinery. Bisecting 1,2 xylose and core al,3 fucose residues are
assembled onto the trimmed N-glycans of plant-synthesized proteins (Fig. 5.3a and
b); core al,6 fucose residues and terminal sialic acid residues are added in mam-
malian cells. In addition, 1,3 galactose and fucose, a1,4 linked to the terminal
GlcNAc (N-acetylglucosamine) of plant N-glycans, form the so-called Lewis® (Le?)
oligosaccharide structure; in constrast, a 1,4 galactose residue is often combined
with sialic acids in mammals (Lerouge et al. 1998). The typical kinds of N-glycans
found on plant glycoproteins are shown in Fig. 5.3a. In addition, the typical
N-glycans of human native antibodies, in comparison to those produced in different
heterologous hosts, including plants are shown in Fig. 5.3b (Gomord et al. 2010;
Beck et al. 2008).

In terms of therapeutic production is plants and seeds, the differences in N-glycan
processing are reflected on at least two levels: (1) In the absence of control of
N-glycan maturation, the plant or seed-made recombinant glycoprotein will contain
undesired sugars (e.g. B1,2 xylose-, al,3 fucose- and Le* glycoepitopes) that render
the glycoprotein immunogenic in mammals. This feature is of paramount impor-
tance, particularly for cases in which a therapeutic is to be parenterally administered
(Gomord et al. 2010); (2) Recombinant therapeutic glycoproteins with high-
mannose N-glycans may be susceptible to rapid clearance from the blood stream,
thus compromising their efficacy. Note however, that there are cases in which the
shorter half-life of arecombinant protein therapeutic may be advantageous (reviewed
in Gomord et al. 2010). Further, the efficacy of some therapeutics relies upon man-
nose-terminated N-glycans (e.g. glucocerebrosidase). A shorter in vivo half-life
may avoid cell toxicity or immune responses. This is important for antibodies
used for passive immunotherapy, in which antibody persistence can interfere with
active immunization in the patient’s circulatory system. Under these circumstances
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Fig. 5.3 (a) Examples of N-linked glycans found on plant glycoproteins. (a) High-mannose
type. (b) Short-chain complex type. (¢) Long-chain complex type. (d) Hybrid-type. In (a)-(d): a=a.;
b = . From Twyman et al. 2003, with permission from Elsevier. (b) N-glycans of human native
antibodies, and recombinant antibodies produced in different heterologous hosts, including CHO
cells, murine cells (SP2/0 or NSO cell lines), or tobacco plants, as indicated (Adapted from Beck
et al. 2008. From Gomord et al. 2010. With permission from John Wiley and Sons)
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a mannose-terminated antibody may reduce this interference (Ko et al. 2003).
For antibody conjugates used in cancer immunotherapy, rapid clearance from the
bloodstream would reduce their nonspecific toxicity (Kogelberg et al. 2007). In the
case of enzyme replacement therapies (ERTs) for lysosomal storage diseases, there
are reports of ERT infusions causing immune responses to the administrated protein
in patients (de Vries et al. 2010). Circulation of any cross-reacting IgG antibodies in
the bloodstream may reduce the therapeutic effect by capturing newly administered
enzyme, and a shorter in vivo half-life for some recombinant lysosomal enzymes
could turn into an advantage as long as the correction of tissue pathology is not
jeopardized.

The various strategies toward manipulating the N-glycan status of plant-produced
recombinant glycoproteins have been directed toward two different goals or end-
products — one is the production of human recombinant proteins containing exclu-
sively high mannose- or oligomannosidic-N-glycans (-GlcNac,-Man, ), which
relies on the target glycoprotein being stable and biologically active in this form, or
being amenable to downstream processing as appropriate. The second goal, is the
production of human recombinant proteins containing complex N-glycans that lack
xylose and fucose, but contain terminal N-glycan sugars that are characteristic of
human glycoproteins, such as sialic acid and galactose.

5.4.1 Production of High-Mannose-Terminated
Human Glycoproteins

5.4.1.1 Generation of Gene Knock-Outs or Knock-Downs to Avoid
the Addition of Undesirable Sugar Residues

Strategies in which gene inactivation or silencing has been used to reduce or elimi-
nate the activity of plant-specific glycosyltransferases (i.e. a1,3 fucosyltransferase
and B1,2 xylosyltransferase) have been most successful in the moss Physcomitrella
patens, in which homologous recombination can be performed (Koprivova et al.
2004), and in the aquatic plant Lemna minor (Cox et al. 2006). In these species the
N-glycan chains of glycoproteins are devoid of o1,3 fucosyl and/or 1,2 xylosyl
residues, e.g., on a human monoclonal antibody (Cox et al. 2006), and on a recom-
binant human vascular endothelial growth factor (Koprivova et al. 2004). This is in
contrast to the incomplete efficacy of down-regulated expression of the glucosyl-
transferases in RNAi lines of Medicago sativa (alfalfa) and Nicotiana benthamiana
(Sourrouille et al. 2008; Strasser et al. 2008). Notably the extent to which the unde-
sired (1,3 fucosyl and/or 1,2 xylosyl) residues are present on recombinant proteins
produced in these hosts is protein-specific. This may reflect the accessibility of the
N-glycan chains of the target protein to the processing enzymes, or may occur for
some other reason (Gomord et al. 2010). For example, even the incomplete down-
regulation of ol,3-fucosyltransferase- and 1,2 xylosyltransferase activities is
sufficient to allow for the generation of IgG lacking a1,3-fucose and 1,2 xylose
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residues; thus the IgG-Fc and IgG antibodies may not represent the best reporter
proteins to assess the overall efficiency of glycoengineering strategies (reviewed in
Gomord et al. 2010).

Mutant transgenic seeds have been used to generate monoclonal antibodies with
a controlled N-glycosylation pattern (Loos et al. 2011a). A comparative study of
two antiviral monoclonal antibodies, one against the hepatitis A virus and another
against HI'V, was conducted in transgenic seeds of Arabidopsis wild-type plants and
a triple glycosylation mutant lacking plant-specific N-glycan residues; both pro-
teins were efficiently secreted. The specific glycosylation mutant lacks both plant-
specific al,3-fucosyltransferases and the f1,2 xylosyltransferase; it is referred to as
‘triple knock out’ (‘TKQO’), and exhibits a ‘human-like’ GnGn N-glycosylation pat-
tern (Schihs et al. 2007). Interestingly the N-glycosylation patterns are dependent
on the target protein. Both the wild-type, and the glycosylation mutant generate the
anti-HIV monoclonal antibody with complex N-glycans, which are comprised of a
single dominant N-glycan species, GnGnXF and GnGn, respectively. In contrast the
anti-hepatitis A monoclonal antibody contains both complex N-glycans and oligo-
mannosidic N-glycans. A KDEL-tagged version of the anti-HIV monoclonal anti-
body exhibits an ER-typical N-glycosylation pattern (i.e. primarily oligo-mannosidic
N-glycans) but the recombinant protein transits to the protein storage vacuoles.
A characterization of recombinant scFv antibodies in the same triple mutant reveals
aberrant subcellular targeting of the proteins. One of the ScFv antibodies (anti-HIV
scFv-Fc) is deposited in newly formed ER-vesicles irrespective of whether or not it
contains a C-terminal KDEL sequence; it contains exclusively oligomannosidic
N-glycans but is inactive with respect to its virus neutralizing capabilities (Loos
etal. 2011b).

In a different approach, down-regulation of a GDP-D-mannose 4,6-dehydratase
gene, encoding an enzyme associated with GDP-L-fucose biosynthesis in N. bentha-
miana plants successfully reduces the levels of core a-1,3-fucose and o-1,4-fucose
residues on the N-glycans of a recombinant mouse granulocyte-macrophage colony-
stimulating factor (Matsuo and Matsumura 2011).

5.4.1.2 Expression of Recombinant Proteins in Mutant Seeds
Defective in Early Golgi Modifying Enzymes

There are other types of complex-glycan-deficient mutant plants or seeds (e.g. those
of Arabidopsis) (Downing et al. 2006; Strasser et al. 2004; Frank et al. 2008), in
which the first enzyme involved in complex glycan formation, N-acetylglucosamine
transferase I, is either absent or deficient (Fig. 5.4). Some of the Golgi-modifying
enzymes in plants include a-mannosidase I, N-acetylglucosaminyl transferase I,
o-mannosidase II, N-acetylglucosaminyl transferase II and fucosyl-, galactosyl-
and xylosyl-transferases (Lerouge et al. 1998). Fucosyl- and xylosyl-transferases
require at least one terminal N-acetylglucosamine residue on the N-linked gly-
can (boxed GlcNAc, Fig. 5.4). Thus, a deficiency in N-acetylglucosaminyl trans-
ferase I (GnT I), as occurs in the Arabidopsis cgl mutant, is predicted to generate
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Fig. 5.4 Role of GnT I in the first step of complex N-glycan formation. In a deficient mutant, such
as cgl, GlcNAc (N-acetylglucosamine) is not added to the trimmed N-linked glycan (box); thus,
the various glycosyltransferases (e.g. xylosyl- and fucosyl-transferases) do not add their respective
sugars (e.g. xylose and fucose, respectively). Note that for simplicity, the N-linked complex glycan
shown is a plant Lewis*-type complex glycan. Complex glycan structures of plant-made biophar-
maceuticals can show heterogeneity from one system to another; however, all plant species have
the capacity to add bisecting 3(1,2)-xylose and core a.(1,3)-fucose residues onto the trimmed gly-
can (From Downing et al. 2006. With permission from John Wiley and Sons)
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recombinant proteins that contain high mannose N-glycans (predominantly
Man-GlcNAc, with small amounts of Man,, Man, and Many) (Fig. 5.4) (von
Schaewen et al. 1993); the point mutation underlying the cgl/ phenotype (referred to
as cgl CS5) has been characterized (Strasser et al. 2004). This approach has been
used to synthesize active human o-iduronidase (Downing et al. 2006, 2007), in which
approximately 93% of the N-glycans on the recombinant protein are in high-mannose
or oligomannosidic form (He et al. unpublished). This particular Arabidopsis mutant
arises because of a point mutation generating an additional site for N-glycosylation in
the GnT I enzyme. This in turn creates a deficiency of the enzyme because the protein
undergoes incorrect folding and is thus unstable (Frank et al. 2008). The GnT I
activity can be restored, however, if transfer of the destabilizing N-glycan to GnT I is
inhibited by tunicamycin treatment or by mutation of the oligosaccharyltransferase
complex (Frank et al. 2008). The cgl CS5 line is therefore a conditional mutant. The
cgl C6 line, another Arabidopsis GnT I mutant (Frank et al. 2008), contains an intron
splice site mutation that results in a frameshift in the protein product; this line is there-
fore an unconditional mutant. The conditional nature of the cg/ C5 mutation likely
explains why there are residual N-glycan xylose and fucose residues on the seed-
produced recombinant human o-iduronidase and glucocerebrosidase (He et al.
unpublished); for example, there may be some GnT I activity in this mutant during
stages of seed development when storage protein synthesis is very active.

The ALG3 gene of Arabidopsis is an al,3-mannosyl transferase, which is involved
in the build-up of dolichol-linked high-mannose type glycans in the ER (Henquet
et al. 2008; Kajiura et al. 2010). A homozygous T-DNA insertion mutant, alg3-2,
exhibits very low levels of transferase activity, and mostly truncated aberrant
Man,GIcNAc, N-glycans, rather than Man GlcNAc, N-glycans, are transferred from
the dolichol intermediate to the Asn residue(s) of nascent glycoproteins. Thus, ER
resident glycoproteins of the mutant plants are almost uniformly modified by an
abnormal Man,GlcNAc, glycan (Henquet et al. 2008). The N-glycan heterogeneity
of ER resident glycoproteins is also reduced in seeds. Recently a KDEL-tagged scFv-
Fc was expressed in seeds of wild-type and alg3-2 plants (Henquet et al. 2010). The
N-glycans on these antibodies from mutant seeds were predominantly comprised of
Man,GIcNAc,, as compared to Man,GlcNAc, and Man,GlcNAc, isoforms on the
recombinant protein produced in wild-type seeds; antigen-binding was not adversely
affected by the aberrant N-glycan composition. Interestingly the proportion of both
recombinant and endogenous proteins that were underglycosylated was more preva-
lent in the mutant than in seeds of wild-type plants (Henquet et al. 2010).

5.4.1.3 Avoiding Golgi Transport via Manipulation
of Subcellular Targeting

The manipulation of subcellular targeting within the endomembrane system, in
which transit of recombinant proteins through the Golgi complex is prevented,
represents another strategy that has been used to manipulate N-glycan struc-
tures on recombinant proteins. One example is the use of HDEL/KDEL sequences
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(or extended versions of these sequences) for ER retention (Tekoah et al. 2004; Ko
et al. 2003; Sriraman et al. 2004; Petruccelli et al. 2006; reviewed in Gomord et al.
2010). Plant-derived monoclonal antibodies synthesized with a C-terminal KDEL,
do not contain any of the known antigenic glycan epitopes found on mammalian-
derived monoclonal antibodies or on plant-derived recombinant proteins when no
mechanism for control of glycosylation is used. However, in some cases, a signifi-
cant proportion of complex (i.e. matured) N-glycans are still detected on KDEL-
tagged antibodies, either as a result of escape from the normal retrieval mechanism,
or possibly due to some degree of proteolytic cleavage of the KDEL tag (Tekoah
et al. 2004; Gomord et al. 2010). A KDEL-tagged anti-HIV antibody expressed in
the endosperm of transgenic maize seeds contains some xylose and fucose on its
N-glycans; unexpectedly, most of the N-glycans contained a single GlcNac residue.
This may be indicative of extensive trimming by unknown glucosidases (Rademacher
et al. 2008), or may be due to a mass-spectrometry-mediated artifact (Karnoup et al.
2007; Karg and Kallio 2009). An ER retention SEKDEL sequence is effective in
significantly diminishing the amounts of N-glycan xylose and fucose residues of the
recombinant lysosomal enzyme o-L-iduronidase produced in seeds of transgenic
tobacco and Brassica napus (Galpin et al. 2010). Thus, the proportion of synthe-
sized recombinant proteins in which their constituent N-linked glycans undergo
maturation (and hence, the addition of potentially immunogenic sugars) is reduced,
but not completely eliminated by the presence of the ER retention motif. Notably,
HDEL/KDEL sequences on the carboxy-termini of recombinant proteins do not
necessarily guarantee their ER retention in plant cells via the retrieval mechanism
(see earlier), and recombinant proteins may accumulate in post-ER compartments in
which N-glycan maturation and further processing can take place. Aberrant subcel-
lular trafficking of KDEL-tagged recombinant proteins in seeds, e.g. in which the
recombinant protein is accumulated in the protein storage vacuole has been noted
earlier; this is often reflected in the protein’s constituent N-glycan sugars.

Unique trans-membrane domain and cytoplasmic tail sequences can be used as
anchors for delivering recombinant proteins via distinct vesicular transport path-
ways to specific vacuolar compartments in dicot seeds, allowing for their stable
accumulation (Jiang and Sun 2002) (see earlier). The mechanism bypasses protein
transit through the Golgi complex and thus Golgi-specific N-glycan maturation
can be avoided. Characterization of the N-glycan structures of recombinant gluco-
cerebrosidase targeted to the protein storage vacuole in this manner is underway.

5.4.2 Production of Recombinant Proteins
with ‘Humanized’ (Complex) N-Glycans

Considerable efforts have gone toward the production of recombinant proteins with
galactosylated and sialylated N-glycans as most circulating human glycoproteins
contain N-glycans that are capped by neuraminic acid on penultimate B1,4 galactose
residues.
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5.4.2.1 In Vitro Modification of Plant-Derived Recombinant Proteins

When both terminal GlcNac residues are present on a plant-produced recombinant
protein, the N-glycans can be further modified by in vitro galactosylation (e.g.
using purified human 1,4-galactosyltransferase) to produce N-glycans with galac-
tose residues (reviewed in Karg and Kallio 2009). In vitro sialylation of plant-
derived galactosylated recombinant proteins has also been demonstrated (Misaki
et al. 2003).

5.4.2.2 Heterologous Expression of Human B1,4-Galactosyltransferase

This strategy has been used in transgenic plants to produce recombinant proteins
(e.g. antibodies) with galactose-extended glycans. 1,4-galactosyltransferase is
the first glycosyltransferase of mammalian cells that initiates the further branching
of complex N-linked glycans after the action of N-acetylglucosaminyltransferases
I and II (Palacpac et al. 1999). This strategy successfully generates galactosylated
glycoproteins in tobacco suspension-culture BY2 cells and tobacco plants (Palacpac
et al. 1999; Bakker et al. 2001), but the process is somewhat inefficient. Tobacco
BY suspension cells engineered in this manner generate glycoproteins that possess
glycans that react with Ricinus communis agglutinin 120 (specific for B1,4-linked
galactose), but do not react with an antibody specific for complex glycans contain-
ing B1,2-xylose residues and have no detectable a1,3-fucose residues (determined
by HPLC and IS-MS/MS). The efficiency of the human B1,4-galactosyltransferase
is greatly improved by fusing its catalytic domain to the Golgi-localization domain
of a plant glucosyltransferase (Bakker et al. 2006; Vezina et al. 2009; Gomord
et al. 2010).

5.4.2.3 Heterologous Expression of Human Genes to Produce
Sialylated N-Glycans on Human Glycoproteins

Recently, six genes of the mammalian sialic acid biosynthetic pathway (including a
CMP-N-acetylneuraminic acid synthetase, and a CMP-sialic acid transporter) were
expressed alongside a recombinant monoclonal antibody in N. benthamiana to yield
the sialylated product (Castilho et al. 2010). This demonstrates the utility of N. ben-
thamiana as an ideal expression system for rapid proof-of-principle studies involv-
ing engineering of the plant N-glycan biosynthetic pathway.

5.4.2.4 Heterologous Expression of GnT III
In most mammalian cells, the enzyme B-1,4-N-acetylglucosaminyltransferase III

(GnT III) catalyzes the addition of a bisecting GIcNAc to the 3-mannose of N-linked
glycans, creating a bisected complex or hybrid oligosaccharide. A strategy that has
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been used to shift the pool of N-glycans toward hybrid structures, and further to
reduce the addition of plant-specific core xylose and fucose residues is the expression
of a heterologous GnT III gene in plant cells. Toward this end the catalytically
active portion of rat GnT III was expressed in transgenic tobacco as a chimeric
protein containing the Golgi-localization domains of an A. thaliana mannosidase II
(Frey et al. 2009). MALDI-TOF MS analysis (Karg et al. 2009) revealed a strong
reduction in the level of xylosylation and fucosylation of plant N-glycans. The frac-
tion of sugars devoid of xylose and fucose drastically rose to ~60% in the trans-
genic plants as compared to the ~13% characteristic of wild-type plants; the pool of
N-glycan structures was shifted toward hybrid N-glycan structures from complex
N-glycans.

5.5 Conclusions

These are exciting times in the field of plant molecular pharming. The first plant-
based therapeutic for a lysosomal storage disease intended for parenteral admin-
istration is being pursued for commercialization through the joint efforts of
Protalix and Pfizer. This is a carrot-suspension-culture-derived recombinant glu-
cocerebrosidase enzyme for treatment of the lysosomal storage disease, Gaucher
disease (Shaaltiel et al. 2007). Presently, additional testing of this plant-based
therapeutic is being sought by the FDA before it can be approved; it was it given
fast-track status by the FDA due to Genzyme’s CHO-cell-culture production
problems in 2009-2010. As well as improving the yields of recombinant proteins
in plant- and seed-based systems, manipulation of posttranslational processing in
plant cells to produce recombinant proteins that are similar or identical to the
native protein and are bioactive, stable and functional still represents a critical
challenge. The functions of N-glycan heterogeneity and microheterogeneity,
especially with respect to protein function, stability and transport, are poorly
understood in all eukaryotic systems. The problems associated with plant-specific
N-glycan maturation, and the manipulation of O-linked glycosylation, and other
forms of protein processing are not trivial, despite recent progress in these excit-
ing areas. The development of in vitro methods for specific downstream process-
ing of recombinant proteins is awaited with interest, as are improvements in the
efficiency of purification of recombinant proteins, and in methods to generate
native mature recombinant proteins with no foreign amino acid motifs. These
further developments will help to bring to fruition the full emergence of plant- and
seed-based systems as suitable, viable alternatives to the current systems for
large-scale production of biopharmaceuticals.
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Chapter 6
Algae: An Alternative to the Higher
Plant System in Gene Farming

Christoph Griesbeck and Anna Kirchmayr

Abstract Microalgae based systems have the potential to combine the advantages
of plants with features of microorganisms, thus becoming an alternative for gene
farming. Advantages such as a short time from gene to protein, inexpensive cultiva-
tion, fast growth and improved biosafety aspects make microalgae interesting can-
didates for novel molecular farming systems. As a model organism, the unicellular
green alga Chlamydomonas reinhardtii is one of the best studied organisms in this
field and provides established methods for transformation, markers and reporters.
Its ability for expression of proteins with biopharmaceutical or biotechnological
relevance, such as antibodies, enzymes or antigenic peptides, has been demonstrated
in a number of cases. Although no commercialized product has been reported so far,
the application of algal systems for certain fields, such as edible vaccines, are
increasingly gaining interest. Aside from biopharmaceuticals, an additional field for
the use of algae for pharmaceutical products could involve novel metabolites,
improved by metabolic engineering.

6.1 Algae and Their Taxonomy

The term ‘algae’ does not refer to a specific taxon, but comprises a large number of
phylogenetically very diverse groups of photosynthetically active organisms
belonging to prokaryotes (cyanobacteria) or eukaryotes. Accounting for about half
of the biologically fixed global carbon dioxide (Field et al. 1998), algae are of enor-
mous ecological importance. In the context of molecular farming systems we will
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focus in this review on eukaryotic algae, as they are more comparable to higher
plant systems in terms of cell architecture and genetics than prokaryotic cyanobac-
teria. Whereas macroscopic algae like the red alga Porphyra are used as a food
source in some parts of the world, microalgae have received ever increasing atten-
tion for their biotechnological applications as indicated by a rising number of
reviews (Franklin and Mayfield 2004, 2005; Leon-Banares et al. 2004; Mayfield
and Franklin 2005; Walker et al. 2005b; Griesbeck et al. 2006; Potvin and Zhang
2010; Specht et al. 2010). Among the phylogenetically heterogeneous groups of
eukaryotic algae, methods for genetic manipulation, the basis for gene farming,
have been reported for green algae (Chlorophyta), diatoms (Bacillariophyta) and
dinoflagellates (Dinophyceae) (Leon-Banares et al. 2004).

6.2 Methods for Biotechnology with Microalgae

In order to exploit microalgal systems for biotechnological use, methods for genetic
engineering and cultivation have to be accessible. In this chapter we therefore pro-
vide an overview of biotechnological methods reported for microalgae including
transformation, markers, reporters, gene structure and RNA interference. In addi-
tion to this, methods of microalgae cultivation are of particular importance due to
the systems’ requirements related to photoautotrophic growth.

6.2.1 Transformation

In general, algae possess three genetic systems: the nuclear, the mitochondrial and
the plastid genome, each of which may be genetically manipulated. A number of
microalgae have already been subject to studies on genetic modification as reviewed
in Table 6.1. In this section the available transformation options are viewed in
some detail.

6.2.1.1 Particle Bombardment

Biolistic transformation via microparticle bombardment (Boynton et al. 1988) is the
most commonly chosen technique for the introduction of DNA into the chloroplast
genome. For this method DNA-coated metal particles (usually gold or tungsten) are
accelerated with a helium-driven pistol and impelled into the target recipient cells.
Microparticle bombardment may also be used in the transformation of nuclear
genomes. Unfortunately, this method results in the integration of multiple DNA
copies at random sites throughout the genome which is often undesirable (Sodeinde
and Kindle 1993).
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Table 6.1 Transformation of algae
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Organism

Transformation method

Reference

Chlamydomonas reinhardtii
Chlamydomonas reinhardtii
Chlamydomonas reinhardtii
Chlamydomonas reinhardtii
Volvox carteri
Phaeodactylum tricornutum
Chlorella sorokiana
Chlorella ellipsoidea
Chlorella vulgaris
Chlorella kessleri
Chlamydomonas reinhardtii
Dunaliella salina
Dunaliella tertiolecta
Haematococcus pulvialis
Dunaliella viridis
Dunaliella salina
Closterium peracerosum-
strigosum-littorale
Lotharella amoebiformis
Cyanidioschyzon merolae
Nannochloropsis oculata
Dunaliella salina
Ulva pertusa
Gonium pectorale
Haematococcus pulvialis

Particle bombardment
Glass beads
Electroporation

Silicon carbide whiskers
Particle bombardment
Particle bombardment
Particle bombardment
Particle bombardment
Electroporation

Particle bombardment
Agrobacterium tumefaciens
Particle bombardment
Electroporation

Particle bombardment
Electroporation
Electroporation

Particle bombardment

Particle bombardment
Glass beads
Electroporation

Glass beads

Particle bombardment
Particle bombardment
Agrobacterium tumefaciens

Boynton et al. (1988)
Kindle (1990)

Brown et al. (1991)
Dunahay (1993)
Schiedlmeier et al. (1994)
Aptet al. (1996)

Dawson et al. (1997)
Chen et al. (1998)

Chow and Tung (1999)
El-Sheekh (1999)

Kumar et al. (2004)

Tan et al. (2005)

Walker et al. (2005a)
Steinbrenner and Sandmann (2006)
Sun et al. (2006)

Wang et al. (2007)

Abe et al. (2008)

Hirakawa et al. (2008)
Ohnuma et al. (2008)

Chen et al. (2008)

Feng et al. (2009)
Kakinuma et al. (2009)
Lerche and Hallmann (2009)
Kathiresan et al. (2009)

6.2.1.2 Glass Beads and Silicon Whiskers

The most popular method for introducing foreign DNA into the nuclear genome of
algae was first described by Kindle in 1990. Glass beads are used to impact the cell
wall and to allow DNA to enter the cell. To enhance this effect, cells are vortexed
together with polyethylene glycol. This method is often applied because of its ease-
of-use and the low cost of necessary materials and instruments. One disadvantage of
this transformation procedure is the necessity of cell wall-deficient mutants or enzy-
matic cell treatment prior to the transformation step (Kindle 1990). Transformation
with glass beads also results in lower copies of integrated DNA in comparison with
particle bombardment (Kindle 1998).

Using silicon carbide whiskers instead of glass beads is yet another possible
transformation method. This modified approach, however, is not commonly used
due to the expensive and hazardous materials which are required. One notable
advantage of the silicon carbide variation is the possible use of wild type strains
instead of cell wall-deficient mutants. Lower cell lethality during vortexing could
also be seen as an important advantage of this method (Dunahay 1993).
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6.2.1.3 Electroporation

A further method for introducing DNA into algae cells is electroporation. Initial
approaches to nuclear transformation via electroporation resulted only in low fre-
quencies of stable transformation (Brown et al. 1991). Electroporation has been
established for both wild type and cell wall-deficient cells of C. reinhardtii (Tang
et al. 1995; Shimogawara et al. 1998).

6.2.1.4 Agrobacterium tumefaciens Mediated Transformation

Transformation of algae cells using T-DNA of Agrobacterium tumefaciens, as
it is common for higher plants, was attempted with the unicellular green algae
Chlamydomonas reinhardtii and Haematococcus pluvialis (Kumar et al. 2004;
Kathiresan et al. 2009; Kathiresan and Sarada 2009). Co-cultivation of each alga
with Agrobacterium tumefaciens resulted in the genomic integration of the genes
for green fluorescent protein, hygromycin phosphotransferase and B-glucuronidase.
For C. reinhardtii, transformation efficiency was stated to be 50-fold higher than
that of the glass beads method (Kumar et al. 2004).

6.2.2 Selection Markers, Reporter Genes and Promoters

6.2.2.1 Selection Markers

Being a model organism, Chlamydomonas reinhardtii comes with the largest col-
lection of selection markers, other algae species which are currently accessible for
transformation have only made use of a small number of marker genes. Table 6.2
shows a detailed list of markers reported for microalgae. Most of the listed markers
may be utilized for nuclear transformation, whereas some such as aadA (Goldschmidt-
Clermont 1991; Cerutti et al. 1997) and aphA-6 (Bateman and Purton 2000) confer
resistance when integrated into the plastidic genome. The application of prototrophic
markers such as ARG7 (Debuchy et al. 1989), NIAI (Kindle et al. 1989), NIC7
(Ferris 1995) and THI10 (Ferris 1995) may be helpful in avoiding the integration of
antibiotic resistance genes into algal genomes, but either restricts its use to the cor-
responding auxotrophic strains or requires the introduction of these mutations prior
to transformation.

6.2.2.2 Reporters

Similarly to the situation of marker genes, C. reinhardtii offers the most compre-
hensive list of available reporters among algae. As pointed out below for transgenes
in general, reporter genes have usually to be adapted to the codon usage of this spe-
cies to allow for reproducible and measurable expression levels. In Table 6.3 an
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Table 6.2 Selection markers for microalgae (Fuhrmann 2002; Griesbeck et al. 2006; Potvin and

Zhang 2010)

Marker Description Organism Reference
ARG7 Arginine prototrophy Chlamydomonas Debuchy et al. (1989)
reinhardtii
NITI (NIAI) Nitrate prototrophy Chlamydomonas Kindle et al. (1989)
reinhardtii
nptll Neomycin Chlamydomonas Hall et al. (1993), Dunahay
phosphotransferase reinhardtii, et al. (1995), Ten Lohuis
Symbiodinium sp., and Miller (1998) and
Phaeodactylum Zaslavskaia et al. (2000)
tricornutum,
Amphidinium sp.,
Cyclotella crytica,
Navicula saprophila
CRYI-1 Resistance to cryptop- ~ Chlamydomonas Nelson et al. (1994)
leurine/emetine reinhardtii
NIC7 Nicotinamide Chlamydomonas Ferris (1995)
prototrophy reinhardtii
THI-10 Thiamine prototrophy  Chlamydomonas Ferris (1995)
reinhardtii
ble Resistance to zeocin Chlamydomonas Aptet al. (1996) and
reinhardtii, Stevens et al. (1996) and
Phaeodactylum Lumbreras et al. (1998)
tricornutum
aadA Resistance to spectino-  Chlamydomonas Goldschmidt-Clermont
mycin/streptomycin reinhardtii (1991) and Cerutti et al.
(1997)
PPX1 Resistance to porphyric  Chlamydomonas Randolph-Anderson
herbicides reinhardtii et al. (1998)
aphA-6 Resistance to kanamy-  Chlamydomonas Bateman and Purton (2000)
cin/amikacin reinhardtii
act-2 Resistance to Chlamydomonas Stevens et al. (2001)
cycloheximide reinhardtii
aphVIII Resistance to paromo-  Chlamydomonas Sizova et al. (2001)
mycin/kanamycin reinhardtii
ALS Resistance to Chlamydomonas Kovar et al. (2002)
sulfometuronmethyl reinhardtii
aph7”” Resistance to hygromy- Chlamydomonas Berthold et al. (2002)
cin B reinhardtii
oee-1 Oxygen-evolving Chlamydomonas Mayfield and Kindle (1990)
enhancer protein reinhardtii
cat Resistance to Chlamydomonas Tang et al. (1995) and
chloramphenicol reinhardtii, Aptet al. (1996)
Phaeodactylum
tricornuntum
hpt HygromycinB Amphidinium, Ten Lohuis and
phosphotransferase Symbiodinium Miller (1998)
nat Nourseothricin Phaeodactylum Zaslavskaia et al. (2000)
resistance tricornuntum

(continued)
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Marker Description Organism Reference

sat-1 Nourseothricin Phaeodactylum Zaslavskaia et al. (2000)
resistance tricornuntum

ARGY plastid N-acetyl Chlamydomonas Remacle et al. (2009)
ornithine reinhardtii
aminotransferase

PDS Phytoene desaturase Chlorella zofingiensis, Steinbrenner and Sandmann

H. pluvialis

(2006) and Huang
et al. (2008)

Table 6.3 Reporter genes for microalgae (Fuhrmann 2002; Griesbeck et al. 2006; Potvin and

Zhang 2010)
Reporter Description Organism Reference
ARS Arylsulfatase-colorimetric Chlamydomonas Davies et al. (1992)
assay-not for sulfur reinhardtii
starvation
crgfp Nuclear codon-optimized GFP  Chlamydomonas ~ Fuhrmann et al. (1999)
reinhardtii
rluc Chloroplast-Luciferase from Chlamydomonas Minko et al. (1999)
Renilla reniformis reinhardtii
gfpCt Chloroplast codon-optimized Chlamydomonas ~ Franklin et al. (2002)
GFP reinhardtii
crluc Nuclear codon-optimized Chlamydomonas Fuhrmann et al. (2004)
Luciferase from Renilla reinhardtii
reniformis
luxCt Chloroplast codon-optimized Chlamydomonas Mayfield and Schultz
Luciferase from Vibrio reinhardtii (2004)
harveyi
lucCP Chloroplast codon-optimized Chlamydomonas Matsuo et al. (2006)
firefly Luciferase reinhardtii
cgluc Nuclear codon-optimized Chlamydomonas Ruecker et al. (2008)
Gaussia princeps luciferase reinhardtii
luc Luciferase from Horatia Phaeodactylum Falciatore et al. (1999)
parvula tricornutum
eGfp GFP adapted to human codon  Phaeodactylum Zaslavskaia et al. (2001)
usage tricornutum
gus -Glucuronidase Phaeodactylum Ten Lohuis and Miller
tricornutum, (1998) and Zaslavskaia
Amphidinium, et al. (2000)
Symbiodinium
€ -frustulin ~ Calcium-binding glycoprotein  Cylindrotheca Fischer et al. (1999)
fusiformis

overview of the frequently used reporter genes in different microalgae is given. GFP
and luciferase as the most commonly used reporter genes have also been utilized for
C. reinhardtii. The gene encoding the green fluorescent protein from Aequorea vic-
toria was adapted to the nuclear and chloroplast codon usage and successfully
expressed (Fuhrmann et al. 1999; Franklin et al. 2002). Two different luciferase
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genes from Gaussia princeps and Renilla reniformis were also codon-optimized
and are commonly used for gene expression studies (Minko et al. 1999; Fuhrmann
et al. 2004; Mayfield and Schultz 2004; Matsuo et al. 2006; Ruecker et al. 2008). In
addition, the endogenous gene of arylsulfatase has also shown its effectiveness for
the measurement of transgene expression (Davies et al. 1992). However, its activity
can only be monitored when the endogenous enzyme is not expressed.

6.2.2.3 Promoters

Whereas the use of strong viral promoters in plant or mammalian systems is fairly
common, such promoters are not available for algae to date due to the lack of suitable
algal viruses. For some algae, typical plant virus promoters such as the cauliflower
mosaic virus 35S promoter have proven their effectiveness (Ten Lohuis and Miller
1998). In the case of Chlamydomonas reinhardtii, strong endogenous promoters are
usually chosen. Among the most frequently used nuclear promoters for this organ-
ism are the constitutive promoter of a small subunit of the ribulose bisphosphat car-
boxylase RBCS2 (Stevens et al. 1996) and the B-2-tubulin promoter (Davies et al.
1992). When inducible expression is desired, NIT1 and CYC6 can be controlled by
the nitrate and copper concentration in the medium, respectively (Loppes et al. 1999;
Quinn et al. 2003). The upstream fusion of the heat shock promoter HSP70A, which
can be further enhanced by heat shock, was found to be successful in improving
neighboring promoter elements (Schroda et al. 2000). In Table 6.4 promoters are
listed, which have been reported to function in C. reinhardtii.

6.2.3 Codon Usage and Gene Structure

Foreign gene expression in microalgae is often accompanied by low or barely
detectable expression rates even when expressed under strong promoters. Several
explanations could be given for this effect.

The influence of the codon usage was recognized as an important factor for trans-
gene expression in studies with the microalgae Phaeodactylum tricornuntum
(Zaslavskaia et al. 2000, 2001) and Chlamydomonas reinhardtii. For C. reinhardtii
having a high GC content of 61%, expression of transgenes could only be achieved
for genes with a comparable high GC content as demonstrated for gfp (Fuhrmann
etal. 1999; Leon-Banares et al. 2004; Heitzer et al. 2007). Therefore, codon adapta-
tion of transgenes is required for this alga as a general rule in order to permit signifi-
cant expression.

Other strategies for improving transgene expression in C. reinhardtii include the
integration of intron sequences into transgenes. The Renilla-luciferase gene was used
as a reporter to study different intronic structures. Under the control of a constitutive
chimeric HSP70A/RBCS?2 promoter, integration of RBCS2 introns into the transgene
influenced the expression levels significantly with the physiological number and order
of the three introns having the best stimulating effect (Eichler-Stahlberg et al. 2009).
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Table 6.4 Promoters used in Chlamydomonas reinhardtii (Griesbeck et al. 2006)

Promoter Description Genome Reference
B-2-TUB  B-2-tubulin Nuclear Davies et al. (1992)
nos Nopaline synthase from Agrobacterium  Nuclear Hall et al. (1993)
tumefaciens
CaMV Cauliflower mosaic virus 35S Nuclear Tang et al. (1995)
RBCS2 Small subunit of ribulose bisphosphat Nuclear Stevens et al. (1996)
carboxylase
NIAI Nitrate reductase Nuclear Loppes et al. (1999)
cor Chlamyopsin Nuclear Fuhrmann et al. (1999)
HSP70A  Heat shock protein 70A Nuclear Schroda et al. (2000)
psaD Photosystem I complex protein Nuclear Fischer and Rochaix
(2001)
cycb Cytochrome ¢, Nuclear Quinn et al. (2003)
atpA ATPase alpha subunit Chloroplast Mayfield et al. (2003),
Sun et al. (2003) and
Mayfield and Schultz
(2004)
psbA Photosystem II protein D1 Chloroplast Mayfield and Schultz
(2004)
rbcL Ribulose bisphosphate carboxylase large Chloroplast  Franklin et al. (2002),
subunit Mayfield et al. (2003)
and Mayfield and
Schultz (2004)
cabll-1 Chlorophyll-ab binding protein Chloroplast  Blankenship and Kindle
(1992)

As using linearized DNA for transformation was also demonstrated to increase
expression levels of transgenes in C. reinhardtii (Kindle 1998), a modular system
for the fast and customizable creation of linear transgene constructs has been estab-
lished, which allows the combination of different marker genes with the gene of
interest. Fusion of two plasmids in vitro using Cre/lox site-specific recombination
facilitates the rapid construction of large tandem vectors for transgene expression
under the control of different promoter sequences. Bacterial vector sequences,
which are not required at this point any more, can be removed from the linearized
vector. The resulting constructs showed significantly higher coexpression rates of
marker and gene of interest (Heitzer and Zschoernig 2007).

6.2.4 Posttranscriptional Gene Regulation

Posttranscriptional gene silencing is an important mechanism for gene regulation in
many eukaryotes. MicroRNAs (miRNAs) and short interfering RNAs (siRNAs)
have been demonstrated to be involved in posttranscriptional gene silencing mecha-
nisms also in the unicellular alga Chlamydomonas reinhardtii (Molnar et al. 2007).
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On the one hand, silencing can be responsible for unstable expression of transgenes
and low yields of recombinant proteins when expressed from the nuclear genome, as
effective recognition and silencing of transgenes has been shown for C. reinhardtii
(Schroda 2005). On the other hand, these mechanisms can be utilized for targeted
downregulation of endogenous genes. Methods for gene silencing have also been
established for C. reinhardtii. The integration of an antisense construct induced
silencing of a corresponding retinal protein (Fuhrmann et al. 2001). Inducible RNAi
with the NIT1 promoter was reported in 2005 by Koblenz and Lechtreck (2005).
Artificial miRNAs have been employed for highly specific gene silencing and could
be useful for high-throughput studies (Molnar et al. 2009). Such approaches could
be helpful not only for investigations of gene function, but also for metabolic engi-
neering, for example if glycosylation patterns have to be modified by downregulation
of genes of the glycosylation machinery.

6.2.5 Cultivation

Photoautotrophic growth of microalgae makes cultivation a challenging issue.
Especially in the context of upscaling processes, illumination and carbon dioxide
supply create most difficulties. Generally, microalgae can be cultivated both in open
and closed systems, either associated with a set of advantages and drawbacks.

6.2.5.1 Open Systems

Open cultivation systems such as tanks, circular ponds, raceway ponds or inclined-
surface photobioreactors represent a simple and inexpensive way to cultivate
microalgae (Borowitzka 1999; Pulz 2001). Major disadvantages are the insufficient
mass transfer due to the usual lack of stirring and the limited illumination at higher
layer thickness. Moreover, cells can be easily damaged by high light intensities dur-
ing the day. Thus, the presently achievable cell densities of ca. 1 g/l (Pulz 2001) are
lower compared to stirred and artificially illuminated closed bioreactors. Because of
the low cell densities and layer thickness, this cultivation method requires large
areas of land. As a matter of common sense, open systems cannot be run under ster-
ile conditions, which allows only the cultivation of algae growing under highly
selective conditions e.g. in terms of salinity. Production of biopharmaceuticals under
such high risk of contamination is in effect impracticable.

6.2.5.2 Closed Systems

Due to the drawbacks of open systems mentioned above, cultivation of microal-
gae is more and more carried out in closed photobioreactors. These forms of
reactors cut contamination risk to a minimum. Due to the closed construction,
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cultivation can be performed under elevated carbon dioxide concentrations.
In general, growth conditions such as temperature can be adjusted more precisely
and are more reproducible compared to open systems (Pulz 2001). Whereas expe-
rience from conventional bioreactor systems can be used for the optimization of
issues such as gassing, mixing or sterilization, the most challenging task in design-
ing photobioreactors is still the provision of an optimum illumination, which can
be achieved by artificial light, sun light or a combination of both. Different types
of closed photobioreactors have been described: flat-plate, horizontal/serpentine
tubular airlift, tubular photobioreactors, bubble column, airlift column, stirred
tank, helical tubular, conical, torus and seaweed-type reactors (Eriksen 2008;
Ugwu et al. 2008). Rising complexity of such photobioreactor systems leads to
increasing costs of investment and operations, but on the other hand to higher
achievable cell densities.

6.3 Recombinant Proteins Expressed in Microalgae

6.3.1 Proteins Expressed in Chlamydomonas reinhardtii

In order to demonstrate the potential of novel expression systems, different proteins
for pharmaceutical or biotechnological use have to be expressed and tested for their
functions and properties. In the case of Chlamydomonas reinhardtii as the best stud-
ied alga, a number of diverse proteins have been expressed successfully, but to date
none has reached economical or clinical relevance. Table 6.5 shows a detailed over-
view of the most important recombinant proteins which have successfully been
expressed in C. reinhardtii. According to their function, these proteins act as anti-
genic proteins, antibodies, enzymes or hormones.

Within the past few years, the number and diversity of expressed and tested pro-
teins have increased significantly indicating a rising interest in this system as bio-
technological tool. A recent study demonstrated successful expression of several
human therapeutic proteins in the chloroplast. These include a cytokine, antibody
mimicking proteins and a vascular endothelial growth factor (Rasala et al. 2010).

Besides the accumulation of recombinant proteins, the functionality and bioac-
tivity of different protein classes expressed in Chlamydomonas could be shown. An
example of this can be observed in the binding affinity of an algal expressed anti-
body against anthrax protective antigen 83. It was shown to be similar to that of an
antibody expressed in mammalian cells (Tran et al. 2009). Another interesting
example for biofarming with C. reinhardtii is the stable expression of the D2
fibronectin-binding domain of Staphylococcus aureus fused with the cholera toxin
B subunit. Algae-based vaccinations lead to the induction of specific mucosal and
systemic immune responses and protected mice against lethal doses of this patho-
genic bacterium. Moreover, the algal-based vaccine was stable for more than a year
at ambient temperature (Dreesen et al. 2010).
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Altogether, these results can be seen as proof of principle for the Chlamydomonas
expression system. Whereas for expression within the chloroplast the observed yields
are in a range sufficient for commercial production as documented by several publica-
tions (He et al. 2007; Manuell et al. 2007; Rasala et al. 2010), for nuclear expression
the productivity is still quite low and requires significant enhancement. Another ques-
tion to be solved remains the glycosylation patterns of nuclear expressed and secreted
proteins from C. reinhardtii. Studies on the posttranslational machinery of this alga
would be helpful in order to exploit this as an option of algal protein production.

6.3.2 Recombinant Proteins in Other Microalgae

Whereas the vast majority of recombinant proteins have been expressed in the model
alga C. reinhardtii, publications concerning transgene expression in other algae are
scarce, as methods and tools for genetic engineering of other algae have not been
developed in the same degree. Because of the phylogenetic and structural diversity
of algae, methods established for C. reinhardtii cannot be easily transferred to other
species, but usually require major adaptations. In addition, helpful information such
as genome sequences is available only for a limited number of algae (Grossman
2007). One example of a recombinant protein is the human growth hormone (hGH)
expressed in the nucleus of Chlorella vulgaris. The product was secreted into the
medium at a yield of 200-600 ng/ml (Hawkins and Nakamura 1999). Another
example is the expression of fish growth hormone (GH) in Nannochloropsis oculata
with an amount of 0.42-0.27 png/ml. When these algae were fed to red-tilapia larvae,
their body length and weight increased (Chen et al. 2008).

6.3.3 Advantages of Algae as Heterologous Expression Systems

Production of biopharmaceuticals in algae has diverse advantages. On the one hand,
algae are comparable to plant systems including their ability to produce proteins with
post-translational modifications. Moreover, many algae are generally regarded as safe
(GRAS), which designates them as organisms generally accepted not to contain toxins
or human pathogens (Mayfield and Franklin 2005; Walker et al. 2005b). This could
allow for the reduction of necessary purification steps during downstream processes.
As microorganisms on the other hand, microalgae display high growth rates and
need only a short time from transformation to product formation. This process
including scale up could be implemented within a few weeks. Another advantage of
algae compared to higher plants is vegetative reproduction, leading to uniform
clones with comparable production rates. Cultivation can be inexpensive due to the
low costs of typical mineral media for algae. One striking advantage compared to
plant systems is the use of closed photobioreactors. This method reduces the risk of
contamination and prevents transgene dispersing into the environment.
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Therapeutic proteins can be produced either in the chloroplast or in the nuclear
genome of microalgae. These two systems have distinct advantages. The expression of
proteins in the chloroplast currently makes accumulation of far higher product quanti-
ties possible, the reason being that transgenes are usually integrated in multiple copies
in the chloroplast and gene silencing has not been observed in this organelle (Specht
etal. 2010). Posttranslational modifications and secretion, however, are not possible
when producing proteins in the chloroplast. These options, in turn, can be obtained
as a great benefit when expressing transgenes from the nuclear genome, where the
current expression rates are still quite low and silencing of transgenes can occur.

6.4 Future Prospects of Algae for Molecular Farming

6.4.1 Recombinant Proteins

Although a significant number of proteins have been successfully expressed in
transgenic microalgae, essentially Chlamydomonas reinhardtii, algae will not
replace the established and commercialized bacterial and mammalian expression
systems. Especially in the context of regulatory aspects in the pharmaceutical sec-
tor, novel expression systems have to offer enormous advantages over conventional
systems to be chosen for new products. There are two options to make transgenic
microalgae systems competitive in the field of pharmaceutical proteins.

On the one hand, advantages can be related to product quality, e.g. demonstrated
as certain beneficial posttranslational modifications, product stability or biosafety.
On the other hand, there is the matter of possible cost savings during production
processes, which could play a role in special fields, where large quantities of prod-
ucts are required at low costs. This could hold true for example for recombinant
antibodies or veterinary products.

Edible vaccines are a possible field of application for algal expression systems,
combining biosafety issues with inexpensive production and storage. Expression of
antigenic peptides and proteins in algae has already been demonstrated as outlined
above. Furthermore many algae are GRAS certified (Mayfield and Franklin 2005;
Walker et al. 2005b). Vaccination concepts for a large number of diseases prevalent
in developing nations based on recombinant antigen expression in microalgae could
result in inexpensive production and distribution as well as long term storage at
room temperature (Dreesen et al. 2010; Specht et al. 2010).

6.4.2 Other Products from Microalgae

Whereas production of therapeutic proteins in transgenic microalgae in general is
still to come of age, algae have already been established as biotechnological produc-
tion systems for a number of secondary metabolites useful as food additives or
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cosmetics (Plaza et al. 2009). Being photosynthetically active organisms, algae
have to deal with light and oxygen and have therefore developed diverse pigments
and antioxidants. One commercially relevant example is the production of carotene
using Dunaliella salina (Hosseini Tafreshi and Shariati 2009). As screening of diverse
algal species for bioactive substances has revealed a number of novel compounds
with medical or nutritional relevance, algae have gained increasing attention within
the past few years as potential producers, which is illustrated by a few examples.
Lutein as an antioxidant and food colorant has been found in several microalgae
species in substantially larger amounts compared to conventional sources (Fernandez-
Sevilla et al. 2010). Antiviral activities have been identified in a considerable num-
ber of marine species. Many substances are already in preclinical and clinical stages
as potential antiviral drugs (Rechter et al. 2006; Yasuhara-Bell and Lu 2010). The
significance of algal systems for pharmaceutical products will presumably increase
most in the field of novel bioactive substances, when substances are unique and can-
not feasibly be manufactured in other systems. Exploiting the full potential of algae
for pharmaceutical use will include metabolic engineering of interesting production
strains of bioactive substances in order to tailor these compounds and to optimize
the yield.
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Chapter 7
The Production of Vaccines and Therapeutic
Antibodies in Plants

Richard M. Twyman, Stefan Schillberg, and Rainer Fischer

Abstract Biopharmaceuticals such as antibodies and recombinant subunit vaccines
are generally produced on a commercial basis by process-scale fermentation in
bacteria, yeast or animal cells. Plants and plant cells have joined the exclusive club
of commercial production platforms comparatively recently, but they offer certain
advantages over the more established systems particularly in terms of economy,
scalability, response times and formulation options. After a promising start and then
a rocky transition from early R&D to preclinical and clinical development, plants
are now becoming more firmly established as an alternative to microbes and mam-
malian cells for the production of pharmaceutical proteins. Several plant-derived
pharmaceuticals have undergone clinical trials and the first products for human use
are approaching market authorization, with antibodies and vaccines strongly repre-
sented among these front runners. Although scientific advances have played an
important role in the maturation of plant-based production technology, perhaps the
most critical development has been the definition of a workable regulatory frame-
work which has recently yielded the first processes for biopharmaceutical production
in plants that comply with good manufacturing practice. In this chapter, we consider
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the state of the art in plant-based production systems for antibodies and vaccines
and discus the development issues which remain to be addressed before plants
become an acceptable mainstream production technology.

7.1 Introduction

Humans have relied on plants as a source of medicines since antiquity and it is estimated
that up to 25% of drugs on the market today contain active pharmaceutical ingredients
derived from plants (Raskin et al. 2002). More recently, plants have also been
considered as heterologous production platforms for recombinant pharmaceutical
proteins, which are usually produced by process-scale fermentation in bacteria,
yeast or animal cells (Twyman et al. 2005; Desai et al. 2010). The first pharmaceutical
proteins produced in plants were human serum albumin expressed in tobacco and
potato leaves and suspension cells (Sijmons et al. 1990), and a monoclonal antibody
that was expressed in tobacco leaves (Hiatt et al. 1989). These pioneering studies
demonstrated that plants could produce stable and functional human proteins, leading
to the concept of molecular farming, i.e. the commercial production of valuable
recombinant proteins in plants on an agricultural scale (Schillberg et al. 2003).
Since then, hundreds of pharmaceutical proteins have been produced in a variety of
plants and plant-based systems, amassing a vast literature of proof-of-principle
studies demonstrating the virtues of different plant species, cells/tissues and expres-
sion strategies (Ma et al. 2003; Twyman et al. 2003, 2005; De Muynck et al. 2010;
Rybicki 2010).

These studies to a greater or lesser degree all emphasized the advantages of
plants in three main areas: economy, scalability and safety. Plants are inexpensive
compared to fermenter systems, they are also much more scalable, and in terms of
safety they do not produce endotoxins like bacteria, nor do they support the prolif-
eration of human viruses and prions like mammalian cells. Many companies were
set up to exploit these advantages using an array of diverse plant systems, and the
world looked forward to a new era of inexpensive medicines. Unfortunately, these
early pioneers had not reckoned on the difficulties that would be encountered when
translating their research into practical, industrial processes. There were technical
limitations in that the yields from plants were not in the same league as those
achieved using industry standards such as Escherichia coli and Chinese hamster
ovary (CHO) cells, there were previously unrecognized differences between recom-
binant proteins produced in plants and animals because of different glycan struc-
tures, but most importantly there was a lack of regulations governing the use of
plant systems which resulted in a huge roadblock in clinical development (Spok
et al. 2008). The re-emergence of molecular farming as a viable production
technology in the last few years has resulted from a decade of work to overcome
technical limitations and to define and develop a suitable regulatory pathway for the
production of pharmaceuticals in plants according to good manufacturing practice
(Fischer et al. 2011).
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7.2 Lead Products — Why Antibodies and Vaccines?

There are still no approved plant-derived pharmaceutical products for human use,
although at the time of writing the FDA is on the brink of approving a recombinant
form of glucocerebrosidase produced in carrot cells. A tobacco-derived subunit
vaccine against Newcastle disease was approved by the USDA in February 2006 for
use in poultry. Furthermore, a recombinant antibody that binds the Hepatitis B virus
surface antigen was approved in Cuba by the Center for State Control of Medication
Quality (CECMED) in June 2006. This is not used directly as a pharmaceutical
product, but as an affinity reagent to purify the viral surface antigen (which is
produced using conventional fermentation technology). However, it is important to
include this product because the approval process is as rigorous as that for an active
pharmaceutical ingredient.

With one plant-derived pharmaceutical product perched on the brink of approval,
it is important to consider the clinical pipeline and what products are likely to
follow. This reveals that there are two major classes of product in development —
plant-derived antibodies and plant-derived subunit vaccines. The popularity of these
products as development targets reflects their regulatory status and the strategic
advantages of using plants to produce them. Antibodies are popular targets because
they currently dominate the biopharmaceutical pipeline, representing up to 30% of
biopharmaceuticals in development (Sheridan 2010). There is a large body of litera-
ture confirming that antibodies in a variety of formats can be expressed successfully
in plants and remain functional after isolation from plant tissue (De Muynck et al.
2010). Perhaps most importantly, antibodies tend to have a stoichiometric mecha-
nism of action and are therefore required in large doses. This means that for some
antibodies, particularly those envisaged as topical reagents (e.g. as microbicides)
production on the 100-1,000 kg scale would be necessary to cope with demand
(Gottschalk 2009). Currently, only plants have the scalability to meet this challenge.
Antibodies as topical reagents also attract less regulatory scrutiny than injectables,
so it is no coincidence that topical antibodies envisaged as microbicides were chosen
as fast-track candidates during the development of regulatory guidelines for plant-
derived pharmaceuticals (Ma et al. 2005a, b).

Much the same reasoning applies to the development of subunit vaccines
expressed in plants because many of the pioneers were developed as oral vaccines,
to be administered in partly processed plant food (e.g. mashed potato or tomato
paste), therefore sidestepping much of the regulatory scrutiny that would apply to
vaccines administered by injection. Where oral vaccination is possible, antigens
presented as part of a food matrix tend to remain more stable and are therefore more
efficacious, although dosing can be difficult to control (Nochi et al. 2007). The
development of human vaccines produced in plants has also been boosted by
the large number of studies showing the efficacy of plant-derived vaccines for the
prevention of diseases in other animals, culminating with the USDA approval of
the Newcastle disease vaccine discussed above (Rybicki 2010). More recently, the
development of transient expression platforms based on Agrobacterium tumefaciens,
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plant viruses, or hybrids combining the advantages of both, has led to a resurgence
of interest in plant-derived vaccines because transient expression in plants can be
scaled up much more quickly than fermentation or egg-based platforms, therefore
offering a rapid response to emerging pandemics or bioterrorism (D’Aoust et al.
2010; Rybicki 2010).

7.2.1 Antibodies Produced in Plants

Many antibodies have been expressed in a variety of different plant species and
tissues, but it is important to distinguish between those produced as pharmaceutical
proteins with the intention of at least partial extraction and purification, and those
intended to function in planta as a strategy to tackle plant diseases (Schillberg et al.
2001). Pharmaceutical antibodies in plants often represent proof-of-principle studies
with no subsequent development, but others are heading towards the clinic, and
several plant-derived antibodies have already been evaluated in clinical trials or are
poised to enter clinical trials. The ones we consider are listed below:

e Avicidin from maize (NeoRx/Moinsanto). Indicated for colorectal cancer, but
withdrawn from phase II trials in 1998 because of adverse effects.

e CaroRx from tobacco (Planet Biotechnology). Indicated for dental caries, the
antibody binds specifically to Streptococcus mutans, the bacterium that causes
dental caries. Phase II trials completed and product is licensed in the EU as a
medical device.

e BLX-301, an anti-CD20 optimized antibody for the treatment of non-Hodgkin
B-cell lymphoma expressed in the aquatic plant Lemna minor by Biolex Inc.

e MAPP66, a combination of antibodies envisaged as a HSV/HIV microbicide
and expressed in N. benthamiana using Bayer’s MagnICON (magnifection)
technology.

e 2GI12, an HIV-neutralizing antibody expressed in tobacco (Fraunhofer IME/
Pharma-Planta).

The two plant-derived antibody products that have completed phase II trials are
Avicidin and CaroRx. Avicidin is a full length IgG specific for EpCAM (a marker
of colorectal cancer) produced in maize and developed jointly by NeoRx and
Monsanto. Although Avicidin demonstrated therapeutic efficacy in patients with
advanced colon and prostate cancers, it was withdrawn from phase II trials in 1998
because treatment resulted in a high incidence of diarrhea (Gavilondo and Larrick
2000). The same issue arose with the equivalent antibody produced in mammalian
cells and in all other respects the two antibodies were comparable (physicochemical
properties, serum clearance, urine clearance and dosimetry). Therefore, the adverse
effects were not linked in any way to the use of maize as the production platform.

CaroRx is a chimeric secretory IgA/G produced in transgenic tobacco plants which
has completed phase I trials sponsored by Planet Biotechnology Inc. (Maet al. 1998).
Secretory antibody production requires the expression of four separate polypeptides,
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which in this case were initially expressed in four different plant lines that were
crossed over two generations to stack all the transgenes in one line. The antibody
binds to the major adhesin SA I/II of Streptococcus mutans, the bacterium that causes
tooth decay in humans. Topical application following elimination of bacteria from
the mouth helped to prevent recolonization by S. mutans and led to the replacement
of this pathogenic organism with harmless endogenous flora. To circumvent the
regulatory vacuum surrounding plant-derived pharmaceuticals in the late 1990s and
early 2000s, CaroRx was registered as a medical device.

BLX-301 has completed phase I trials. BLX-301 is an anti-CD20 antibody
indicated for non-Hodgkin lymphoma which produced in the Lex system developed
by the US biotechnology company Biolex Inc. and based on duckweed (Lemna
minor). This plant has a number of significant advantages for the production of
recombinant pharmaceutical proteins as it can be grown in sealed, aseptic tanks
under constant conditions with a chemically defined medium, which ensures batch-
to-batch consistency and allows clones to be scaled up rapidly in the company’s
GMP facility. The Lex system also allows the glycan structures of the antibody to
be controlled and optimized (Cox et al. 2006), thus Biolex claims that BLX-301 is
more potent and efficacious than equivalent antibodies produced in mammalian
cells and has fewer adverse effects.

MAPP66 is an antibody cocktail envisaged as a microbicide to prevent the
transmission of HIV and HSV, and it has also completed phase I trials. MAP66 is
produced by transient expression in Nicotiana benthamiana using the magnifection
technology. The principle of magnifection, developed by Icon Genetics (now part of
Bayer) is that genes are delivered as part of a recombinant plant virus (in this case
Tobacco mosaic virus) but the systemic spreading of the virus is made unnecessary
through the use of A. tumefaciens as a delivery vehicle (Marillonnet et al. 2005;
Gleba et al. 2005). The bacterium delivers the viral genome to so many cells that
local spreading is sufficient for the entire plant to be infected and this overcomes an
often critical limitation of plant viruses which is that the host range, efficiency of
infection and ultimately the speed at which recombinant proteins accumulate all
depend on its natural ability to spread systemically through the plant. Taking the
systemic spreading function away from the virus and relying instead on the bacterium
to deliver the viral genome to a large number of cells allows the same viral vector to
be used in a wide range of plants (Gleba et al. 2004).

Four monoclonal antibodies with potent HIV-neutralizing activity have been
identified (b12, 2G12, 2F5 and 4E10) and have been shown to prevent virus trans-
mission in animal models (Cardoso et al. 2005). Combinations of 2—4 of these
antibodies would therefore make effective microbicides, and the demand for such
products particularly in endemic regions such as sub-Saharan Africa would mean
multi-ton scale production, which would only be possible in plants. Tobacco and
maize plants have been used to produce 2G12 (Ramessar et al. 2008; Rademacher
et al. 2008) and 2F5 (Sack et al. 2007), and tobacco plants producing 2G12 have
been developed within the EU Framework Program 6 project Pharma-Planta as a
pioneer to help define the regulatory pathway for plant-derived pharmaceuticals
(Ma et al. 2005a). The objective of this project was to take candidate pharmaceutical
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products from gene to clinic, defining the regulatory pathway in concert with the
appropriate regulatory bodies along the way. This process has been largely success-
ful and a phase I clinical study of the plant-derived 2G12 antibody commenced in
July 2011.

7.2.2  Vaccine Candidates Produced in Plants

Plant-derived vaccines can be divided into two categories — those designed for
veterinary use and those designed for medical use. The Newcastle disease vaccine for
poultry was the first plant-derived pharmaceutical product to be approved, and there
is a large body of both immunogenicity and challenge data to support the efficacy of
such vaccines, including numerous clinical studies (Twyman et al. 2005).

Seven human clinical trials involving plant-derived subunit vaccines have also
been reported. Tacket et al. (1998) performed the first such trial with transgenic
potatoes expressing the enterotoxigenic E. coli (ETEC) labile toxin B-subunit
(LTB), one of the most potent known oral immunogens. The LTB content of the
tubers varied between 3.7 and 15.7 pug g! fresh weight. Fourteen volunteers were
given either transgenic or non-transgenic potato on days 0, 7, and 21 of the trial.
Almost all of those consuming the transgenic potatoes showed at least four-fold
increases in serum IgG against LTB while no such increase was seen in those con-
suming the non-transformed potatoes. Five of these individuals also demonstrated
at least a four-fold increase in anti-LTB IgA, detected in stool samples. There were
few side effects, such as nausea and diarrhea. A more recent trial using LTB
expressed in processed corn seed produced similar results to the potato study (Tacket
et al. 2004). The same group also described the results of a clinical trial performed
using transgenic potato tubers expressing the Norwalk virus capsid protein (NVCP)
(Tacket et al. 2000). Twenty adult volunteers were given two or three 150-g doses
each of raw transgenic potato tuber containing 215-750 ng NVCP. Although only
50% of the NVCP subunits assembled into virus-like particles in the potato cells,
thus reducing the effective dose of the vaccine, nearly all of the volunteers showed
significant increases in the numbers of IgA antibody-forming cells (AFCs), and six
of these individuals also showed increases in IgG AFCs. There were also noticeable
increases in serum antibodies against NVCP and stool IgA antibodies in a few of the
participants.

A clinical trial has also been carried out using orally delivered HBV surface antigen
produced in lettuce (Kapusta et al. 1999). Two of three volunteers who were given two
150-g doses of transgenic lettuce containing about 2 pig of the antigen per dose, pro-
duced protective serum antibodies after the second dose, although the titers declined in
a few weeks. Even so, the study confirmed that naive subjects could be seroconverted
by the oral delivery of a plant-derived viral antigen. A similar trial in the United States
involved the HBV surface antigen expressed in transgenic potatoes although partici-
pants in this trial had already been seroconverted with the standard, yeast-derived
vaccine (Richter et al. 2000). Of 33 participants given either two or three 1-mg doses
of the antigen, about half showed increased serum IgG titers against the virus.
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Yusibov et al. (2002) have carried out a trial involving 14 volunteers given
spinach infected with Alfalfa mosaic virus vectors expressing the rabies virus
glycoprotein and nucleoprotein. Five of these individuals had previously received a
conventional rabies vaccine. Three of those five and all nine of the initially naive
subjects produced antibodies against rabies virus while no such response was seen
in those given normal spinach.

In all the above cases, the subunit vaccine was delivered orally as part of a matrix
of plant material, and the advantage of using plants was convenience of the oral
delivery route and the efficacy mediated by presentation of the antigen as a bioen-
capsulated formulation. In contrast, McCormick et al. (1999) produced a single
chain antibody fragment designed to confer passive immunity against non-Hodgkin
lymphoma using Tobacco mosaic virus as a vector in tobacco plants, but purified the
vaccine for administration by injection. In preclinical development, a vaccine based
on the well-characterized mouse lymphoma cell line 38C13 stimulated the produc-
tion of anti-idiotype antibodies capable of recognizing 38C13 cells, providing
immunity against lethal challenge with the lymphoma. Here the advantage of plants
was not the potential for oral delivery, but the rapid production that can be achieved
by transient expression, allowing the development of patient-specific vaccines for
personalized B-cell lymphoma therapy. At least 12 such vaccines have been tested
in phase II trials (McCormick et al. 2008).

The rapid production that is possible in plants is useful not only for personalized
medicines but also for scaling up production as a rapid response to pandemic threats.
Researchers at Medicago Inc. in Canada and at Fraunhofer CMB in Newark,
Delaware, recently achieved the impressive feat of producing gram quantities of
vaccine against an emerging influenzavirus strain within 1 month of isolating the
hemagglutinin sequence (Rybicki et al. 2010). The Medicago vaccine was subse-
quently tested in a phase I clinical study to demonstrate safety (Landry et al. 2010).

7.3 Recent Advances in Production Technology

7.3.1 Optimizing Yields and Recovery

The yields of recombinant proteins produced in plants are generally much lower
than those routinely achieved in fermenter systems and this has been a challenge
both in terms of establishing the credibility of molecular farming and also in the
development of economically viable processes and (in the case of oral vaccines)
efficacious products. The recombinant protein itself plays an important role in
determining the yield because some proteins are inherently less stable than others,
and some proteins produce unanticipated negative effects on plant growth. In gen-
eral terms, yields can be improved by optimizing expression constructs to maximize
transcription, mRNA stability and protein synthesis, increasing the transgene copy
number and introducing transgenes into germplasm that is best suited for high-level
expression (reviewed by Desai et al. 2010). However, many of the problems with
low expression levels are restricted to nuclear transgenic plants, and very high
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expression levels can be achieved using transient expression platforms based on
Agrobacterium and/or plant viruses (Giritch et al. 2006; Sainsbury and Lomonossoff
2008; Vézina et al. 2009; Huang et al. 2010; Pogue et al. 2010). For the time being,
transient expression is likely to be the first choice for products required rapidly in
large quantities. Even so, transgenic systems have a number of advantages despite
their longer development times, slower scaling-up and the increased regulatory bur-
den that comes with the GM label — these include the permanent genetic resource
represented by an integrated transgene (no requirement for the reintroduction of
bacteria or viruses in every production generation), the absence of genetically modi-
fied bacteria and viruses, and the batch-to-batch consistency. Transgenic plants are
likely to remain the system of choice for products required in large quantities but
not as an urgent response.

Because antibodies are complex multimeric glycoproteins, the stability (and
therefore the yield) depends greatly on their ability to fold and assemble correctly,
which in turn depends on their subcellular localization (this is not such a critical
factor with vaccine candidates, which tend to be smaller and simpler proteins). The
yield of an antibody is enhanced by adding a signal peptide to allow secretion to
the apoplast, or even better a signal peptide and a KDEL/HDEL tetrapeptide so
that secreted proteins are retrieved to the endoplasmic reticulum (ER), reflecting the
favorable environment for protein folding, the presence of chaperones and the
absence of significant protease activity (Sharma and Sharma 2009). In some cases,
antibody stability can be increased by coexpressing the corresponding antigen
although subsequent removal of the antigen after the complex has been extracted
increases the complexity of downstream processing. Alternatively, stability can be
increased by fusion to a stabilizing protein partner. For example, Floss et al. (2008)
showed that the fusion of elastin-like peptides (ELPs) to the C-terminus of antibody
2F5 enhanced its stability without affecting its binding activity. The ELP also
provides a convenient extraction method known as reverse transition cycling, which
is based on reversible temperature-dependent precipitation (Conley et al. 2009,
2011). A similar approach involves fusion with the seed storage protein y-zein,
which results in the assembly of new storage organelles and increases yields by up
to 300% (Torrent et al. 2009).

7.3.2 Dealing with Plant Glycans

The other major technological challenge facing the pioneers of molecular farming
was the impact of differences between plants and mammals in terms of protein
glycosylation (Twyman et al. 2005). Plant-derived recombinant human glycopro-
teins tend to contain the carbohydrate groups B(1,2)xylose and o(1,3)fucose, which
are not found in mammals, but they do not contain terminal galactose and sialic acid
residues that are found in native human glycoproteins because the corresponding
enzymes are not present in plants (Gomord et al. 2010). The impact of glycan
differences is more important for antibodies than vaccine candidates because
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antibodies are expected to bind antigens and carry out their effector functions,
whereas antigens are expected solely to generate an immune response. Glycans are
necessary for the biological activity of some proteins, and incorrect glycans may
influence the solubility, stability or activity of a protein and thus its pharmacokinetic
properties. Plant glycans may be immunogenic in some mammals but there is no
evidence for this in humans, and it should be noted that CHO cells, which are rodent
in origin, also produce non-human glycans. Nevertheless, the potential impact of
plant glycans on protein structure, activity and safety has resulted in regulatory
pressure on researchers to either remove or ‘humanize’ plant glycans, e.g. by
expressing aglycosylated derivates of proteins lacking the glycan attachment sites,
by targeting proteins to the ER and thus avoiding Golgi-specific modifications to
ensure all glycans are of the universal ‘high-mannose’ type (Sriraman et al. 2004;
Triguero et al. 2005), and by glycoengineering to prevent the addition of plant-type
glycans and/or to add human type glycans (Gomord et al. 2004). This has been
achieved using gene knockout and RNA interference techniques in Arabidopsis,
tobacco, duckweed and moss to abolish plant-specific glycosylases (Strasser et al.
2004, 2008; Decker and Reski 2004; Schahs et al. 2007) and through the expression
of the entire mammalian pathway for sialic acid synthesis to allow protein galacto-
sylation and sialylation (Strasser et al. 2009; Castilho et al. 2010).

It is important to state that non-authentic glycans are not necessarily always a
disadvantage, and can affect the solubility, stability and biological activity of a
protein positively as well as negatively, e.g. by extending its half life or increasing
its affinity for a target. BLX-301 has already been cited as one example of beneficial
glycan modification in plants, where the optimized glycan structures increase the
potency of the antibody. In a different sense, Uplyso (taliglucerase alfa), the recom-
binant glucocerebrosidase produced in carrot cells which is poised for FDA approval,
provides another example of beneficial plant glycans. Here the protein lacks sialic
acid residues which are present in the equivalent protein produced in CHO cells
(Cerezyme, imiglucerase). However, because sialic residues reduce the potency and
longevity of the protein, they are removed from Cerezyme after purification by in vitro
treatment with an exoglycosidase. It is ironic that plant glycans were once regarded as
a serious bottleneck in the commercial development of molecular farming, but the
extensive technology for glycan modification that has developed in response now
makes plants the most versatile platform for the production of pharmaceutical proteins
whose properties can be augmented or improved by glycan engineering.

7.3.3 Downstream Processing and Good Manufacturing Practice

The first decade of molecular farming research focused almost exclusively on
upstream productivity, increasing yields and protein stability. Comparatively little
attention was paid to downstream processing, and almost nothing was done to
address the challenges of large-scale processing which would be an integral compo-
nent of any commercial platform.
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One company that did look into downstream processing in detail was Prodigene
Inc., which developed maize as a commercial platform for the production of protein
technical reagents used in research (Hood 2002). Much of the accepted wisdom
about downstream processing in plant-based production systems came from their
detailed studies of avidin and B-glucuronidase (GUS), which were commercially
viable and marketed by Sigma-Aldrich Corp. alongside avidin from chicken eggs
and GUS from E. coli. In both cases, the company demonstrated equivalence to the
native product, stability during processing operations such as dry milling, fraction-
ation and hexane extraction, and yields equivalent to 1-2% of soluble seed protein,
which is the common benchmark cited for commercial viability in molecular
farming (Hood et al. 1997; Witcher et al. 1998; Kusnadi et al. 1998). Before their
demise, Prodigene Inc. was working on processing strategies for plant-derived
antibodies and vaccines, and these processes provided foundations for the development
of GMP processes that are now applied in other plants. Several aspects of down-
stream processing have to be customized specifically for plant systems, including
the removal of fibers, oils and other by-products from certain crops, and process
optimization for the treatment of different plant species and tissues (Menkhaus et al.
2004; Nikolov and Woodard 2004).

Two distinct strategies have arisen for creating a regulatory pathway for plant-
derived pharmaceuticals, one based on the development of systems that are similar in
concept to the industry standards, and the other based on the modification of exist-
ing regulations to deal with whole plants. In the first category, processes have been
developed based on cultivated plant cells, analogous to processes for microbes and
mammalian cells, e.g. the tobacco BY-2 system developed by Fraunhofer and Dow
AgroSciences, and the carrot cell platform (ProCellEx) developed by Protalix
BioTherapeutics (Aviezer et al. 2009). Further systems were developed based on
algae, moss and aquatic plants, all linked by the ability to use closed vessels, defined
synthetic media and controlled growth environments (Cox et al. 2006; Franklin and
Mayfield 2005; Decker and Reski 2004). These systems provide containment, con-
sistency and are similar to mammalian cells both conceptually and practically
(Hellwig et al. 2004; Tiwari et al. 2009; Xu et al. 2011). In the second category, new
concepts were developed such as the replacement of cell banking with seed banking,
and new paradigms to embrace the biological differences between complex multi-
cellular organisms and single cells (Ma et al. 2005a; Whaley et al. 2011; Fischer
et al. 2011). After much preparatory work, this has resulted in the successful devel-
opment and application of GMP processes involving contained systems such as
carrot cells (Protalix Biotherapeutics), moss (greenovation, Frieberg) and Lemna
(Biolex Therapeutics). Several organizations also now offer GMP manufacturing
based on transient expression in tobacco or Nicotiana benthamiana, e.g. Kentucky
BioProcessing (Owensboro, KY), Bayer/Icon Genetics (Halle, Germany),
Fraunhofer CMB (Newark, DE), Medicago (Quebec, Canada) and Texas A&M
University/G-Con LLC (College Station, TX). Finally, and uniquely, the Fraunhofer
IME in Aachen, Germany, has a GMP facility for the production of recombinant
antibodies in transgenic tobacco plants.
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7.4 Conclusions and Outlook

A number of plant-derived pharmaceutical products are now very close to market
authorization, thanks to the development of GMP-compliant production processes
and the successful completion of clinical trials. The first product is likely to be
Uplyso, the recombinant glucocerebrosidase produced in carrot cells by Protalix
Biotherapeutics in concert with Pfizer, but many of the remaining products in the
pipeline are either antibodies or vaccines, reflecting the key advantages of plants —
economy, scalability and rapid response. The absence of a GMP system for whole
plants until recently has resulted in some inventive approaches to innovate around
the regulations, including registering a plant-derived antibody as a medical device
and focusing on oral vaccination and topical prophylaxis as primary administration
routes. Now GMP processes are available for whole plants as well as contained plant-
based systems, it is likely that the pipeline will fill rapidly with candidates falling into
three main categories: (a) antibodies and vaccines required in 100-1,000 kg amounts,
which exceed the capacity of traditional platforms; (b) vaccine candidates required
as a rapid response to bioterrorism threats or emerging pandemics; and (c) pharma-
ceutical proteins whose efficacy or pharmacokinetic properties can be improved by
glycan modification in vivo, which is now more advanced in plants that any other
production platform.
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Chapter 8
Production of Industrial Proteins in Plants

Elizabeth E. Hood and Deborah Vicuna Requesens

Abstract The plant production system is advantageous for industrial enzymes.
Enzymes with large scale products that demand low cost manufacturing are the
markets of choice for plants. The plant production system is also advantageous for
products that are harmful to single cell systems, for example oxidation/reduction
(redox) enzymes. Four classes of enzymes are discussed in this chapter—xylanases,
redox enzymes, amylases and cellulases. Examples of each of these classes of
enzyme have been produced in plants—some as demonstration projects, others with
the intent to sell the product. The authors have chosen specific examples to describe
the advantages of the plant system, issues that have arisen, and potential for addressing
markets. These case studies illustrate the value of using plants for production with
simple agricultural inputs of sunlight, nutrients and water. With the developing
demand for biofuels and biobased products, large volume enzyme markets for
processing agricultural materials are rapidly becoming a demand. The logical system
for producing those enzymes is in co-products of the feedstock materials. Our examples
below illustrate the system.

8.1 Introduction

“Imagine a world in which any protein, either naturally occurring or designed by
man, could be produced safely, inexpensively and in almost unlimited quantities
using only simple nutrients, water and sunlight. This could one day become reality
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as we learn to harness the power of plants for the production of recombinant proteins
on an agricultural scale” (Ma et al. 2003).

Industrial enzymes are widely used in both manufacturing and household
products. They often have unique advantages over chemicals with regard to speci-
ficity and impact on the environment (Senior et al. 1999; Bhat 2002; Gupta et al.
2002; van der Maarel 2002). The use of enzymes is growing, but is often blocked by
performance issues, the need for large volumes of such proteins and the low cost of
chemicals in established processes (Bergquist et al. 2002; Silveira and Jonas 2002).

The topic of plant-produced industrial enzymes has been reviewed a number of
times recently (Howard and Hood 2005, 2007). More specifically, the concept of
producing cellulases in planta for biomass conversion has been reviewed (Austin
et al. 1994; Howard et al. 2011; Sticklen 2008). These timely reviews support the
developing industry that could be producing plant-derived products for industrial
applications in the near future.

Industrial enzymes can be isolated from natural sources, but most often they are
obtained from recombinant microbial organisms, which facilitate both re-engineering
and production of the protein of interest. Although traditional expression systems
continue to improve in yield, thus lowering the cost of the enzymes, they can still
fall short of cost and/or capacity requirements.

Plant-produced enzymes are best in addressing markets that require low prices
and large volumes. Many plant systems offer the lowest price for production,
particularly when produced in commodity crops where scale-up is easy and production
is inexpensive (Howard and Hood 2005). Industrial applications such as pulp and
paper, food and beverage, and animal feed are the current largest markets (Hayes
etal. 2007). However, the largest market by far will be the lignocellulosic feedstock-
supported biofuels and biobased products market. Unprecedented amounts of
cellulases, hemicellulases and ligninases will be required to deconstruct materials
for the biobased economy.

The first industrial enzyme manufactured and sold from a plant system was
trypsin, brand name, Trypzean (Woodard et al. 2003). This bovine enzyme is
purified from corn flour and marketed by Sigma Chemical Company (St. Louis,
MO). This first product manufactured from transgenic corn has many features that
indicate feasibility for new, more ambitious products to come on line through field
production rather than from tanks of microbes. These features include benign impuri-
ties derived from food-based raw materials rather than from animals or microbes, and
freedom from animal pathogens, important if used in pharmaceutical applications.

A number of technologies have been applied to the process of producing enzymes
in plants—seed-specific expression (Hood et al. 2007; Hood and Howard 2008;
Clough et al. 2006; Woodard et al. 2003) and constitutive expression in biomass
(Sticklen 2008; Austin et al. 1994). Additional technologies include expressing the
enzymes in chloroplasts to prevent pollen transmission to facilitate containment
(Leelavathi et al. 2003) and incorporating inteins to prevent activity prior to the
desired process conditions (Raab 2010). Any or all of these technologies can be
applied to successfully produce the enzymes. The final challenge becomes producing
them cost-effectively for a highly cost-sensitive environment.
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This chapter focuses on four classes of enzymes—xylanases, redox enzymes,
amylases and cellulases. Examples of each of these classes of enzymes have been
produced in plants—some as demonstrations, others with the intent to sell. The
authors have chosen specific examples to describe the advantages of the plant
system, issues that have arisen, and potential for addressing markets. These case
studies illustrate the value of using plants for production with simple agricultural
inputs of sunlight, nutrients and water.

8.2 Enzyme Case Studies

8.2.1 Amylase Enzymes

On February 12, 2011, the US Department of Agriculture announced its decision to
approve the commercial production of Enogen, Syngenta’s genetically engineered
corn expressing recombinant amylase (http://www.nytimes.com/2011/02/12/
business/12corn.html; http://online.wsj.com/article/SB1000142405274870384300
4576138911297227814.html). This unprecedented decision makes Enogen the first
GE plant engineered solely for industrial purposes to meet the statutory require-
ments to be grown without permits in the US. This “amylase corn” is an ideal
candidate for a case study on production of industrial enzymes in plants.

This case was chosen because it is the only case to date that has obtained non-
regulated status from the USDA and commercialized. We aim here to describe a
protein that is a proven candidate for production and has passed beyond the research
stage. For an industrial protein expressed in plants to be commercially successful
many criteria must be met. First of all, high accumulation of the recombinant protein
is crucial. Different parameters must be taken into account, such as expression
levels, targeting, correct folding, and activity. Many strategies and technical
approaches are used to maximize expression and obtain higher production (Streatfield
2007; Lau and Sun 2009; Hood and Vicuna Requesens 2011). Once a high level of
accumulation of the desired protein is achieved, developers face the production and
commercialization challenges linked to growing genetically engineered plants.
Amylase-producing maize plants provide an excellent example to illustrate these
challenges.

8.2.1.1 Characteristics of the Enzymes

Amylases are a class of enzymes that catalyze the hydrolysis of starch. They are
glycoside hydrolases acting on a-1,4-glycosidic bonds. They are very widespread
in nature and are produced by animals and plants as well as several microorganisms
(van der Maarel 2002; Smith 1999; Pandey et al. 2000). There are two main categories
of amylases, denoted alpha and beta amylases and they differ in the way they cleave
the glycosidic bonds of the starch molecules (Table 8.1).
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Table 8.1 Enzyme characteristics

E.E. Hood and D.V. Requesens

Enzyme EC # Substrate Reaction Product Reference
o-Amylase 3.2.1.1 Linear starch  Hydrolysis  Shorter starch Mitsui and
polymers Iton (1997)
B-Amylase 3.2.1.2  Ends of Hydrolysis ~ Glucose Pandey et al.
starch (2000)
polymers
-D-xylosidase 3.2.1.37 Ends of xylan Hydrolysis  Xylose Polizeli et al.
chains (2005)
Endo-B-1, 3.2.1.8  Xylan Hydrolysis ~ Shorter xylan Kulkarni et al.
4-xylanase polymers chains (1999)
Laccase 1.10.3.2  Lignin, Oxidation/ Oxidized and Loera Corral
phenolics reduction reduced etal.
compounds (2006)
Peroxidase 1.11.1.7  Lignin, Oxidation/  Oxidized and Banci et al.
phenolics reduction reduced (2003)
compounds
Endo-B-D-1,4 32.1.4  Cellulose Hydrolysis  Shorter cellulose  Schiilein
glucanase polymers chains (2000)
Cellobiohydrolase  3.2.1.91 Ends of Hydrolysis  Cellobiose and  Schiilein
cellulose cellotriose (2000)
polymers

oa-Amylases: These endoamylases (EC 3.2.1.1) are calcium metalloenzymes that
cleave the bonds present in the inner part of the amylase chain. They are the major
form of amylases in mammals but they are also found in plants, fungi (ascomycetes
and basidiomycetes) and bacteria (Bacillus).

B-Amylases: Also synthesized by plants, fungi and bacteria, these amylases (EC
3.2.1.2) act on the external glucose residues of amylose, working from the non-
reducing end and catalyzing the hydrolysis of the second a-1,4 glycosidic bond,
cleaving off two glucose units at a time.

8.2.1.2 Market Applications

Amylases and in particular ai-amylases, are used in a number of industrial applications,
such as production of glucose and fructose from starch (Crabb and Mitchinson
1997); in baking industry (van der Maarel 2002); to clarify haze in beer and fruit
juices (Bhat 2002); in pretreatment of animal feed to improve digestibility (Rodrigues
etal. 2008; Moharrery et al. 2009); and in laundry detergent and cleaners (Mukherjee
et al. 2009). Value of these markets is shown in Table 8.2.

In recent years, importance of the fuel ethanol industry from crops such as corn
and wheat has grown, increasing the need for enzymes like amylases in the conversion
of starchy materials to ethanol. Large amounts of fuel ethanol from biomass are
needed to substitute petroleum-based fuels and even though large efforts are being
deployed to develop technologies to convert lignocellulosic biomass into fuel,
starch-rich grains are still the major polymer used for ethanol production (Cardona
and Sanchez 2007).
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Table 8.2 Market applications of industrial enzymes

Estimated world market
size

(million USD)

Enzyme Industrial applications 2011 2016 Comments

Amylase Baking, ethanol, textiles, — $821 $1028 Mostly widely used
detergents, distilling, industrial enzyme
brewing

Xylanase Pulp bleaching, biofuels,  $488 $584 Total market of “other”
animal feed carbohydrases

Redox enzymes  Cleaning, pulp bleaching, Unknown Unknown Rapid market growth
adhesives, gasoline depends on
oxygenates, sealants inexpensive supply

Cellulase Lignocellulosic $318 $708 Gaining rapidly with

enzymes deconstruction for introduction of

renewable resources lignocellulosic

biofuels

Fig. 8.1 Generic block
diagram of ethanol
production from starch

Starch
Fermentation
S
———
Conventional -
Distillation
I .

The conversion of starchy biomass into ethanol, not only for biofuels but also as
the raw material for other chemicals, is a complicated process and still requires
improvement in various steps. One of the main problems encountered in this industry
is the need for large amounts of amylolytic enzymes able to hydrolyze the starch to
obtain glucose syrup, which can be converted into ethanol by yeast. Figure 8.1
shows a generic block diagram of fuel ethanol production from starchy materials.

8.2.1.3 Expression Systems

Several approaches are being taken to improve the crucial step of enzyme production.
The use of amylase-producing Aspergillus awamori has been tested to ferment part
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of the feedstock (wheat flour) and obtain degradation of the polymers (Koutinas
et al. 2004). Other investigations have proposed the use of immobilized amylases as
part of corn starch bioconversion (Krishnan 2000; Mandavilli 2000).

Another alternative to adding starch-decomposing enzymes is to use recombinant
microbial strains that produce these enzymes. Yeast strains such as Saccharomyces
cerevisiae and Candida tropicalis have been successfully genetically engineered
to produce a-amylase and other glucoamylases and results have shown similar pro-
duction of ethanol compared to the addition of starch decomposing enzymes to the
medium (Jamai et al. 2007). The alternative approach to producing these industrial
enzymes from micro-organisms is to express and recover the enzymes from geneti-
cally engineered plants. Several plants have been reported as suitable for the expression
of amylases. Examples include the expression of an alpha-amylase from Bacillus
licheniformis in tobacco and alfalfa (Pen et al. 1992; Austin et al. 1995) or the rice
alpha-amylase over-expressed in tobacco plants at high levels (Kumagai 2000).

Since over 90% of the current fuel ethanol production is maize-based, efforts on
developing highly-fermentable maize will improve the efficiency of conversion of
grain to ethanol (Wolt and Karaman 2007). Transgenic amylase maize, developed
by Syngenta, is the first genetically engineered plant expressing a product quality
trait specifically intended for biofuels production.

8.2.1.4 A Specific Case: Corn Amylase “Enogen”

Syngenta’s GE maize, named Enogen, expresses a thermostable o.-amylase enzyme
which accumulates in the grain. It has been engineered to suit the starch processing
step of dry-grind ethanol production. The a-amylase expressed in this event is both
stable at high temperatures and requires low levels of calcium, making it ideal for
the starch ethanol industry. It is believed that the use of this GE corn amylase will
improve the efficiency, and lower the cost as well as the environmental footprint of
biofuels (Urbanchuk et al. 2009).

The a-amylase gene expressed in Enogen is derived from amylase sequences of
three hyperthermophilic microorganisms of the archael order Thermococcales, and
was codon-optimized for expression in maize. The gene was fused to a maize
gamma-zein promoter and signal sequence, confining the expression uniquely to the
endosperm tissue of the corn kernel, and a C-terminal SEKDEL sequence for targeting
to and retention of the protein in the endoplasmic reticulum. Amylase levels of
the recombinant protein in the kernel ranged from 838 to 1,627 pg/g dry weight
(0.08-0.16% of dry weight).

Much time and effort are needed to produce a genetically engineered plant
expressing a protein of interest at profitable levels that conforms to all the safety
standards requested by the regulatory agencies. But the development of a product
like Enogen does not stop there. Developers of genetically engineered crops must
navigate the quite long and complicated regulatory framework prior to commercial-
ization of their product, and the costs involved have been estimated to be anywhere
from $20 to $100 million USD (McElroy 2003; Economist 2009).
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Syngenta first introduced the petition for non-regulated status of its Corn Amylase
to the US Department of Agriculture in September 2006. In January 2007, they sub-
mitted a response to the Animal and Plant Health Inspection Service/Biotechnology
Regulatory Services’ (APHIS/BRS) review of their original Petition for Determination
of Non-Regulated Status for this corn event. By 2009, Syngenta had concluded its
consultation on the food and feed safety of the amylase corn and had to wait until
early 2011 for regulatory approval from the USDA.

In November 2008, APHIS announced the availability of Syngenta’s petition to
the public and solicited comments on the possibility of the amylase corn to pose a
plant pest risk (73 FR 69602-69604, Docket No. APHIS-2007-0016). Within
60 days, APHIS received over 13,000 comments. There were 40 comments from
organizations or individuals that supported the deregulation of this event and over
13,000 comments that were opposed to its deregulation! The majority of these com-
ments against Syngenta’s petition was essentially identical and was compiled by
organizations generally opposed to any genetic engineering of plants. Many of these
comments were based on general opposition to the development and use of GE
plants, and did not cite or address any specific environmental issues. Other com-
ments expressed nonspecific concerns over possible gene flow, disruption to organic
farming practices, and concerns of food and environmental safety. Nonetheless,
some of these opposing comments raised valid concerns regarding food safety and
the potential for the Corn Amylase to be allergenic.

Most of the comments supporting nonregulated status for this amylase corn came
from several national organizations representing corn farmers and ethanol production
interests. They commented on the anticipated benefits for farmers and the ethanol
industry as well as the biofuels production targets. Fortunately, many of the supportive
statements were based on scientific facts, such as evidence of decreased water use in
ethanol production, reduced greenhouse gas emissions and other reduced inputs in
ethanol production, compared to current ethanol production practices. More impor-
tantly, many of these scientific studies supported the substantial equivalence of the
amylase corn to currently grown corn lines in agronomic and nutritional qualities.

Some comments argued that the a-amylase could be a plant pest and interfere
with corn starch processing and damage plants or plant products. APHIS agreed
with Syngenta that enzymes are proteins that catalyze chemical reaction and cannot
be regarded as “living” thus cannot be defined as plant pests.

Even though there were no clear and science-based comments against this event,
APHIS decided to reopen the comment period to allow interested persons additional
time to prepare and submit comments on the petition until July 2009.

It is believed that Syngenta spent several hundred million dollars to develop this
corn event (Brock 2011). Part of this was due to the almost 6 years Enogen corn was
caught up in USDA’s regulatory review process fueled by criticism from the grain
milling industry and food safety groups which fought its commercialization. After
more than 5 years and millions of dollars, Syngenta has obtained non-regulated
status for Enogen, and it was also reviewed and approved in other countries including
Mexico, Russia, Australia, New Zealand, Canada, South Korea, Taiwan, Japan,
Switzerland and the Philippines.
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8.2.2 Xylanase Enzymes

8.2.2.1 Characteristics of the Enzymes

Xylanases are a class of enzyme which catalyzes the hydrolysis of xylans. Xylan is
the most abundant type of hemicellulose, one of the major components of plant cell
walls, and one of the most abundant biopolymers on earth, second only to cellulose.
It is a linear polymer of -D-xylopyranosyl units and xylanases have the ability to
degrade the linear polysaccharide a-1,4-xylan into xylose. An enzyme complex is
necessary for xylan degradation and the two main and most studied components of
this complex are endo-$3-1,4-xylanases (EC 3.2.1.8) and B-D-xylosidase (E.C. 3.2.1.37)
(Kulkarni et al. 1999).

Xylanases are essentially produced by micro-organisms, where they play an
important role in degradation of plant cell walls, but also in marine algae, protozoans,
insects, snails, and crustaceans, although filamentous fungi are the most prominent
commercial source of this enzyme (Polizeli et al. 2005).

8.2.2.2 Market Applications

The production of xylan has many commercial applications which include assis-
tance in the bleaching process of cellulose pulp prior to papermaking, the produc-
tion of bread and other foods and drinks, the improvement of silage digestibility for
animal feed and the production of biofuels from lignocellulosic feedstocks.

Pulp and paper industry: One of the most important industrial applications of xyla-
nases resides in the pulping and bleaching processes related to the paper industry.
Chemical bleaching of Kraft pulp is traditionally based on the use of chlorine and
sodium hydrosulfite. By-products of these chemicals are toxic and persistent in
the environment, and a more environmental friendly alternative has been found in
the use of enzymes such as xylanases (Bae et al. 2008; Zhao et al. 2006). Xylanases
are used in the pre-bleaching of Kraft pulp and represent an economically attractive
and clean option for this industry. They have the advantage of reducing the amount
of chemicals used while still obtaining the desired brightness of the pulp. The main
enzyme needed to enhance the delignification of the pulp is endo-f-xylanase. It works
by changing the pulp structure, by partially removing the hemicellulose on the
surface of the fibers (Beg et al. 2001). Xylanases have been used in this industry
for more than two decades and are usually obtained from microbial fermentation
processes, mainly from Streptomyces, Bacillus and Aspergillus (Polizeli et al. 2005).
Xylanases from transgenic plants appear to be a low cost production system for
this industry.

Animal feed: Even though xylans are a major component of several crops, it is an
important anti-nutritional material in monogastric animals. The arabinoxylan found
in grains has an anti-nutrient effect, particularly in poultry. Xylan can increase the
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viscosity of the feed, interfering with the digestion of other components and decreasing
the absorption of nutrients. Adding xylanases to feed containing maize or sorghum
improves the digestibility of the feed by creating a more digestible food mixture.
Enzymes for food and animal feed represent the largest segment for industrial
enzymes. More than 600 million tons of enzymes are produced worldwide for this
industry and this robust market is likely to continue to grow (Polizeli et al. 2005;
Yang et al. 2007).

Biofuels: Currently, biomass for fuel ethanol comes primarily from cornstarch but
expansion of this industry requires the use of alternative lignocellulosic biomass.
The production of ethanol from lignocellulosic biomass such as corn stover,
switchgrass, and forestry by-products is a complicated process and requires the
pretreatment of the feedstock prior to the fermentation of sugars by microorganisms.
Since xylans are among the most abundant form of hemicellulose, xylanases
represent a key enzyme in the conversion of lignocellulose into monomeric sugars
(Li et al. 2007).

In order to obtain free fermentable sugars from cellulose and hemicellulose,
pretreatments combining high temperature and an acid or base catalyst must be
used. The hemicellulose fraction can then be processed with enzymes such xylanases
for the efficient saccharification of the pretreated woody biomass. Nonetheless, the
cost of producing these enzymes is limiting for the biofuels industry and strategies
such as producing them in transgenic plants must be taken into account to lower
their cost (Kim et al. 2010).

Food and beverage industries: White wheat flour used in bread-making contains
hemicellulose. Several enzymes, among them xylanases, are added to the flour to
break down the hemicellulose and allow redistribution of water, increasing the
volume of the baked bread. This process leaves the dough softer, delays crumb
formation, improves the resistance to fermentation and allows the dough to grow.
The addition of purified endoxylanases from Aspergillus has been shown to cause a
30% increase in volume of the dough over a crude extract (Harbak and Thygesen
2002; Camacho and Aguilar 2002).

In the production of fruit and vegetable juices, xylanases, in combination with
other enzymes such as cellulases and amylases, are used to improve yield of juice.
They hydrolyze arabinoxylans and starch and lead to improvements in the liquefac-
tion of fruit and vegetables, stabilization of the pulp, reduction of viscosity and
general increased recovery of aromas of juices (Polizeli et al. 2005).

8.2.2.3 Plant Expression Systems

Many research groups have investigated the production of xylanases in GE plants
and even though they have not reached a commercial stage yet, they provide an
optimistic future for this technology. Recombinant xylanases have been produced
in several plants including Arabidopsis, barley, rice, potato, canola and tobacco.
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In Arabidopsis, xylanases have been expressed while being targeted to chloroplasts
and peroxisomes (Hyunjong et al. 2006). These efforts were based on the fact that
soluble proteins can be accumulated at high levels when targeted to organelles.
They expressed a xylanase from Trichoderma reesei and showed higher expres-
sion when targeted to both of these organelles rather than either one alone. More
recently, a recombinant xylanase also from 7. reesei was expressed constitutively
in Arabidopsis and tested for potential biotechnological applications of plant pro-
duced xylanases in the pulp bleaching industry. The authors demonstrated the
efficiency of recombinant xylanases when compared to commercial enzymes and
offered the transgenic system as a viable alternative approach to traditional xyla-
nase production (Bae et al. 2008). An alkai- and thermostable xylanase gene from
Bacillus subtilis was expressed in tobacco chloroplasts to avoid any undesirable
interaction with the cell wall components (Leelavathi et al. 2003). Transgenic
tobacco plants overexpressing active enzyme were obtained without any changes in
the growth or development of the plants. When using GE plants as production sys-
tems, the process of transporting the plants from the farms to the site of the down-
stream processing unit must be taken into account. In the case of xylanase-expressing
tobacco plants, the xylanases retained more than 85% activity after leaves were
sun-dried or dried at high temperatures. Drying of leaves is a current practice on
tobacco farms and the stability of the enzyme is an essential part of its production
in plants.

To reach enzyme levels high enough to be useful in industry, plants other than
tobacco and Arabidopsis have been transformed. Potato (Solanum tuberosum L.)
has been used to express a xylanase gene from Streptomyces olivaceoviridis
(Yang et al. 2007). As described above, xylanases play an important role in the
poultry feeding industry and the xylanase-expressing potatoes could be an alter-
native feed for poultry and other monogastric animals or be used as a feed addi-
tive. Potatoes also have the advantage of having tubers that can be stored for a
long time without special equipment and the possibility to be used for feeding
without cooking, which can inactivate the enzyme, making this a cost efficient
system.

Xylanases have been expressed in various other systems, such as canola seed
oil-bodies (Liu et al. 1997) and barley endosperms (Patel et al. 2000). In canola, a
fungal xylanase gene was fused to an oleosin gene to increase the accumulation of
the enzyme in the oil-bodies of the plant. Recombinant xylanase was active and
could be recovered and recycled by simple flotation of the oil bodies after being
used in a reaction. This technique could decrease significantly the costs of xyla-
nases in the pulp and bioconversion industries. Targeting the recombinant protein
to the seed, in the case of barley, offers advantages regarding the stability, storage
and transport of the enzyme. A recombinant fungal xylanase was targeted to the
cytoplasm of the endosperm cells of developing barley grain using a rice glutelin-1
promoter or a barley B1 hordein promoter. Using the cereal grain as a bioreactor to
produce enzymes for feed can become a by-product of the main feed component,
potentially reducing costs as well as possible accidental microbial contamination
of feed.



8 Production of Industrial Proteins in Plants 171
8.2.3 Oxidation/Reduction Enzymes

Oxidation-reduction (redox) reactions involve the transfer of electrons from an
electron donor (the reducing agent) to an electron acceptor (the oxidizing agent)
(Lehninger et al. 2005). In some cases, the electron is transferred as a hydrogen
atom and is thus a dehydrogenation reaction. Numerous redox enzyme classes exist
in nature and include but are not limited to: oxidases in the electron transport chains
of mitochondria and chloroplasts, catalase to remove hydrogen peroxide from cells,
ascorbate oxidase, and peroxidases and laccases, which are often involved in lignin
formation and degradation. Tremendous interest in the industrial sector has developed
for peroxidase and laccase as potential agents for the manufacture of useful products
from biomass-derived lignin and its monomers.

8.2.3.1 Characteristics of the Enzymes

Laccase: Laccase is a blue copper oxidase that has four Cu++ ions per protein
molecule (EC 1.10.3.2). It is capable of reacting with a large number of aromatic
substrates. Widely distributed in white rot fungi (Elegir et al. 2007), it is believed to
possess a key role in the degradation of lignin (Leonowicz et al. 2001). Laccase can
perform the oxidation of free phenolic lignin moieties and, in the presence of aromatic
redox mediators, also non-phenolic moieties (Bourbonnais and Paice 1990). Its activity
will polymerize lignins or lignin monomers when mediators are not present, but
degrades lignin in the presence of mediators (Mattinen et al. 2008).

Manganese Peroxidase: Manganese-dependent peroxidase (EC 1.11.1.7) is a heme-
containing enzyme primarily from white rot fungi that catalyzes the degradation of
lignin. Using peroxide as the electron acceptor, the first reaction is oxidation of
divalent manganese to trivalent manganese, a diffusible oxidant capable of oxi-
dizing a large variety of phenolic substrates (Kuan and Tien 1993). Organic acids
such as oxalic acid can stimulate its activity in nature.

8.2.3.2 Market Applications

Laccase and peroxidase are valued for their potential in manufacturing and processing
of phenolic monomers and polymers. Lignin-derived phenolic substrates can be
used to make adhesives, gasoline oxygenates, precursors for low cost carbon fiber,
and sealants, to name a few (Holladay et al. 2007). Most of the current uses of lignin
are bulk density, low cost products without specificity because of the difficulty of
manipulating the substrate. However, this situation could be rectified if enzymes
that produce specific products could be produced in bulk quantities for manufacture
of the higher value products. With the increase in use of lignocellulosic feedstocks
for biofuels and biobased products, a market demand is developing for inexpensive
enzymes that manipulate the lignin structure to control the product outcome.
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Unfortunately, laccase and peroxidase are relatively difficult to produce in indus-
trial quantities, largely due to their active oxygen-producing activities. Currently,
laccases are used in small volumes for bio-bleaching applications in cosmetics and
pulp and paper processing. Additionally, Novozymes (Bagsvaerd, Denmark) manu-
factures a laccase product (DENILITE) that is used in the textile industry for fabric
processing. If and when cost-effective manufacture of redox enzymes can be accom-
plished, their use in industry will fulfill many unmet market opportunities. Laccases
could be applied to many bleaching processes as well as lignin polymerization
(Mattinen et al. 2008). Peroxidases are promising substitutes for formaldehyde in
phenolic polymerization processes for such applications as binding plywood and
particle board.

8.2.3.3 Plant Expression Systems

Redox enzymes are difficult to express because the active oxygen species they
produce are quite detrimental to biological systems. This is particularly true of
single cell systems where the active oxygen cannot be sequestered away and the
organism’s survival is compromised. Thus, multicellular organisms may likely be a
more viable system for expression of these genes and thus accommodate high accu-
mulation of the enzymes for industrial uses.

To test this concept, laccase was expressed in maize embryos (Hood et al. 2003).
Plants were recovered that had protein accumulating to detectable levels, though not
high levels, from protein that was targeted to specific subcellular compartments—
the apoplast being the most effective. Any attempt to express the protein intracel-
lularly failed to generate any transgenic plants, suggesting that the protein was toxic
to cells. Extractable enzyme had to be reactivated by treating with copper sulfate,
salt and heat (Bailey et al. 2004). Much of the enzyme remained associated with the
plant tissue and did not appear to be extractable, but was active (Hood et al. 2003;
Bailey et al. 2004). When these transgenic plants were bred to elite germplasm to
improve agronomic performance and increase protein amounts, the plants began to
show characteristics of damage, presumably from active oxygen species generated
by the laccase. Even though the maize globulin-1 promoter is embryo-preferred
(Belanger and Kriz 1991), low levels of expression can be detected in some vegetative
tissues (Hood et al. 2003, 2011). Within the seed, expression is confined to the
embryo and the pericarp (Fig. 8.2).

Expression of this enzyme may benefit from technologies that produce an inactive
form of the enzyme using inteins (Raab 2010) or from expressing a thermotolerant
form of the enzyme that is less active at ambient temperature (Uthandi et al. 2010).
Active enzyme concentration in defatted germ from grain of these transgenic lines
is approximately 0.2% of dry weight (Hood et al. 2003), an amount that would
allow cost-effective production for applications (Howard and Hood 2005).

Manganese peroxidase (MnPOX) has also been expressed in maize seed from
the maize globulin-1 promoter (Clough et al. 2006). The subcellular location had
dramatic impact on the expression level of this enzyme as well, with the apoplast
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Fig. 8.2 Embryo preferred
expression of laccase in
GE maize seed

being the best location for protein accumulation. When the protein is expressed
from a constitutive promoter and secreted into the apoplast, significant leaf and stem
lesions are seen (Clough et al. 2006). Indeed, over-expression of an anionic peroxi-
dase constitutively in tobacco species caused chronic severe leaf wilting (Lagrimini
et al. 1990). Thus, the seed production system has advantages in sequestering the
protein and limiting plant damage. Accumulation level of this protein in fourth
generation post-transformation seed is approximately 0.015% dry weight.

8.2.4 Cellulase Enzymes

To meet the 2022 goal of 36 billion gallons of liquid transportation fuels assuming
that all comes from biomass, 1.1 million tonnes of cellulase will be required to meet
US goals for bioenergy (Banerjee et al. 2010; Howard et al. 2011). This value is
based on using 30 g cellulase to produce enough sugars from biomass for a gallon
of ethanol or other liquid biofuel. If more enzyme is required to deconstruct the
biomass, the amount of total enzyme needed goes up proportionately. Current
enzyme production strategies focus on fungal-based production in fermentation
tanks. Enzyme production at the scale and cost required to meet bioenergy goals is
not viable using microbe-based systems due to the significant up-front capitaliza-
tion costs of the necessary bioreactors (tanks/fermenters), the operational costs for
running those bioreactors, as well as the time to build them. This being said, the
lowest cost of cellulase enzymes is currently by extraction from fungal cultures and
years of experience using these cultures have allowed optimization for cellulase
production. In the near term while the market is developing, it is expected that these
fungal systems will continue to provide cellullase enzymes, though not at the target
price of $0.12-0.17 per gallon (Kabir Kazi et al. 2010) and although continual
improvements are being made to fungal strains to accumulate higher levels of
enzymes, improvements are unlikely to be much greater than the already very high
levels because of the maturity of the system. Similarly, optimization of production
practices is likely to be incremental and unlikely to drive cost down.
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8.2.4.1 Characteristics of the Enzymes

Thousands of glycosyl hydrolase enyzmes have been discovered and characterized
(Cantarel et al. 2009). Multiple enzymes have been screened for efficient activity on
crystalline cellulose, including groups of enzymes that work well together (Baker
et al. 1998; Nieves et al. 1998). As shown in Table 8.1, endo-cellulases hydrolyze
the cellulose chain internally, creating free ends on which the exo-cellulases are
active. Two exo-cellulase activities are required for the most efficient deconstruc-
tion of cellulose—one working on the reducing end (cellobiohydrolase I) and one
working on the non-reducing end (cellobiohydrolase II). The products of those two
enzymes are small oligomers of glucose that can be hydrolyzed to glucose through
the activity of B-glucosidase. The activities of the biomass conversion enzymes
should be in the range of pH 5 and approximately 45-60°C to be compatible with
process conditions in the industry. Increases in specific activity and thermostability
have been sought by researchers to increase their process stability (Heinzelman
et al. 2009).

8.2.4.2 Market Applications

Developing markets will require cellulases for the conversion of biomass to sugars
for applications in biofuels and biobased products. Plant biomass is a complex
matrix of polymers comprising the polysaccharides cellulose and hemicellulose, as
well as the phenolic polymer, lignin. A strategy designed to use lignocellulose for
fuel or bio-products must include the ability to efficiently convert the polysaccharide
and lignin components of plant cell walls to simple sugars and phenolic monomers,
respectively. Deconstruction of lignocellulose can be accomplished by heat and
chemical means (Taherzadeh and Karimi 2007) but the preferred environmentally
friendly method is to use enzymes.

With the current state of technology for biomass conversion, the overwhelming
enzyme requirement is for endo-cellulase, exo-cellulase and [-glucosidase
(Jgrgensen et al. 2007; Merino and Cherry 2007). The specific activity of most
cellulases is quite low (Jgrgensen et al. 2007; Sticklen 2008) and much effort has
focused on increasing their activity levels. However, even with improved enzymes
and improved methods of fungal fermentation production, the amount of cellulase
required to deconstruct the volumes of biomass necessary for 30% replacement of
gasoline (the US goal of 36 billion gallons) is over a million tons.

This is an unprecedented challenge in terms of the amount of enzymes and the
extremely low cost that is required for competitively priced liquid transportation
fuels. Currently, microbial fermentation in bioreactors serves as the dominant source
for cellulases, and likely will continue to do so in the short term during industry
development. However, the amount of upfront capital required for tankage/fermenter
capacity is problematic for the large scale deployment of the industry. If one assumes
that the enzyme load onto biomass for deconstruction into sugars is 100 g cellulases
per gallon of biofuel (i.e., ethanol or butanol) the investment numbers are staggering
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for tankage capacity to produce cellulases in fungal culture. A total capital
investment of over $57 billion dollars would be required for more than 2,000 tanks
with associated controls. At a price of $0.17/gallon of biofuel (NREL 2011 target),
this capacity would return annual sales revenues of ~$6 billion (Banerjee et al. 2010;
Howard et al. 2011). Clearly, significant innovation and alternative approaches are
required to address enzyme costs at this scale to achieve the RFS2 goal (http://www.
epa.gov/otag/fuels/renewablefuels/index.htm).

8.2.4.3 Plant Expression Systems

Cellulases have been expressed in a number of plants and tissues including tobacco
leaves, rice stems, corn stover and corn seed (Gray et al. 2009; Hood et al. 2007; Jin
et al. 2003; Mei et al. 2009; Oraby et al. 2007; Sticklen 2008). This approach is seen
as a potential solution to reduce the recalcitrance of the tissue to deconstruction
(Taylor et al. 2008). Cellulases in vegetative tissues contribute to more digestible
cellulose, although processing conditions for the biomass must be tailored to prevent
enzyme inactivation during pretreatment.

An alternative approach is to produce cellulases in a concentrated tissue that
allows inexpensive growth, harvest, storage, and processing (Howard and Hood
2005). In this way the enzymes can be scaled to meet market demands and stably
stored until required for biomass processing. One such system is producing enzymes
in seed of commodity crops such as corn, wheat or soybeans. Production and
processing of maize grain is a well-developed industry (Alexander 1994). Two
cellulase genes have been successfully expressed in corn and production lines devel-
oped. (Hood et al. 2007). High levels of protein have been recovered from the grain
after breeding of the original transformants into elite germplasm or high oil germplasm
(Clough et al. 2006; Hood and Howard 2008; Hood et al. 2002). This method has
been particularly effective for increasing cellulase accumulation in maize seed
(Hood et al. 2011). In fact, protein levels for cellulase E1 (from Acidothermus
cellulolyticus) in elite maize grain is as high as 0.2% of dry weight and for CBH 1
(from Trichoderma reesei) as high as 0.45% of dry weight. Because the enzyme is
concentrated entirely in the germ (embryo) fraction of the grain, the grain can be
fractionated through established methods (wet or dry milling) to physically concen-
trate the enzyme. In traditional corn processing, the germ is a low value co-product
of the starch from the endosperm and is commonly sold as animal feed. The germ
can be defatted, also through established protocols to recover the corn oil, leaving
the defatted germ as a co-product. In this case, the defatted germ is the most valuable
part of the grain, as it contains the cellulases (Howard et al. 2011).

Most of the transgenic plants containing cellulases have focused on using one or
another of the various endo- or exo-cellulases that are active on biomass. Each of
these enzymes by itself is quite ineffective at cellulose deconstruction because the
enzymes evolved to work in concert. Thus, a potentially more effective approach
would be to stack the genes together into a single plant to allow all the enzymes to
work together. This can be accomplished through breeding plants with individual
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enzymes in the tissues, or through putting the genes together on mini chromosomes
(Carlson et al. 2007; Yu et al. 2007). Each of these technologies has its own challenges
and is several years from deployment.

8.3 Conclusions

Plant-based bioproduction of proteins for industrial applications has been developing
for several years. The first product sold was bovine trypsin (Trypzean, T3568, Sigma
Chemical Co.). The current market is relatively limited, although potential applica-
tions of this enzyme in pharmaceutical manufacturing are lucrative. This enzyme is
used to mature pro-insulin to insulin produced from bacteria and to free pharmaceutical-
producing cells from their substrate in order to passage them. The first large-scale
product from the technology has just entered the marketplace—Enogen amylase
from Syngenta. According to a recent press release, this excellent technology will
be deployed at large scale in 2012 (http://advancedbiofuelsusa.info/usda-approves-
corn-amylase-trait-for-enogentm). The Enogen example paves the way for future
industrial products from the plant production system.

The use of plants for biofuels and biomaterials, though it has environmentally posi-
tive impacts, is currently of concern among some groups because of its potential nega-
tive impact on land use (increased cultivation) or loss of food-production acreage.
These issues must be addressed, and one way to do so is to increase productivity of all
crops whether for food, biofuel/bioproduct or industrial use. Numerous technologies
have been applied to agricultural production over the years including domestication,
mechanization, breeding, fertilizer application, and genetic engineering (Fedoroff
2010). Each technology has contributed significantly to improvements in productivity.
If investments continue to be made in these technologies, all food and non-food uses
of plants will likely be feasible on current arable land. Considering the current climate
surrounding the use of genetically engineered (GE) plants for food, feed, fiber and
fuel, delays in deployment of new crops using this technology exist and are likely to
continue. Certainly crop safety is an important issue to address for these GE crops.
However, the risk of not using all the tools available to us to achieve increased crop
productivity is much greater—crop failure leads to starvation. “Thus, the challenges
to agriculture in the twenty-first century are profound” (Fedoroff 2010).

The global market for industrial enzymes is continuously growing and is expected
to reach anywhere from US$3.74 billion to US$7 billion by 2015 (http://www.prweb.
com/releases/industrial_enzymes/proteases_carbohydrases/prweb8121185.htm; http://
www.reportlinker.com/p0148002/World-Enzymes-Market.html#ixzz1FZu2b3Bq).
Continued strong demand for specialty enzymes has fueled the growing interest for
new technologies to produce them. This is in part due to the cost efficiency of their use
but also to the increasing interest in the substitution of petrochemical products.

The development of novel and superior enzymes is linked to the advances in the
production technology and biotechnology has changed the enzyme production
industry. The use of genetically modified plants will satisfy a need for more efficient,
environmentally friendly and low cost production system.
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Chapter 9
Transient Expression Using Agroinfiltration
and Its Applications in Molecular Farming

Rima Menassa, Adil Ahmad, and Jussi J. Joensuu

Abstract Transient expression via agroinfiltration and/or viral vectors has quickly
emerged as the preferred expression system for plant-made recombinant proteins.
Transient expression can serve as a valuable research tool for finding optimal expres-
sion parameters before tedious and time-consuming production of stable transgenic
plants or it can be scaled up to commercial production scale with vacuum infiltration.
This technology is poised to compete with conventional production systems,
large-scale production facilities are currently available and others are in the process
of development. This chapter will introduce background and rationale in development
of transient expression systems in plants and summarize the latest developments
and examples in this area.

9.1 Introduction

To satisfy the increasing rigor of industrial production, a recombinant protein
production system must fulfill several criteria: scalability, simple and inexpensive
purification methods, short generation and production timelines, high production
rates, capability to carry out co- and post-translational modifications, biosafety and
product reproducibility.
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Currently, no classical recombinant expression system satisfies all of these
requirements. For example, complex recombinant proteins produced in microbial
cell culture are not always properly processed or folded resulting in a protein inca-
pable of biological activity. Accordingly, prokaryotic expression systems have been
utilized for the production of simple recombinant proteins that do not require exten-
sive post-translational modifications such as insulin, interferon and human growth
hormone (Walsh and Jefferis 2006). Due to the limitations of microbial produc-
tion systems, focus has been placed towards optimization of competing eukaryotic
expression systems, yeast, fungi and mammalian cultures. These production systems
possess disadvantages such as hyperglycosylation for yeast and fungi, and the
potential of harboring human pathogens coupled with scalability and ethical concerns
for mammalian cell culture and transgenic animals. These limitations combined
with growing demand for therapeutic and industrial proteins have contributed to
the emergence of plants as a much safer, low-cost alternative for the production of
biologically active recombinant proteins. Plant expression systems can perform
post-translational modifications and produce a variety of functional mammalian
proteins and industrial enzymes. The production of correctly folded and assembled
multi-subunit proteins such as antibodies in plant cells is a good illustration that
plants possess the ability to produce and assemble complex mammalian proteins
(Nuttall et al. 2005).

9.2 Plant Expression Systems

Stable transformation of plants has been until recently the preferred method of over-
expression of recombinant proteins. In stably transformed plant tissue, Agrobacterium
strains introduce recombinant genes into the plant nuclear genome through virulence
factors coded from the Ti-plasmid. The portion of the Ti plasmid which contains the
gene of interest is delineated by left and right T-DNA border sequences and is
randomly integrated into the plant nuclear genome (Zambryski 1988). This method
is largely utilized by most plant scientists; however it has proven more successful
for dicotyledonous plants. A major advantage of stable transgenic plants is that the
heterologous protein production trait is heritable, resulting in a permanent resource,
allowing for simple and rapid scale-up and almost unlimited and sustainable pro-
duction capacity only requiring planting of seeds in a large area and harvesting it
(Gray et al. 2009). Disadvantages of using transgenic plants as production platform
include the long developmental phase required to regenerate and analyse the trans-
formants, unpredictable expression due to chromosomal position effects associated
with random gene insertion, recombinant protein stability issues leading to low
accumulation levels, and physiological effects on the host plant such as toxicity of
the recombinant protein (Hobbs et al. 1990; Krysan et al. 2002).

Since the first idea of expressing vaccines in edible plant organs such as bananas
and potatoes, much has been accomplished in the area of producing recombinant
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proteins in plants. It has become clear that food crops cannot be used for the production
of pharmaceutical proteins due to the risk of contaminating the food supply. As well,
the idea of oral administration of plant material has evolved to oral administration
of purified and quality-controlled products because of the need for accurate dosing
which would not be possible with raw plant materials (Rybicki 2010). This is due
to the variability in expression levels between plants, within the same plant, and
depending on the physiological condition of each plant. Therefore, even though
vaccines such as the hepatitis B surface antigen (HBsAg) had been successfully
produced in potato and had shown to be effective in human clinical trials (Thanavala
et al. 2005), attention was redirected to non-food plants and expression in transient
systems that allow faster timelines and higher expression levels than stable trans-
genic plants. Several breakthroughs in transient expression have been reported in
recent years that allow for unprecedented expression levels within 1-2 weeks. Such
systems rely on two classes of plant pathogens, plant viruses and Agrobacterium, a
bacterial soil pathogen.

9.2.1 Agrobacterium Infiltration

In agroinfiltration, recombinant Agrobacterium tumefaciens bacteria harbouring a
binary expression vector are introduced directly into plant leaves using vacuum
infiltration or direct syringe injection. Following infection, single-stranded T-DNA
is transferred from the Agrobacterium to the plant cells. Once moved into the
plant cell by bacterial and plant encoded proteins, this T-DNA is trafficked to the
nucleus with the aid of chaperones. Only a small percentage is integrated into
the host chromosomes leading to stable transformed cells that can subsequently
be regenerated into transgenic plants (Zambryski 1988). The long-term fate of the
T-DNAs that do not integrate into chromosomes is unclear; however, it appears
that the free T-DNA molecules are transcriptionally competent, thus providing an
opportunity for a short-lived burst of recombinant protein production and harvest
(Voinnet et al. 2003).

The significantly reduced production timeline and convenience of agroinfiltration
technique yields results within 2-5 days, making transient plant-based expression
an attractive option for the production of proteins. Thus, agroinfiltration can be
used to rapidly evaluate the activity of expression constructs and to produce small
amounts of recombinant protein for functional analysis (Wroblewski et al. 2005).
These timelines compare very favourably to the time- and resource-intensive
process of generating stable transgenic plants, which usually takes 3—6 months.
The transient expression system is also flexible, as it allows for the expression of
multiple genes simultaneously, and provides a reliable and reproducible indicator of
expression construct performance, since it avoids the positional effects normally
associated with stable transgenic plants (Kapila et al. 1997).
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9.2.2 Virus-Based Expression

Virus-based expression of recombinant proteins is the subject of another chapter in
this book (Wang, Chap. 10), thus we will very briefly describe virus-based systems
and focus on recent developments where deconstructed viruses are Agro-infiltrated
and result in very high expression levels.

The first virus-based expression vectors were simple gene replacement vectors,
in which a foreign gene of interest replaced the capsid protein gene of a virus. These
vectors were limited in the expression of these genes and although they could
move from cell to cell, they could not move systemically in plants. Eventually, plant
RNA viruses were constructed to express a foreign gene in addition to all required
viral genes, so after inoculation, the plant virus would systemically infect all cells of
the plants and generate multiple transcripts of the transgene (Pogue et al. 2002).

More recently, a new system relying on agroinfiltration of deconstructed viral
vectors has shown the highest levels of expression achieved in any system. This
system, called magnifection, was developed by the German biotechnology com-
pany Icon Genetics (now a subsidiary of Bayer Innovation). Magnifection combines
the high transfection efficiency of Agrobacterium with high expression yield of
deconstructed viral vectors, leading to accumulation levels up to 5 g recombinant
protein per kg of fresh leaf weight (FLW), equivalent to about 50% TSP (Gleba et al.
2005, 2007). The process consists of an infiltration of whole mature plants with a
diluted suspension of Agrobacterium carrying T-DNAs encoding viral replicons.
The bacteria carry on the function of primary infection while the virus provides
cell-to-cell spread, amplification and high-level expression. This system allows the
expression of heteromeric recombinant proteins such as monoclonal antibodies
(mAbs). For this, the magnICON® system uses two non-competitive viral vectors
based on turnip vein clearing tobamovirus (TVCV) and potato virus X (PVX). One
vector carries the heavy chain while the other vector carries the light chain. Both
vectors are co-infiltrated into N. benthamiana where both chains are expressed and
assembled into a fully functional mAb (Giritch et al. 2006; Hiatt and Pauly 2006).

The scale up for this technique is essentially the same as for agroinfiltration
requiring an infiltration apparatus. Because of very high expression levels in this
system, proteins can be produced in a contained facility minimizing biosafety-related
risk. The company Kentucky BioProcessing (KBP), in collaboration with Bayer
Innovation and Icon Genetics, has adapted the MagnICON system to infiltrate
kilograms of plants per hour, allowing the production of 25-75 g of antibody to be
produced per greenhouse lot in about 2 weeks (Pogue et al. 2010).

9.2.3 Silencing and Its Suppression

In transgenic plants, post-transcriptional gene silencing (PTGS) is observed as
the reduction in steady-state levels of transcript being coded from a foreign DNA
sequence (Voinnet et al. 1999). This reduction is caused by an increased turnover of
target RNA, with the transcription level of corresponding genes remaining unaffected.
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RNA silencing triggered by the presence of transgenes requires an RNA-dependant
RNA polymerase (RdRp)-like protein to catalyze synthesis of RNA complementary
to the target species (Dalmay et al. 2000). Double-stranded RNA is then recog-
nized by a specific nuclease and cleaved to produce 21-23 nucleotide RNA species
(Zamore et al. 2000). These small RNAs are proposed to associate with nuclease-
like proteins and serve as guides for sequence specific cleavage of target RNA
transcripts (Voinnet et al. 1999).

PTGS can be avoided by expressing simultaneously the gene of interest and a
suppressor of silencing. Individual plant viruses seem to produce their own sup-
pressor of silencing and the characterization of a large number of suppressors is
currently in progress (Lienard et al. 2007). The best characterized suppressor of
silencing is the p19 protein, encoded by tomato bushy stunt virus (TBSV). Through
agroinfiltration methods, recombinant protein expression has been greatly improved
when co-infiltrated in the presence of p19 (Voinnet et al. 2003), up to 50-fold. Use
of this method provides a simple route for increasing recombinant protein produc-
tion in any plant species which is amenable to agroinfiltration.

9.2.4 Syringe vs Vacuum Infiltration

Initially, transient expression by agroinfiltration was developed for assessing the
ability of various constructs to induce the expression of recombinant proteins.
The best performing constructs would then be used to produce stable transgenic
lines. For this, an Agrobacterium suspension is infiltrated into the abaxial side of the
leaves, the plant most frequently used for these experiments is N. benthamiana, but
Nicotiana tabacum can also be used, as well as other plants such as Arabidopsis
thaliana, tomato or lettuce (Wroblewski et al. 2005). In addition to the choice of
plant species, the developmental stage and physiological status of infiltrated plants
can have a major effect on expression levels of target proteins. When co-infiltrated
with a suppressor of PTGS such as HcPro from potato virus Y, expression levels can
be as high as 1.5 g recombinant protein/kg of LFW (Vézina et al. 2009). Because of
the high expression levels and the speed of protein production using Agrobacterium
syringe infiltration, this method has been scaled up for vacuum infiltration of kilogram
amounts of tissue. About half the amount of recombinant protein was obtained using
vacuum infiltration in a side by side comparison with syringe infiltration (Vézina
et al. 2009). Nevertheless, vacuum infiltration has now been adopted by several
groups including Medicago Inc. for the production of influenza vaccines (D’ Aoust
et al. 2010) and automated by Kentucky BioProcessing, LLC for the magnifection
system to infiltrate kilograms of plants/hour (Pogue et al. 2010).

9.3 Applications in Molecular Farming

This section will briefly describe advances in plant-made pharmaceuticals devel-
oped for treatment of human diseases, with a focus on transient expression, which
seems to be method of choice for fast high level production of complex proteins.
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Detailed reviews are available for each of these categories, and not all produced
proteins will be discussed, rather a sample of the most successful developed exam-
ples will be described.

9.3.1 Vaccines

9.3.1.1 Hepatitis B Virus

Hepatitis B surface antigen (HBsAg) has been produced in transgenic potatoes
and shown to be immunogenic in a human clinical trial as a booster in previously
immunized human volunteers (Thanavala et al. 2005). However, low expression
levels and concerns about using food crops for the production of pharmaceutical
proteins triggered the investigation of alternative plant hosts and ways to improve
expression levels. Agrobacterium infiltration for transient expression of HBsAg was
first reported in 2004 by Huang and Mason (Huang and Mason 2004) who used this
method for the evaluation of antigen conformation with and without a fusion partner.
To optimize the transient expression system, the same authors used the deconstructed
MagnICON viral vectors, and showed that HbsAg properly assembled into dimers
and virus-like particles and accumulated to 300 mg/kg LFW. Further, immunization
of mice with partially purified HBsAg elicited HBsAg-specific antibodies (Huang
et al. 2008). In another attempt of developing a hepatitis B vaccine, the Magnlcon
vectors were used for expressing the hepatitis B core antigen (HBc) in N. benthamiana.
HBc accumulated to 2.38 g/kg LFW, assembled into virus-like particles which were
immunogenic in mice (Huang et al. 2006). In an attempt at developing other expres-
sion vectors, the same group developed a deconstructed viral vector based on the
geminivirus bean yellow dwarf virus (BeYDV) to transiently produce HBc to levels
up to 1 g/lkg LFW (Chen et al. 2011).

9.3.1.2 Human Papilloma Virus

Human papilloma viruses are responsible for causing cervical cancers in women,
and are implicated in anogenital and head and neck tumors in both men and women
(Bosch et al. 2002). Vaccination is the most efficient way for fighting HPV infections,
and two prophylactic vaccines are now available, Gardasil produced in yeast by
Merck, and Cervarix produced in insect cells by GlaxoSmithKline. Both vaccines
protect against the two high risk HPV types 16 and 18 which cause 70% of all cervical
cancers (Bosch et al. 2008). Several groups have focused their efforts at making
HPYV vaccines in plants as a way to significantly reduce costs of production. The most
successful attempt achieved expression levels of 0.5 g/kg LFW (17% TSP) in a
transient agroinfiltration system, co-expressing the tomato spotted wilt virus
non-structural small silencing suppressor protein, and targeting the HPV-16 L1 pro-
tein to the chloroplast (Maclean et al. 2007). Virus-like particles were formed and
parenteral administration of concentrated plants extracts elicited high titer antisera
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in the same range as those reported for human trial subjects injected with commercial
vaccines (Giorgi et al. 2010). A further 50% increase in expression levels was
achieved by the same group upon the use of replicating geminivirus sequences in
the agro-infiltrated binary vector (Regnard et al. 2010).

9.3.1.3 HIV

The type I human immunodeficiency virus (HIV) is responsible for the acquired
immunodeficiency syndrome (AIDS) and currently infects more than 40 million
people worldwide, and is continuing to spread, mainly in sub-Saharan Africa. The
development of an effective vaccine is essential for controlling the epidemic, and
treatments such as neutralizing antibodies for treating infected patients are needed.
In either case, large amounts of recombinant proteins are required, and plants can be
an inexpensive system for their production, provided accumulation levels are high
enough (Rybicki 2010). Several efforts have focused on the production of HIV
antigens as chimeric proteins in plants, including structural proteins Gag (and its
component proteins p24, p17, and p17/p24) and Env and regulatory proteins Tat and
Nef (De Virgilio et al. 2008; Karasev et al. 2005; Meyers et al. 2008; Yusibov et al.
1997; Zhou et al. 2008). Only two of these antigens accumulated to high enough
levels, Nef when fused to zeolin accumulated to 1.5% TSP and p24-Nef when
expressed from the chloroplast genome accumulated to 40% TSP in petite Havana,
a small laboratory tobacco cultivar, and to 6% TSP in a high biomass tobacco cultivar
(Marusic et al. 2009; Zhou et al. 2008). Similarly, the Gag-derived p17/p24 fusion
protein could be expressed to 5 mg/kg FW by agroinfiltration when targeted to the
chloroplast (Meyers et al. 2008).

Another approach for controlling the transmission of HIV consists in producing
griffithsin, a potent viral entry inhibitor from the red alga Griffithsia (Mori et al. 2005).
This protein is a lectin that targets the high-mannose glycans displayed on the
surface of HIV envelope glycoproteins, and inactivates the virus on contact (Emau
et al. 2007; Ziotkowska et al. 2006). Griffithsin was produced in N. benthamiana
through infection with a tobacco mosaic virus-based vector at extremely high levels
of more than 1 g/kg of LFW in just 12 days. Plant-made griffithsin was shown to be
active, directly virucidal, and capable of blocking cell to cell HIV transmission
(O’Keefe et al. 2009).

9.3.1.4 Influenza

Influenza viruses evolve rapidly and require the development of a new vaccine every
year for the seasonal influenza season. The probability of occurrence of a pandemic
influenza and the identity of the virus causing it are unknown, and therefore the ability
of organizations to prepare and stockpile such vaccines is very limited. Once the virus
is identified, it usually takes about 6 months to produce the vaccine product which
consists of inactivated viruses grown in eggs (D’ Aoust et al. 2010). These concerns
have triggered interest in developing influenza vaccines in plants using the quick



190 R. Menassa et al.

agroinfiltration technology. Antigenic domains of HS from strain A/Vietnam/04
(H5N1) and of H3 from A/Wyoming/3/03 (H3N2), both fused to a carrier protein
were produced by agroinfiltration in N. benthamiana. The immunogenicity of H3
was demonstrated in a ferret study and showed that a single dose in combination
with the neuraminidase antigen induced a strong immune response (Mett et al. 2008;
Musiychuk et al. 2007). However, the dose of 200 pg required to induce the immune
response was much higher than industry standards. Agroinfiltration of the hemag-
glutinin (HA) domain spanning the outside of the viral envelope from the human
seasonal influenza virus A/Wyoming/03/03 (H3N2) and several highly pathogenic
HS5NI1 avian strains was also reported (Shoji et al. 2008, 2009a, b). These studies
showed that specific expressed domains induced a significant immune response in
mice with the addition of an adjuvant. However, (Shoji et al. 2009a) showed that
three high doses were necessary for protecting ferrets against a lethal challenge
with the homologous strain. A more successful strategy was developed by the
Canadian biotechnology company Medicago Inc., which involves the expression of
the entire HA protein from HINT1 strain A/New Caledonia/20/99 and H5N1 strain
A/Indonesia/5/05. They found that virus-like particles are produced, bud off the
plasma membrane and accumulate between the plasma membrane and the cell wall
(D’Aoust et al. 2008). They also showed that the VLPs are more immunogenic than
the HA protein that had not assembled into VLPs (D’ Aoust et al. 2009). Further, all
mice injected with two doses of 0.5 pg of H5-VLPs were protected against a lethal
challenge of a different HSN1 isolate (D’ Aoust et al. 2008). Medicago Inc. further
adapted the agroinfiltration method for scaling up their production capacity and are
able to agro-infiltrate batches of 1200-1500 plants weekly from which 25 kg of leaf
biomass can be harvested and the VLPs are subsequently purified (D’ Aoust et al.
2010). This system was tested for speed of production during the outbreak of the
HI1NT1 pandemic in the spring of 2010, and this group showed that they were capable
of obtaining VLPs only 3 weeks after the sequence of the novel A/HINI strain A/
California/04/09 became available. Further, they showed that the produced VLPs
were highly efficacious as a vaccine in a mouse study that lasted another 6 weeks.
Therefore, a pandemic VLP vaccine can be produced in plants much faster than by
conventional vaccine manufacturing (D’ Aoust et al. 2010). These positive results,
and the unpreparedness for quickly facing an influenza pandemic have influenced
the U.S. Defence Department to invest $21 million US in Medicago Inc, which is
now building a large manufacturing facility in North Carolina to grow tobacco
plants and produce about 40 million doses of seasonal flu vaccine per year, or
120 million doses of pandemic flu vaccine for the U.S. market (http://www.cbc.ca/
news/health/story/2010/11/24/flu-vaccine-tobacco-plants-medicago.html).

9.3.2 Antibodies

Among the biopharmaceutical drugs in development, monoclonal antibodies constitute
the fastest growing group because of their outstanding specificities (Aggarwal 2009).
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Demand for therapeutic antibodies far exceeds their production capacity in
current mammalian expression systems, and plants provide an attractive pro-
duction platform because they can correctly produce, fold and assemble complex
multimeric proteins such as antibodies (Ma et al. 1995). Transient expression
in plants using agroinfiltration either with traditional binary vectors (Vézina et al.
2009), with MagnICON vectors (Giritch et al. 2006) or with the use of cowpea
mosaic vector hypertranslatable deleted RNA2 (Sainsbury and Lomonossoff
2008) has so far provided the highest expression levels of antibody production of
any other plant system; however, glycosylation patterns of secreted monoclonal
antibodies are different in plants and can lead to immunogenicity in humans.
As well, the approach of retaining the antibodies in the ER which prevents
plant specific and immunogenic glycan addition causes their rapid clearance from
the blood stream, and causes lower complement-dependent cytotoxicity (Jefferis
2009). Therefore, close attention has been paid to engineering glycosylation
pathways in plants to produce “humanized” glycosylation patterns. This has been
done by knocking-out endogenous glycosyltransferases and/or knocking-in human
glycosyltransferases.

N. benthamiana plants lacking immunogenic 1,2-xylose and core al,3-fucose
were generated by RNAi and were used to transiently produce the 2G12 HIV
antibody (Strasser et al. 2008). The antibody was found to effectively contain
homogeneous N-glycans without detectable B1,2-xylose and a1,3-fucose resi-
dues. The functional properties of the plant produced antibody were similar to
those of a Chinese hamster ovary (CHO)-produced 2G12 antibody. For further
humanizing the glycosylation patterns of antibodies produced in plants, a human
galactosyltransferase was introduced into the previously produced RNAi line
lacking a1,3-fucosyl- and PB1,2-xylosyl- transferase (Fuc-T and Xyl-T) activities.
Two HIV antibodies, 2G12 and 4E10 were subsequently expressed in the resulting
plants and were shown to be fully galactosylated and to possess much more
homogeneous glycans than CHO cells were able to produce (Strasser et al.
2009). The resulting antibodies displayed improved virus neutralization potency
when compared with other glycoforms produced in plants and Chinese hamster
ovary cells.

A similar result was achieved in a very elegant experiment where instead of
knocking-down Fuc-T and Xyl-T, Vezina et al. (2009) expressed a chimeric form of
the human p1,4-galactosyltransferase (Gal-T) together with a diagnostic antibody,
C5-1. The chimeric protein consisted in the fusion of the N-terminus of GNTI
to the catalytic domain of human Gal-T. GNTI is typically expressed in the ER
and cis-Golgi, upstream from the Fuc-T and Xyl-T in the secretory pathway. This
allowed the production of C5-1 completely lacking plant-specific f1,2-xylose and
al,3-fucose glycans presumably because the hybrid Gal-T acted at the earliest stage
of complex N-glycan synthesis and inhibited further transfer of plant specific xylose
and fucose to the core oligosaccharide (Vézina et al. 2009).

Therefore it is clear that complex antibodies can be transiently produced
in plants with appropriate post-translational modifications at high levels and with
high activity.
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9.3.3 Fusions for Improved Accumulation and Purification

Recently, the use of fusion tags has gained popularity in plant-production platforms.
Most common fusion tags in use were originally conceived as aids for isolation and
downstream purification such as Arg-tag, His-tag, FLAG-tag, c-myc-tag, GST-tag
etc.... (Lichty et al. 2005; Terpe 2003). As well, the use of protein-stabilizing pro-
teins as fusions to “difficult to express” proteins has been successful in improving
expression levels such as ubiquitin (Mishra et al. 2006), B-glucuronidase (Dus
Santos et al. 2002), cholera toxin B subunit (Molina et al. 2004), and human immu-
noglobulin a-chains (Obregon et al. 2006). However, three fusion partners have
emerged that have shown very significant improvements in accumulation levels and
that result in the accumulation of recombinant proteins inside round structures that
are reminiscent of seed protein bodies (PBs); these are y-zein from maize, elastin-
like polypeptides of mammalian origin, and hydrophobins from fungi. All three
partners can also be used in protein purification either by density centrifugation
(y-zein), inverse transition cycling (ELP) or aqueous two phase separation system
(hydrophobins). As well, all three fusion partners were shown to give the best results
in plants when expressed transiently by agroinfiltration into N. benthamiana.

9.3.3.1 Zera Fusions

y-zein, a major constituent of maize storage proteins is able to induce the formation
of PBs in seed and vegetative organs of transgenic dicots in the absence of the other
zein subunits o-zein and 3-zein (Geli et al. 1994). The N-terminal domain of y-zein,
termed Zera® (Era Biotech, Barcelona, Spain), was shown to be sufficient for the
formation of PBs and for the increase in accumulation levels of several proteins;
for example, epidermal growth factor accumulated to 100-fold higher levels up
to 0.5 g/kg LFW, and human growth hormone accumulation increased by 13-fold to
3.2 g/kg LFW (Torrent et al. 2009). A detailed study of the N-terminal y —zein domains
showed that the two N-terminal Cys residues are critical for oligomerization, the
first step toward PB formation in N. benthamiana (Llop-Tous et al. 2010). Zera has
been very recently used in transient agroinfiltration of N. benthamiana leaves for the
expression of a zera-xylanase fusion. Expression levels were up to 9% TSP, corre-
sponding to 1.6 g of the fusion/kg LFW. The fused protein was shown to accumulate
as biologically active insoluble aggregates inside PBs (Llop-Tous et al. 2011).

9.3.3.2 ELP Fusions

Elastin-like polypeptides (ELP) are synthetic proteins composed of the pentapeptide
repeat VPGVG that occur in mammalian elastins (Raju and Anwar 1987; Urry 1988).
Various sizes of ELP tags are used by various groups for expression of recombinant
protein fusions in plants; for example, (Scheller et al. 2006) showed that a 100-mer
ELP tag increased accumulation of a recombinant antibody fragment up to 40 times
in tobacco seeds, while (Patel et al. 2007) showed that a 28-mer ELP tag increased



9 Transient Expression Using Agroinfiltration and Its Applications in Molecular... 193

accumulation of interleukin-4 (IL-4) and IL-10 by 85 and 90-fold, respectively, in
tobacco leaves. Therefore, (Conley et al. 2009a) produced an ELP size library starting
at 5 repeats up to 240 repeats and tested this library with four different proteins by
agroinfiltration. In this study the size of the ELP tag was shown to have a significant
impact on the accumulation and the purification of recombinant proteins by inverse
transition cycling. Smaller tags were more beneficial for protein accumulation, leading
to the accumulation of IL-10 to 4.5% TSP, a 1000-fold improvement from the
best expressing IL-10 transgenic line previously reported (Menassa et al. 2007),
while larger tags allowed a higher recovery rate of the protein fusion by ITC. An
ELP size of 30—40 pentapeptide repeats was found to be a good compromise for
both accumulation and purification (Conley et al. 2009a). Furthermore, the fusion
protein was found to accumulate in novel spherical, membrane bound structures
reminiscent of Zera PBs. It is thought that these PBs allow higher accumulation
levels by protecting the recombinant protein from the degradative machinery of the
cell (Conley et al. 2009b).

9.3.3.3 Hydrophobin Fusions

Hydrophobins are a class of small surface active proteins produced by filamentous
fungi, and are thought to be involved in the adaptation of fungi to their environment
(Talbot 1999). Hydrophobins coat fungal surfaces and have been proposed to protect
against desiccation and wetting and to contribute to spore and conidial dissemination
(Linder et al. 2005). These small proteins (ca. 10 kDa) contain a large proportion of
hydrophobic amino acids and eight cysteines all of which involved in four intramo-
lecular disulfide bonds (Hakanpaa et al. 2004). The unique surface-active properties
of hydrophobins can be transferred to their fusion partners, a property that has been
exploited for a rapid and inexpensive surfactant-based aqueous two phase purifica-
tion system, ATPS (Linder et al. 2004). Recently, we have shown by agroinfiltration
of N. benthamiana that hydrophobin fusions allow for extremely high accumulation
levels of GFP, up to 3.7 g/kg LFW. Similar high expression levels were obtained
with glucose oxidase, an enzyme that did not express well in other conventional
systems (Bankar et al. 2009; Joensuu et al. 2010). In the same study we also found
that GFP-hydrophobin fusion accumulates in PBs, and that infiltrated leaves
survived longer when the fusion rather than GFP alone was used in the infiltration.
This indicates that PBs not only protect the recombinant protein from degradation
as observed with ELP, they also protect cells from the toxicity of highly expressed
proteins (Conley et al. 2011; Joensuu et al. 2010).

9.4 Conclusions

Agroinfiltration enhances the value of plant-based expression systems, serves as a
very useful tool to boost research in plant biology and opens new possibilities for
studying protein overexpression in plants. With the fast production timeline, good
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yield and well defined co- and post-translational modifications, agroinfiltration
shows promise for plant-derived bioproducts and can now compete with classical
eukaryotic expression systems.
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Chapter 10
Plant Virus-Mediated Expression
in Molecular Farming

Aiming Wang

Abstract Plant viruses have contrasting abilities. On one hand, they can induce
gene silencing, termed as virus-induced gene silencing. On the other hand, they
have evolved mechanisms that suppress gene silencing and allow the accumulation
of very high levels of viral proteins in infected plants. The latter is the driving force
for the manipulation of plant viruses for molecular farming in plants. In comparison
to the transgenic approach which is often associated with low levels of expression
and the requirement of a time-consuming and labour-intensive genetic transforma-
tion process, the plant virus-mediated expression approach has several advantages
such as easy manipulation, high yield and fast manufacturing. This approach uses
plant virus-based expression vectors as a vehicle to produce therapeutic proteins
such as antibodies, enzymes, vaccines, and other recombinant proteins of interest in
plants. Over the last two decades, a number of plant viruses have been developed
and optimized for expression of a variety of pharmaceutical proteins. Some of these
recombinant proteins are currently under pre-clinical or clinical trials. In this chapter,
I will summarize recent progress, current challenges and future prospects of plant
virus-mediated expression in molecular farming.

10.1 Introduction

Since the discovery of the first plant virus, Tobacco mosaic virus (TMV), in 1898,
virology has become a subject of science (Levine 2001). Over the last century,
particularly since the 1980s, plant virology has contributed enormously to the
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understanding of the fundamental concepts in modern biology as well as the
advancement of modern plant biotechnology. Plant viral elements such as promoters,
terminators, translational enhancers, and gene silencing suppressors have been
extensively studied and widely used in plant biotechnology (Hull 2002). Over the last
two decades, plant viruses or their modified versions have been directly employed
to drive the transient expression of recombinant proteins in plants (Lomonossoff
and Porta 2001; Gleba et al. 2007; Lindbo 2007; Sainsbury et al. 2010a).

As a powerful and versatile platform technology for the expression of recombi-
nant proteins in plants, plant virus-mediated expression systems are superior to
the transgenic approach. The foreign proteins encoded by transgenes usually do not
accumulate to high levels in planta, which bottlenecks the application of the trans-
genic approach in molecular farming (Doran 2006). However, plant viruses have
evolved mechanisms that overcome the plant innate anti-foreign RNA system,
e.g., posttranscriptional or virus-induced gene silencing, to overpower host cells to
produce large quantities of viral proteins, and to prevent protein degradation with
a yet unknown mechanism, allowing for accumulation of large amounts of the
viral genome and the viral proteins (Baulcombe 2000). Thus, plant viruses may be
manipulated to produce and accumulate large amounts of recombinant proteins
within a short period of time. This is significantly superior to the lengthy process of
generation and characterization of transgenic plants. Since the turnaround time
for expression test is short, the plant viral vector system may be optimized through
screening for high expression levels, suitable crop species, and proper protein anti-
genic sites. Toxic proteins are also less problematic for this system because healthy
plants at proper growth stages can be selected for inoculation. Therefore, this
system is fast, easy to manipulate, free from chromosomal position effects, highly
efficient, and flexible with target proteins and plant species. At early stages, the “full
virus” vector strategy was employed to construct the first-generation viral vectors
(Gleba et al. 2004, 2007). Essentially the viral vector is an infectious clone that
contains the full-length cDNA of the wild-type virus. The second-genera vectors are
engineered by the “deconstructed virus” vector strategy. As the deletion versions of
the full-length viral vectors, these vectors eliminate undesired or limiting viral genes
but retain speed and high productivity (Gleba et al. 2004, 2007).

To date, a number of plant RNA viruses have been developed as powerful and
versatile expression vectors for the production of a wide range of heterologous
proteins in plants. The most commonly used RNA viruses include TMV, Potato
virus X (PVX), Cowpea mosaic virus (CPMV), and a number of potyviruses.
In fact, most of the success in virus-mediated expression in molecular farming has
been made using RNA viruses, although breakthroughs in the use of DNA viruses
have also been documented recently. As several aspects of this research area have
been extensively discussed in a few excellent recent reviews (Lico et al. 2008;
De Muynck et al. 2010; Pogue et al. 2010; Rybicki 2010; Gleba and Giritch 2011;
other chapters in this book), I will outline in this chapter the most commonly studied
plant viruses as expression systems in molecular farming and further briefly
summarize recent progress, current challenges and future prospects of plant
virus-mediated expression.
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10.2 DNA Virus-Mediated Expression

10.2.1 Cauliflower Mosaic Virus

The earliest plant virus expression system for the production of foreign proteins
in plants was developed not based on plant RNA viruses but on a DNA virus,
Cauliflower mosaic virus (CaMV) (Brisson et al. 1984; Fiitterer et al. 1990). As the
first plant virus was found using DNA instead of RNA as genetic material, CaMV
has played an essential and unique role in the fundamental research of plant mole-
cular biology and biotechnology. Its 35S promoter has been widely used as a strong,
constitutive expression promoter for various plant research projects as well as
commercial applications (Scholthof et al. 1996; Haas et al. 2002). CaMV is the type
member of the genus Caulimovirus in the family Caulimoviridae. The icosahedral
virions are non-enveloped isometric particles with 420 coat protein (CP) subunits.
The viral genome is a double-stranded circular DNA molecule of approximately 8 kb.
It has two intergenic regions of regulation and six major open reading frames (ORFs).
Its genome replication is through reverse transcription of a pregenomic RNA.
Brisson et al. (1984) replaced an aphid transmission factor domain in the ORF II with
a bacterial dihydrofolate reductase (DHFR) that confers resistance to methotrexate.
The resulting vector was used to inoculate turnip leaves and the recombinant
virus spread systemically in the inoculated plants. Typical CaMV symptoms were
observed. The plant-derived DHFR directed by CaMV was biologically active
(Brisson et al. 1984). The CaMV vector was also successfully used for the expression
of a Chinese hamster metallothionein (CHMT II) and a human interferon in turnip
plants (Lefebvre et al. 1987; de Zoeten et al. 1989). CaMV showed some potential
as the recombinant protein could reach 0.5% of the total soluble leaf protein
(Lefebvre et al. 1987). It was quickly found out that the use of the CaMV vector is
hampered by the narrow range of plants (limited to the Cruciferae family and a few
species in the family Solanaceae) infected by CaMV, and by practical limitations
on inserting foreign DNA that are imposed by the biology of CaMV (Fiitterer et al.
1990; Scholthof et al. 1996; Haas et al. 2002).

10.2.2 Geminiviruses

Viruses in another DNA virus family Geminiviridae have also been developed as
vectors for the production of proteins of interest in plants. The viral genome of
this family consists of one or two circular single-stranded DNA (ssDNA) molecules
of 2.5-3.0 kb in length (Gutirrez 1999, 2000). Based on genomic organization,
host range and insect vectors, viruses in this family are classified into four genera,
e.g., Mastrevirus, Begomovirus, Curtovirus, and Topocuvirus. Although viruses in
all the four genera have been studied as potential expression vectors, excellent prog-
ress has been made from several viruses in the first two genera.



202 A. Wang

CP
b
(a) LSL replicon
é— LIR HRec-Cassette|-[SIR HLIR|H Marker Cassette —

(b) Rep expression

@— eProf  Rep H eTer — Marker Cassette —

Fig. 10.1 Geminivirus-mediated expression in molecular farming. (a) Genomic organization of
mastreviruses including Bean yellow dwarf virus (BeYDV). (b) The BeYDV-based dual-vector
system for the high-level expression of recombinant proteins in plants. CP coat protein, ePro plant
eukaryotic promoter, eTer plant eukaryotic terminator, /R intergenic region, LB left boarder,
LIR large intergenic region, Marker cassette marker gene expression cassette, MP movement
protein, RB right boarder, Rec-Cassette recombinant protein expression cassette, Rep replicase,
RepA resulting from translation of the differentially spliced transcript

The leathopper-transmitted mastreviruses including Bean yellow dwarf virus
(BeYDV), Maize streak virus (MSV), Wheat dwarfvirus (WDV), and Tobacco yellow
dwarf virus (TYDV) have a single genome component of about 2.7 kb (Needham
et al. 1998; Hefferon and Fan 2004; Hefferon et al. 2004; Huang et al. 2009; Regnard
et al. 2010). Most mastreviruses are confined to monocotyledonous plants, but some
of them such as BeYDV and TYDV infect dicots. The mastreviral genome has a
long intergenic region (LIR) that consists of transcriptional promoters and the viral
origin of replication, and a short intergenic region (SIR) that contains transcription
termination signals and the DNA primer binding site for complementary strand
DNA synthesis (Fig. 10.1) (Regnard et al. 2010). Similar to other geminiviruses,
mastreviruses carry out their genome replication in the nuclei of the infected
cells using a rolling circle mechanism (Gutierrez 1999, 2000). During genome
replication, numerous double-stranded DNA replicative form intermediates are pro-
duced for both replication and transcription. Mastreviruses have only three genes:
the viral sense genes VI and V2 encoding the movement protein (MP) and the
coat protein (CP), respectively and the complementary sense gene Rep coding for
two replicase proteins, Rep and RepA (resulting from an alternative splicing)
(Fig. 10.1). Early endeavors were concentrated on MSV and WDV (Laufs et al. 1990;
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Matzeit et al. 1991; Ugaki et al. 1991; Timmermans et al. 1992, 1994). In those
MSV or WDV-derived vectors, MP or CP was replaced by foreign proteins, and
infection and replication were limited within protoplasts or primarily infected cells.
An improved MSV-derived vector where foreign genes were inserted into the
non-coding region of the viral genome was shown to be able to systematically
infect maize plants with an increased level of recombinant protein accumulation
(Shen and Hohn 1994, 1995). Unfortunately, the overall foreign protein yield was
not satisfactory.

Recent focus has shifted on dicot-infecting mastreviruses such as BeYDV
(Mor et al. 2003; Zhang et al. 2006; Huang et al. 2009; Regnard et al. 2010).
A BeYDV-derived LSL replicon from a plasmid or a chromosome-integrated
transgene could be rescued by the presence of the replication initiation protein,
Rep (Fig. 10.1). High-level expression of GUS was found in tobacco NT1 cell
suspensions co-transfected with the LSL vector carrying a GUS reporter and a
Rep-supplying vector (Mor et al. 2003). In this system, Rep induced release of the
BeYDV replicon and episomal replication to high copy number (Mor et al. 2003).
This system was tested with two transgenes. One of them was the BeYDV replicon
with an expression cassette (allowing for expression of the genes of interest) flanked
by cis-acting DNA elements of BeYDV. The other was to express Rep under an
alcohol-inducible promoter. Both of them were transformed into the tobacco NT1
cells and potato plants. After ethanol treatment, transgene mRNA and protein levels
in the NT1 cells and the leaves of whole potato plants increased by 80 and 10 times,
respectively (Zhang et al. 2006). To avoid genetic transformation, co-delivery of
the BeYDV-derived vector and the Rep/RepA supplying vector was attempted
by agroinfiltration of Nicotinana benthamiana (Huang et al. 2009) (Fig. 10.1).
The improved system largely enhanced recombinant protein accumulation (Huang
et al. 2009). More recently, Regnard et al. (2010) developed a new BeYDYV vector,
pRIC. This vector differs from other BeYDV- and other geminivirus-derived vectors
published previously. In this vector system, the BeYDV replicase proteins were
included in cis. High level protein expression in plants by using this autonomously
replicating shuttle vector was reported (Regnard et al. 2010).

In addition to mastreviruses, the whitefly-transmitted begomoviruses, such as
Bean golden mosaic virus (BGMV), Tomato gold mosaic virus (TGMYV), Tomato
yellow leaf curl virus (TYLCV) and Ageratum yellow vein virus (AYVV), have also
been investigated for their suitability in molecular farming. This group of geminivi-
ruses exclusively infects dicotyledonous plants. Most begomoviruses have a bipartite
genome with two sSDNA molecules (DNA A and DNA B) of approximately 2.6 kb
each. As early as in 1988, Hayes et al. successfully developed a TGM V-based vector.
This vector was used to express bacterial neomycin phosphotransferase (NPT)
(gene neo) and bacterial B-glucuronidase (GUS) (gene uidA) in tobacco (Hayes
et al. 1988, 1989). However, this vector seemed unstable as deletion was evident
(Hays et al. 1989). A few members of begomoviruses such as AYVV and TYLCV
that have a monopartite genome have also been tested as viral expression vectors
(Tamilselvi et al. 2004; Perez et al. 2007). Although not much progress has been
made so far, such monopartite begomoviruses are predicted to be of great potential
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in molecular farming as they are dicotyledonous plant viruses and share the similar
genomic structure with BeYDV-like mastreviruses.

10.3 RNA Virus-Mediated Expression

Numerous plant RNA viruses have been explored for their uses in molecular farming.
In most cases, the foreign gene is either to replace or to be fused in-frame with CP
and the viral cDNA containing the foreign gene is placed under the control of a
strong bacteriophage promoter such as SP6, T3 and T7 in an in vitro transcription
vector or under a eukaryotic constitutive expression promoter such as the CaMV
35S promoter in a binary vector (Fig. 10.2). For the former, infectious transcripts
are obtained by in vitro transcription and introduced into plants via mechanical
inoculation. For the latter, transient expression is achieved by mechanical inoculation,
biolistic delivery or agroinfection. Here I will cover the most commonly used plant
RNA virus-mediated expression systems.

a (a) In vitro Transcription

— pProy Rec-Virus —

(b) Mechanical inoculation/biolistic delivery

—eProH{ Rec-Virus [HeTerm—

(c) Agrotransfection/mechanical/biolistic/transformation

eProq Rec-Virus [ eTer —{ Marker Cassette —

b
(a) TMV ' A\ A/
— 126/183K(Pol) Hsok (MP) | cP —
(b) CPMV v vV
RNAT —f Co-Pro | NTB  |€] Pro Pol  — RNA2Z = MP cPWL) [cPs) -
() PVX v v v
— Rep H teBt | {tessld cp |-
TGB2
(d) TuMV
v v v v v v
— Pt | HcPro P3 > ci 2 INiavPg NiaPro NIb cr
{PIPO}

Fig. 10.2 RNA virus-mediated expression in molecular farming. (a) Commonly used strategies for
vector construction. pPro prokaryotic promoter (such as SP6, T3 and T7), Rec-virus recombinant
virus, ePro plant eukaryotic promoter, eZerm plant eukaryotic terminator. (b) Construction of genomic
organization of plant RNA viruses that have been extensively used to express peptides and proteins
of interest in plants. Arrows point to the positions where foreign proteins are inserted. 7MV Tobacco
mosaic virus, CPMV Cowpea mosaic virus, PVX Potato virus X, and 7uMV Turnip mosaic virus
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10.3.1 T™MV

TMV is the type member of the genus Tobamovirus. As the first named virus, TMV
is considered the best studied RNA virus. The TMV-based viral vector is also the
most commonly used one in molecular farming. TMV has a simple viral genome,
which is a 6.4 kb single-stranded positive sense RNA molecule encoding four
viral proteins (Fig. 10.2). The first ORF encodes two replicase proteins, 126- and
183-kDa proteins, which are required for viral RNA replication. The 183-kDa
replicase results from read-through of the amber stop codon for the 126-kDa
protein. The 30-kDa MP and 17-kDa CP are translated via two subgenomic RNAs
from the 3’-proximal ORFs. As the 17-kDa CP is the most abundant protein, CP fusion
or replacement of CP with the foreign gene to be expressed was the primary strategy
for the expression of foreign proteins (Takamatsu et al. 1987). However, this kind of
recombinant TMVs was unable to infect systemically due to the lack or disturbance
of the functional CP. This problem was solved by cloning the target gene under the
control of the TMV CP subgenomic promoter and inserting this expression unit
between MP and CP of the viral vector (Kumagai et al. 1993). This strategy was
successfully used to express, at high levels, a number of recombinant proteins
such as a-trichosanthin (Kumagai et al. 1993), human papillomavirus CP L1
(Varsani et al. 2006), GFP (Lindbo 2007), and human growth hormone (Skarjinskaia
et al. 2008) in plants.

10.3.2 CPMV

CPMYV, the type member of the genus Comovirus, is a bipartite virus consisting of
two positive-sense single-stranded RNAs, RNA1 and RNA2 as its genome. Each
RNA has a 3’-poly(A) tail and a viral protein genome-linked (VPg) covalently
linked at the 5° terminus (Lomonossoff and Porta 2001). RNA1 is about 5.9 kb and
RNA2 ~3.5 kb in length, each encoding a single polyprotein that is processed by the
RNAT1-encoded 24-kDa protease domain (Fig. 10.2). RNAI-encoded proteins are
required for viral genome replication and polyprotein processing; RNA2 encodes
MP and two CPs, i.e., CP(L) and CP(S). As RNAI is essential for replication, RNA2
is the target of manipulation. Early work was focused on fusion or replacement of the
CP(S) for the expression of epitopes such as an epitope of VP1 of Foot-and-mouth
disease virus (FDMV) (Usha et al. 1993), epitopes derived from human rhinovirus
and human immunodeficiency virus type 1 (HIV-1) (Porta et al. 1994) and several
other epitopes (McLain et al. 1995; Dalsgaard et al. 1997; Brennan et al. 1999;
Taylor et al. 2000). In addition to epitopes, CPMV has also been used for the high-
level expression of a variety of recombinant proteins. Cafiizares et al. (2006) reported
an improved CPMV expression system. In this system, the chimeric gene coding for
the 2A protease of FMDYV and the target protein was in frame fused to the C-terminus
of the CP(S) of RNA2. Upon translation, the target protein can be released by the
2A protease. Transgenic plants containing the recombinant CPMV RNA2 cDNA
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controlled by the CaMV 35S promoter was generated. When the transgenic plants
derived from this vector were agroinoculated with a plant expression vector to
produce RNAl-encoded proteins or genetically crossed with another transgenic
plant expressing RNA, active recombinant CPMYV replication would occur, leading
to the production of large amounts of recombinant protein. Caiizares et al. (2006)
reported a deletion version of RNA2 where the recombinant RNA2 cDNA was
precisely deleted to keep the 5> UTR and 3’ UTR under the control of the 35S
promoter. The target gene can be inserted between the 5° and 3° UTR for expression.
More recently, Sainsbury et al. (2008, 2010b) have further modified the CPMV
expression system to produce high quality functional anti-HIV antibodies.

10.3.3 PVX

PVX, the type member of the genus Potexvirus, is a monopartite virus with a single,
positive-stranded RNA molecule of approximately 6.5 kb as its genome (Chapman
etal. 1992). The 5’ capped, 3’ polyadenylated genomic RNA has five ORFs encoding
areplicase (Rep), a set of three movement proteins (triple gene block: TGB1, TGB2
and TGB3) and CP (Batten et al. 2003; Avesani et al. 2007) (Fig. 10.2). PVX-
mediated expression has been extensively studied for expression of heterologous
proteins in plants (Chapman et al. 1992; Baulcombe et al. 1995; Hammond-Kosack
et al. 1995; Sablowski et al. 1995; Angell and Baulcombe 1997; Santa et al.
1996; O’Brien et al. 2000; Ziegler et al. 2000; Marusic et al. 2001; Toth et al. 2001;
Franconi et al. 2002; Avesani et al. 2003; Cefovska et al. 2004; Manske et al. 2005;
Uhde et al. 2005; Komorova et al. 2006; Ravin et al. 2008). As the recombinant
PVX lacking CP (replaced by the target gene) failed to infect plants systemically
resulting in poor accumulation of recombinant proteins, this gene replacement
strategy seemed ineffective (Chapman et al. 1992). A new strategy, i.e., CP fusions,
was proposed and tested for the production of vaccine antigenic sites (Santa et al.
1996; O’Brien et al. 2000; Marusic et al. 2001; Uhde et al. 2005). However, this
system requires that the CP-fusion does not compromise viral particle assembly and
the systemic infectivity of the recombinant virus. Therefore, it is only suitable for the
expression of small protein tags or antigen epitopes. The gene insertion strategy was
further developed to overcome this drawback. This system allows for insertion of the
target gene into the viral genome coupled to a duplicated copy of the CP promoter
(Baulcombe et al. 1995). This improved version infected systemically and directed
high-levels of expression of a variety of recombinant proteins such as GFP and the
human islet autoantigen glutamic acid decarboxylase (hnGADG65) (Baulcombe et al.
1995; Avesani et al. 2003). Recent studies have shown that a minimal PVX vector
in which the triple block and CP were removed can allow for high-level expression
(Komorova et al. 2006; Ravin et al. 2008). The target gene was inserted downstream
of the first viral subgenomic promoter and transcription of the recombinant PVX
was controlled by the 35S promoter. In agroinfiltrated plant leaves, the recombinant
protein accumulated up to 2% of total soluble proteins (Ravin et al. 2008).
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10.3.4 Potyviruses

Potyviruses represent the largest and most agriculturally important plant virus
group (Urcuqui-Inchima et al. 2001). The monopartite virus has a single-stranded
positive-sense RNA molecular of ~10 kb as its genome. Similar to CPMYV, the
genomic RNA has a 3’-poly(A) tail and a viral protein genome-linked (VPg) cova-
lently linked at the 5° terminus. The virus adopts a polyprotein strategy. The only
long ORF encodes a large polyprotein of ~350 kDa, and also a shorter polyprotein
as a result of translational frameshift in the P3 coding region (Fig. 10.2). The two
polyproteins are processed by virus-encoded proteases to release 11 mature proteins,
from the N-terminus, P1, HC-Pro, P3, P3N-PIPO, 6 K1, CI, 6 K2, NIa-VPg, Nla-Pro,
NIb, and CP (Chung et al. 2008). Since recombinant potyviruses can allow for
simultaneous equimolecular expression of multiple foreign genes and the lengths of
the foreign genes are flexible, a number of potyviruses have been developed as a
viral expression vector, including Turnip mosaic virus (TuMV), Tobacco etch
virus (TEV), Plum pox virus (PPV), Lettuce mosaic virus (LMV), Clover yellow
vein virus (CI1YVYV), Pea seed-borne mosaic virus (PSbMV), Potato virus A (PVA),
Zucchini yellow mosaic virus (ZYMV) and Soybean mosaic virus (SMV) (Dolja et al.
1992; Verchot et al. 1995; Guo et al. 1998; Whitham et al. 1999; German-Retana
et al. 2000; Masuta et al. 2000; Johansen et al. 2001; Hsu et al. 2004; Beauchemin
et al. 2005; Kelloniemi et al. 2008; Wang et al. 2008). TEV was the first potyvrius-
derived vector and the foreign gene was in-frame inserted at the junction of P1 and
HC-Pro for expression (Dolja et al. 1992). In addition to the P1/HC-Pro site, other
junctions such as P1/HC-Pro, NIa-Pro/NIb and NIb/CP have also been found suitable
for the simultaneous expression of several heterologous proteins (Chen et al. 2007;
Kelloniemi et al. 2008; Bedoya et al. 2010).

10.4 Virus-Mediated Expression of Antibodies

Antibodies play an important role in several aspects of medical science such as
research, therapy and diagnostics. Virus-based expression has been explored for the
production of recombinant antibodies in plants to satisfy the growing demand.
Verch et al. (1998) pioneered such research by using a TMV-based vector to express
monoclonal antibody (mAb) CO17-1A, directed to a colon cancer antigen, in
N. benthamiana. Two recombinant TMV clones were engineered to express
heavy and light chains of this antibody. Plants co-transfected with both recombi-
nant viral constructs expressed the heavy and light chains that were assembled into
a biologically active full-length antibody (Verch et al. 1998). To enhance the
recombinant antibody yield, Giritch et al. (2006) used two noncompeting viral
vectors derived from TMV and PVX, each expressing one different chain of the human
tumor-specific mAb A5 independently. The two viral vectors effectively coex-
pressed the heavy and light chains in the same cell throughout the plant with yields
of up to 0.5 g of assembled mAbs per kg of fresh-leaf biomass (Giritch et al. 2006).
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The same two-noncompeting viral vector system was successfully used to produce
the humanized murine mAb, Hu-E16 (Lai et al. 2010). The plant-derive mAb had
therapeutic activity as effective as the mammalian-cell-produced HuE16 against
West Nile virus (Lai et al. 2010).

10.5 Virus-Mediated Expression of Vaccines

A number of plant-derived candidate vaccines through virus-mediated expression
have been produced against the causal pathogen such as a virus, bacterium or para-
site (termed prophylactic vaccine) and a disease such as cancer (termed therapeutic
vaccine) in humans and animals. About 30 representative plant-based antigens
expressed through viral vectors before 2007 were listed in an excellent review by
Lico et al. (2008). Based on the nature of the recombinant proteins, these plant-based
vaccines can be classified into two types: free proteins (vaccine subunits) and
peptide or epitope fusions to viral CP (which forms empty viral particles) or to other
proteins (Pogue et al. 2002; Rybicki 2010). Unlike the traditional vaccines that
are often injected intraperitoneally for vaccination, plant-derived vaccines either
through virus-mediated expression or other expression systems can be administered
into the body orally, intranasally or by needle injection, as most of plants are edible
(Awram et al. 2002). Oral or nasal administration that can induce specific mucosal
immune response may be the best approach against pathogens as the vast majority
of pathogens enter the body through the mucosal surface.

10.5.1 Prophylactic Vaccines

The TMV-based vector was used to express the malarial epitope-CP fusion protein,
one of the first plant-based vaccines (Turpen et al. 1995). The recombinant TMV
technology was modified to express numerous prophylactic and therapeutic
vaccines. For instance, the 5B19 epitope of the spike protein of Murine hepatitis
virus (MHV) was fused to the C-terminus of the CP of a TMV vector. The mice
immunized through either subcutaneous or intranasal routes survived challenge
with a lethal dose of MHYV strain JHM (Koo et al. 1999). In the case of free vaccine
subunits, the structural proteins VP1 of FMDV carrying critical epitopes respon-
sible for the induction of neutralizing antibodies was expressed by a TMV-based
vector and needle injection of mice with foliar extracts containing VP1 induced
immune protection against a lethal FMDV infection (Wigdorovitz et al. 1999).
Recently, a new version of the TMV-based vector that was delivered into plants
via agroinfiltration has been successfully used to express several antigens against
both viral and bacterial pathogens (Musiychuk et al. 2007; Mett et al. 2008;
Chichester et al. 2009).

Plant-based vaccines were expressed by other viral vectors too. For instance, a
PPV-based vector was employed to express the entire VP60 of Rabbit hemorrhagic
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disease virus (RHDV) by insertion into the junction of NIb/CP. Immunization of
rabbits via the subcutaneous route with protein extracts containing VP60 protected
the immunized rabbits against a lethal challenge with RHDV (Fernddez-Fernadez
etal. 2001). A PVX-based vector was used to express the CP fusion with a highly
conserved ELDKWA epitope from glycoprotein (gp) 41 of HIV-1. Normal or
immunodeficient mice were immunized intraperitoneally or intranasally with the
purified chimeric particles from N. benthamiana leaves inoculated with the
recombinant PVX. High levels of HIV-1-specific immune response were found in
these mice. Sera from either normal or immunodeficient mice immunized with
the plant-derived CP fusions showed an anti-HIV-1 neutralizing activity (Marusic
et al. 2001).

10.5.2 Therapeutic Vaccines

The recombinant TMV technology was also used to express therapeutic vaccines
against challenging chronic diseases. An excellent example was to express thera-
peutic vaccines against cancers. B cell tumours express a unique cell surface Ig
which is a tumor-specific marker and vaccination of patients with this Ig often
achieves a superior clinical outcome (McCormick et al. 1999). An ideotype-specific
single-chain Fv fragment (scFv) of the immunoglobulin from the 38 C13 mouse
B cell lymphoma was cloned into a TMV vector and expressed in N. benthamiana.
Mice immunized with the plant-made scFV were protected from challenge by a
lethal dose of the syngenetic 38 C13 tumor cells (McCormick et al. 1999). Recently,
the same viral expression system has been used to express patient-specific scFVs
from individual patient’s tumour. Results from a Phase I clinical study by immuni-
zation of patients with their own individual therapeutic antigen produced in plants
suggest that the ideotype vaccines produced through virus-mediated expression are
safe to administer and offer follicular lymphoma patients with a viable option for
ideotype-specific immune therapy (McCormick et al. 2008).

10.6 Virus-Mediated Expression of Recombinant Proteins
with Other Functions

Plant-produced proteins via virus-mediated expression may have diverse functions
such as insecticides and industrial enzymes. For example, a TMV vector was used to
produce rice a-amylase in N. Benthamiana (Kumagai et al. 2000). The plant-produced
enzyme was moderately glycosylated and was accumulated to levels of at least 5% of
total soluble protein. A potential larvicide was also produced through TM V-mediated
expression in plants (Borovsky et al. 2006). A mosquito decapeptide hormone,
the Aedes aegypti trypsin-modulating oostatic factor (TMOF) was fused with CP.
In N. tabacum infected by the recombinant TMV, the TMOF fusion could reach
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to levels of 1.3% of total soluble protein. TMOF fusion-expressing tobacco discs
effectively inhibited the growth of Heliothis virescens. Purified CP-TMOF
virions fed to mosquito larvae arrested larval growth and caused death (Borovsky
et al. 20006).

10.7 Conclusions

Like other plant production systems, the virus-based expression system has its
strengths and weaknesses. There are several challenges that may prevent the appli-
cation of this system for commercial uses. First, each particular virus-mediated
expression system is limited to certain plant species due to the host range of plant
viruses. Second, plant virus-mediated expression is associated with the potential
high error frequency and rapid recombination (van Vloten-Doting et al. 1985; Drake
and Holland 1999). The relatively high mutation rate of the viral RNA-dependent
RNA polymerase due to the lack of proofreading ability may result in the production
of mixed recombinant proteins containing undesirable proteins. Rapid recombina-
tion may cause instability and deletion of the foreign genes (Scholthof et al. 1996;
Garcia-Arenal et al. 2003). Third, there are bio- and environmental concerns about
the impact of recombinant viruses (Pogue et al. 2002). Although the risk of human
and animal infection by exposure in the field or in food products to plant viruses is
ruled out due to their non-infectivity to human beings and animals, recombinant plant
viruses can spread to weeds or other crops in their host range. Containment measures
through physical barriers or biotechnology (mutations in the genes responsible for
insect transmission to prevent insect transmission in the field) should be assessed.
In addition, other practical issues, such as expression stability, the biological activity
of the product, and downstream processing, must be addressed before large-scale
commercial uses of the plant viral vector system.

In view of the growing demand of the market for recombinant proteins with
diverse functions, virus-mediated expression in plants has proved to be a promising
alternative means to satisfy this need. In the past several years, several new vector
systems revolutionized the area with improved viral vector stability, high protein
yields and low bio- and environmental risks (Sanchez-Navarro et al. 2001; Perez
et al. 2007; Huang et al. 2009; Regnard et al. 2010; Sainsbury et al. 2010a). Some
systems require just a few weeks from obtaining the DNA sequence of a viral pathogen
to the production of candidate vaccine subunits against it. This very short turn-around
time also makes “personalized therapeutic proteins” such as antibodies possible and
practical. Along with the improvement of virus-mediated expression technologies, the
number of virus-derived recombinant proteins is expected to increase significantly.
As a result, more and more plant-derived recombinant proteins via virus-mediated
expression will move through clinic trials into commercialization in the coming
years. This exciting vision will certainly stimulate new investments on research
and development of next generation virus-mediated expression systems that will
circumvent current technological drawbacks and new challenges emerging during the
course of research, production and commercialization.
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Chapter 11
Downstream Processing of Transgenic Plant
Systems: Protein Recovery and Purification
Strategies

Lisa R. Wilken and Zivko L. Nikolov

Abstract Plant-derived recombinant proteins provide alternatives to proteins
produced by mammalian, microbial, and insect cell cultures due to significant upstream
technological achievements over the past 5-10 years. Plants offer flexibility in
both growth methods (open-field, greenhouse, and bioreactor) and host expression
systems (seeds, leaves, and cell culture). The diversity of plant production systems
provides for numerous commercial applications of plant-derived recombinant
proteins but economic viability must be ensured through high expression levels and
scalable manufacturing processes. Initial research efforts in plant biotechnology
were focused on expression strategies and, thus, upstream production achievements
have not be matched by downstream processing advancements. However, case-by-case
extraction studies for numerous recombinant proteins led to the development of
plant system-based approaches. Other progress includes the development of pre-
treatment strategies to improve purification efficiency and to reduce downstream
processing costs for purification from green tissue homogenates that contain chlo-
rophyll, phenolics, and active enzymes. In spite of all the progress and positive
developments made in the last 10 years, continual research and technological break-
throughs in downstream processing are needed to capitalize on the lower production
cost of transgenic biomass. This chapter describes general advantages and disad-
vantages of seed-, leaf-, and bioreactor-based plant systems and strategies used for
primary recovery and purification of recombinant proteins.
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11.1 Introduction

Plant-derived recombinant proteins provide an alternative to proteins produced by
mammalian, microbial, and insect cell cultures due to significant upstream techno-
logical achievements over the past 5—10 years. Plant systems have been evaluated
for production of recombinant human therapeutics (Giddings et al. 2000; Stoger
et al. 2005), nutraceuticals (Adkins and Lonnerdal 2004), antibodies (Arntzen et al.
2005; De Muynck et al. 2010; Fischer et al. 2009; Nikolov et al. 2009; Stoger et al.
2002), industrial enzymes (Hood et al. 2007; Howard et al. 2011), and vaccine
antigens (Ling et al. 2010; Sala et al. 2003).

The first transgenic plants were generated in 1983 (Fraley et al. 1983; Zambryski
et al. 1983) and early efforts of recombinant proteins production in plants focused
primarily on the expression, localization, and bioactivity of pharmaceutical pro-
teins, such as a-interferon (De Zoeten et al. 1989; Edelbaum et al. 1992; Zhu et al.
1994) and antibodies (Hiatt et al. 1989; Ma et al. 1994, 1995; Vaquero et al. 1999).
The first pharmaceutical protein expressed in a plant system was human growth
hormone, which was expressed as a fusion protein in tobacco callus tissue and
reported in 1986 (Barta et al. 1986). Three years later, the first full-length serum
monoclonal antibody was expressed in tobacco (Hiatt et al. 1989) followed by the
first vaccine candidate, hepatitis B virus surface antigen, and the first industrial
enzyme, Bacillus licheniformis a-amylase, in 1992 (Mason et al. 1992). Nearly all
of these proteins were expressed in tobacco as the first pharmaceutical protein was
not expressed rice until 1994 (Zhu et al. 1994), soybeans until 1998 (Zeitlin et al.
1998), and algae in 2003 (Mayfield et al. 2003). Other expression systems used over
the past 20 years for the production of vaccines, therapeutic proteins, and industrial
enzymes include canola, alfalfa, lettuce, Lemna minor (duckweed), potato, carrot
cell culture, and hairy root culture (Daniell et al. 2009a; Franconi et al. 2010; Karg
and Kallio 2009; Sharma and Sharma 2009). The diversity of products and plant
production systems provides for numerous potential prospects and applications, but
the economic viability of each plant system must be ensured through high expres-
sion levels and scalable manufacturing processes (Davies 2010).

Plants have been used as a source of natural products for thousands of years,
thus, processing methods for recovering food and feed products from both seed and
leafy tissues are readily available. However, the developed methods are suited for
crude separations using conditions that may not be compatible with recombinant
proteins, which usually requires retention of activity. The processing knowledge
developed for nontransgenic plants has been applied to transgenic plants and served
as the basis for the designing methods for separation of native plant components
from recombinant proteins. The first reports of downstream processing (extraction,
purification) for transgenic plants in a systematic manner (Evangelista et al. 1998;
Hood et al. 1997; Kusnadi et al. 1998), rather than for protein characterization, were
published almost 10 years after it was demonstrated that fully functional recombinant
proteins could be produced in plants. The first large-scale commercial production of
a pharmaceutical protein (trypsin) from transgenic plants was reported in 2003
(Woodard et al. 2003).
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Some of disadvantages of using plant systems, cited before 2000, include
concerns about the development time for biopharmaceuticals, glycosylation
differences between plants and mammalian systems, regulatory uncertainties for
open-field production and manufacturing of transgenic tissue, and expression
levels. Many of these concerns have been successfully addressed in certain plant
systems. For example, the use of transient expression in tobacco drastically reduced
the product development time from >24 months to 14-20 days (Hiatt and Pauly
2006), glycosylation differences were resolved by inhibiting plant-specific modi-
fications in Lemna (Cox et al. 2006), and expression levels reached 1% seed
weight in rice (Zhang et al. 2010) and 0.15% fresh weight in tobacco (Bendandi
et al. 2010). By addressing these concerns, research efforts are beginning to shift
to downstream processing, as lack of efficient processing methods has been
highlighted as a major barrier to cost-effective recombinant protein production
(Conley et al. 2010).

Plant systems are typically grouped into three categories: seed-based systems,
leafy-based systems, and bioreactor-based systems. In the following sections, we
describe general advantages and disadvantages of each system followed by strate-
gies used for the recovery and purification of recombinant proteins.

11.1.1 Seed-Based Systems

Using seed crops to produce vaccines, therapeutic proteins, and industrial enzymes
is advantageous compared to other production systems because of the established
production infrastructure (Kusnadi et al. 1997; Nikolov and Hammes 2002), relatively
high protein content, and low risk of contamination (Ma et al. 2003). Accumulation
of recombinant proteins within naturally desiccant seed storage organelles (Nikolov
and Hammes 2002) that are devoid of proteases and other enzymatic activities
(Fischer et al. 2009) allows for the separation of the production fields, storage
facilities, and processing operations (Boothe et al. 2010). Endogenous protease
inhibitors protect seed-expressed proteins throughout storage, extraction, and
purification (Menkhaus et al. 2004a). Transgenic seeds expressing a single chain
antibody remained stable for at least 5 months (Stoger et al. 2000) and more than a
year (Ramirez et al. 2001) at room temperature without significant loss of activity.
Seed-based systems, such as rice and corn, have generally regarded as safe
(GRAS) status and can potentially be used for producing oral vaccines, nutraceuticals,
and industrial enzymes with minimal processing and purification (Hood and Howard
2009; Nandi et al. 2002; Yang et al. 2008). Seed crops typically have lower biomass
yields per unit surface area compared to leaf-based systems, but for open-field pro-
duction, the economy of scale and stability of seed-expressed proteins outweighs
the biomass yield disadvantage (Nikolov and Hammes 2002; Schillberg et al. 2005).
For large-scale manufacturing (>1 t protein/year), open-field production is the only
feasible option. Several plant biotechnology companies have recently received
USDA approval to grow transgenic corn, rice, safflower, and barley in open fields
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for the production of in-process reagents (human lysozyme, lactoferrin, and human
serum albumin), vaccines (hepatitis B virus surface antigen), and industrial enzymes
(cellulases).

11.1.2 Leaf-Based Systems

The first plant-produced monoclonal antibody was expressed in tobacco (Hiatt et al.
1989), which still remains the leading leaf—based system for commercial production
of recombinant proteins (Tremblay et al. 2010; Twyman et al. 2003). Advantages of
using leafy tissue include high biomass yield, possibility for multiple growth cycles
per year, and established agricultural infrastructure. The main disadvantages of
leafy tissue are high water content, storage stability of harvested biomass, and
related to these, recombinant protein stability which does not allow decoupling of
upstream and downstream processing. Leaf-expressed proteins are synthesized in
an aqueous environment and can degrade during transport or storage and should
either be processed immediately after harvesting or dried or frozen to reduce meta-
bolic activities. Other advantages and disadvantages of using tobacco and alfalfa
systems for producing therapeutic and diagnostic antibodies have been recently
reviewed by Fischer et al. (2009).

Significant advancements have been achieved using transient expression in
tobacco (N. benthamiana), which reduced the development time needed to produce
gram-level quantities of therapeutic products from >24 months to 14-20 days
(Conley et al. 2010; D’ Aoust et al. 2010; Joensuu et al. 2010). Transient expression
in leafy tissues provides a distinct advantage for greenhouse-produced tobacco,
compared to other plant-based systems, when rapid production of pandemic vaccines
is required (D’ Aoust et al. 2010). Transient expression alleviates transgenic regulatory
concerns but is currently only suited for low volume protein production such as
personalized therapeutics, seasonal and pandemic vaccines, and other specialized
markets (Fischer et al. 2009; Pogue et al. 2010).

11.1.3 Bioreactor-Based Systems

Bioreactor-based production systems include liquid-medium supported systems,
such as hairy root culture, aquatic plants, plant cell culture, moss, and algae. These
contained systems have been evaluated primarily for the production of injectable
biopharmaceuticals and other highly regulated recombinant proteins. Tobacco, mainly
N. benthamiana, has been used for the production of numerous proteins including a
human anti-rabies antibody (Girard et al. 2006), human growth hormone (Xu et al.
2010), and interferon a2b (Xu et al. 2007). Other notable products include the
intracellular product, glucocerebrosidase, produced in carrot cell culture (Shaaltiel
et al. 2007), intracellular, IgG1 Lemna minor (Cox et al. 2006; Nikolov et al. 2009),
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and the secreted protein, human serum albumin, in rice cell suspension (Huang et al.
2005). Bioreactor-based systems are advantageous from a regulatory perspective
due to controlled growth conditions with complete containment, product yield
consistency, quality, and homogeneity, and production speed (Fischer et al.
2009; Huang et al. 2009). Disadvantages include relatively low concentrations
(10-250 mg/L) of secreted products (Weathers et al. 2010; Xu et al. 2011), higher
capital investment costs compared to open-field and greenhouse production, and
bioreactor scale-up limitations similar to those faced with mammalian cell cultures.
From a downstream processing perspective, the potential advantage of a secreted
product is a simpler and less costly purification (Doran 2006; Hellwig et al. 2004).
However, the secretion efficiency may be limited by protein size, hydrophobicity,
and/or charge (Fischer et al. 2009). For proteins that are not secreted, plant cell
homogenates have similar complexities to those of leafy plants and have similar
processing requirements. Thus, intracellular recombinant proteins produced by
bioreactor-based systems may be less commercially attractive compared to
other heterologous protein expression systems since potential processing savings
(compared to secreted products) are lost (Doran 2006).

11.2 Downstream Processing

Downstream processing of plant systems generally consists of product extraction,
solid—liquid separation, extract pretreatment and/or conditioning, and purification
(capture, intermediate purification, and polishing) (Fig. 11.1). For seed-based systems,
tissue fractionation is often the first step in downstream processing, but is rarely
used with leaf-based systems. The first three steps of downstream processing for
leaf- and seed-based systems, consisting of product release, solid—liquid separation,
and pretreatment and/or conditioning, are categorized as primary recovery steps
(Lee 1989). Extracellular proteins produced by plant cell-culture and aquatic plants
(e.g. Lemna minor) have only two recovery steps because there is no need for product
release, a fact considered an advantage in terms of potential process cost savings.
Irrespective of the number and type of primary recovery steps, the common objective
of protein recovery is to maximize the product titer, reduce process volume, and to
prepare a clarified feed stream for purification (Fig. 11.1).

Downstream processing for bioreactor-based systems starts with cell tissue
harvesting by centrifugation, membrane filtration, or by pumping the liquid media
out of the bioreactor vessel. Because intracellular proteins require disintegration of
harvested biomass for product release, the primary recovery after biomass harvesting
is the same as that for leaf- and seed-based systems. For media-secreted proteins,
the culture media is typically concentrated, clarified, and conditioned prior to the
first chromatography step. For seeds with recombinant protein expression targeted
to a particular organelle, fractionation prior to grinding reduces extraction volumes.
After grinding of the whole seed or seed fraction, the flour is added to water or buffer
for extraction. The crude extract is clarified by separating the clarified extract from
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Fig. 11.1 Downstream processing flow diagrams with unit operations for recombinant protein
purification from seed-based, leaf-based, and bioreactor-based systems

the spent solids by centrifugation or dead-end filtration. The recombinant protein is
then purified from the clarified extract by one or more steps using methods such as
chromatography, two-phase partitioning, membrane filtration, and/or precipitation.
Leafy tissues are processed in a similar manner, with the exception of product
release, which can be accomplished by screw pressing without the addition of
extraction buffer. Exceptions from these generalized process schemes include
protein products formulated as crude protein extracts or plant tissue fractions
intended for direct delivery of protein sweeteners, industrial enzymes, and vaccine
products.

11.2.1 Fractionation

Fractionation prior to extraction provides an opportunity to reduce the amount of
biomass for processing, which can enrich the recombinant protein concentration
in the tissue fivefold to tenfold for seed systems. In addition, seed fractionation
using established processing methods, such as dry milling and wet milling, allows
for generation of co-product revenues (Moeller et al. 2010; Paraman et al. 2010a,
2010b; Zhang et al. 2009a) when the recombinant protein is targeted to a particular
organelle or compartment.

Corn fractionation using dry milling results in germ-, endosperm-, and bran-rich
fractions for extraction and purification or for use in a partially purified form
(Moeller et al. 2010; Shepherd et al. 2008a, 2008b; Zhang et al. 2009a). In the case
of edible vaccines where high purity is not required, fractionation can significantly
reduce the required dosage volume (Lamphear et al. 2002; Moeller et al. 2010).
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Oil removal after degermination for a germ-expressed product or for oil-rich seeds
(canola, safflower, soybeans) further enhances recombinant protein concentration,
reduces protein losses due to protein-oil emulsification (Bai and Nikolov 2001), and
improves purification efficiency (Zhang et al. 2009a). De-oiling is also required for
direct delivery of germ-expressed industrial enzymes or oral vaccines to reduce
product rancidity due to lipid oxidation. De-oiling of transgenic seeds is typically
achieved using organic solvents, such as hexane, but at lower temperatures than for
non-transgenic seeds. An exception to this de-oiling requirement is oleosin-fusion
proteins, which are designed to remain attached to the surface of seed oilbodies
during aqueous extraction. Engineered oilbodies with attached recombinant protein
are extracted with water by homogenization and then recovered in the oil phase by
centrifugation (Boothe et al. 2010).

Wet milling methods provide better seed fractionation and thus, higher purity
fractions for co-product use (starch) and higher recombinant protein enrichment
compared to dry milling. Recent studies indicate that traditional wet milling conditions
need to be modified to retain recombinant protein quality and/or activity during
fractionation (Paraman et al. 2010a; Zhang et al. 2009a). Variations in wet milling
processing, like the modified quick-germ methods, provide an alternative for tradi-
tional fractionation methods and can reduce recombinant protein losses due to
proteolysis or leaching (Paraman et al. 2010a).

The main concerns with using transgneic corn for ethanol production are the
effect of recombinant extraction on ethanol yield and presence of residual recombinant
activity in the unfermented corn residue that will be used for animal feed. Paraman
et al. (2010b) evaluated the possibility of integration of recombinant protein
recovery process into a dry fractionation, corn-to-ethanol plant. The study determined
that degermination and extraction of an endosperm-expressed subunit vaccine of
Escherichia coli enterotoxin or germ-expressed human collagen did not adversely
affect ethanol production yields from the starch-rich fractions.

Although there are no systematic studies published for fractionation of leaf-based
systems, harvesting of only plant leaves would be desirable because recombinant
protein expression per unit biomass is significantly lower in stalks and stems com-
pared to leaves.

11.2.2 Extraction Methods

Extraction requires efficient homogenization of plant tissue and disruption of plant
cell walls, which is a critical recovery step that dictates the total extract volume,
recombinant protein concentration and purity, and the type and quantity of impurities
that have to be removed during purification (Hassan et al. 2008; Nikolov et al. 2009).
Extraction conditions that maximize the concentration of recombinant protein and
minimize the amount of soluble native protein and other impurities in the extract are
desirable and are important considerations for reducing purification costs (Azzoni
et al. 2002; Menkhaus et al. 2004a; Nikolov and Woodard 2004).
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Typically, optimal extraction conditions are determined using small-scale studies
to screen factors such as tissue disruption technique and particle size, extraction
time, buffer composition, plant tissue-to-buffer ratio, and expression compartment
(Azzoni et al. 2005; Farinas et al. 2005a; Hassan et al. 2008; Menkhaus et al. 2004a;
Wilken and Nikolov 2006; Woodard et al. 2009; Zhang et al. 2010). Modifying these
conditions can enhance the extraction of a recombinant protein by reducing its
interactions with plant debris and organelles and by reducing extracted impurities.
The extraction methods summary for seed-, leaf-, and bioreactor-based systems
(Table 11.1) shows that extraction conditions are typically screened using small
amounts of plant tissue (1-20 g). Ideally, tissue homogenization and extraction
should be conducted using kilogram quantities of transgenic tissue because mixing
pattern, shear rate, heat generation, and time required for maximal product release
are volume (vessel size) dependent and not linearly scalable.

11.2.2.1 Leaf-Based Systems

Physical disruption of high-water content biomass, such as Lemna and algae, can be
accomplished by using high-shear mixers or high-pressure homogenizers with buffer
at a tissue-to-buffer ratios ranging from 1:1.5 to 1:8. Leafy tissues that contain a
significant amount of stem and stalk fiber can be screw-pressed with or without
previous hammer milling (Bratcher et al. 2005; D’ Aoust et al. 2004) to produce an
extract with chlorophyll and other pigments that is referred to as “green juice”. Screw-
presses are used on a pilot and manufacturing scale whereas fruit juice presses are
an adequate option for bench-scale processing. Screw pressing minimizes buffer
usage and, thus, minimizes the overall extract volume. Algae, plants cell cultures, and
small-leaf plants like Lemna minor are too small in size for screw pressing and are
processed by homogenization. Milder extraction procedures include vacuum infil-
tration (Turpen et al. 2001) and enzymatic digestion of the plant cell wall (Fischer
et al. 1999). These methods are attractive but their efficiencies and economic viabili-
ties for large-scale manufacturing have not yet been demonstrated.

Leafy plants require careful attention because of the instability of expressed
proteins in metabolically active tissues and their extracts (De Muynck et al. 2010;
Doran 2006) and should be processed immediately or frozen or dried after harvesting
for future processing. Grinding, pressing, or homogenization of leaf tissue releases
additional components, such as proteases, phenol oxidases, and plant phenolics that
can degrade or modify the recombinant protein. Carefully controlled extraction
conditions and the inclusion of protease inhibitors, non-reducing agents, and anti-
chelating agents can improve recombinant protein stability during and after extrac-
tion. Extraction buffers used for leafy tissue homogenization typically contain buffer
additives such as B-2-mercaptoethanol (B-ME), dithiothreitol (DTT), polyvinyl
polypyrrolidone (PVPP), ascorbic acid, and sodium metabisulphite to reduce
phenolics interference on adsorption processes, phenolics-protein interactions, or
phenolics oxidation (Holler et al. 2007; Holler and Zhang 2008; Peckham et al.
2006). Since plant homogenates also contain active proteases, cocktails of protease
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inhibitors are often added to extraction buffers (Table 11.1). For membrane-associated
proteins and chloroplast-expressed proteins, the addition of detergents is required to
reduce hydrophobic interactions with cell membranes (Boyhan and Daniell 2010;
Daniell et al. 2009b; Tran et al. 2009).

Extraction buffer ionic strength and pH can be modified to reduce interactions
between the recombinant protein and plant matrix and maximize recombinant
protein release. For example, 300 mM NaCl was required for maximal extraction of
recombinant plasmin (pI=6.3) from Lemna minor at pH 3.5, whereas at pH 6.5 and
9.0, 150 mM NaCl was sufficient. Furthermore, using 50 mM NaCl recovered 75%
of the highest plasmin concentration at pHs 6.5 and 9 but extracted only 5% of the
maximum amount at pH 3.5 (Wilken and Nikolov, unpublished data). Extraction of
IgG (mAb) from Lemna minor by homogenization at pH 4.5 and 7.5 required at
least 300 mM NaCl for maximal release of mAb in the homogenate. At pH 4.5,
the solubility of ribulose bisphosphate carboxylase/oxygenase (rubisco) and other
acidic Lemna proteins was reduced, resulting in a fivefold enhancement of mAb
concentration (expressed as percent of total soluble protein) compared to pH 7.5
(Woodard et al. 2009). A more detailed study of the extraction of three mAb variants
from transgenic tobacco at constant ionic strength of 0.1 M was conducted by
Hassan et al. (2008) and included the effect of grinding methods, extraction pH and
temperature, and presence of detergent. This study concluded that temperature and
grinding methods did not have a significant effect on the extraction yield of mAb,
whereas the buffer pH was a critical variable. Extractions at pH 5 and 7, below the
mADb isoelectric point (pI) of 8-9.5, were optimal while extraction at a pH close to
the pI reduced the yield twofold due to low mAb solubility. Addition of detergent
(Triton X-100) increased the extraction yield threefold for membrane-bound mAb
but did not improve extractability of the same antibody targeted to the apoplast or
endoplasmic reticulum (Hassan et al. 2008). Thus, at a constant ionic strength buffer,
pH had the dominant effect on extraction of the apoplast-expressed mAb. Since we
did not observe a lower solubility effect with plasmin or mAb near their respective
pls, one could assume that both plant matrix and recombinant protein properties
determine the optimal extraction conditions.

11.2.2.2 Seed-Based Systems

Ground seed is extracted with low-shear mixers using tissue-to-buffer ratios ranging
from 1:4 to 1:20 (Table 11.1). Wet grinding can also be used with seed-based systems
with concomitant protein extraction, although the preferred method for low-oil-
containing seeds is dry grinding followed by low-shear mixing with an aqueous
buffer. Extraction of oil bodies for oleosin-fusion technology requires 1:12—1:20
water-to-tissue ratios (Boothe et al. 2010; Nykiforuk et al. 2006, 2011). Using lower
ratios reduces process volume but may also decrease the percentage of recombinant
protein extracted. An extraction time of 30 min is usually sufficient for solubilizing
proteins from soybean (Robi¢ et al. 2006, 2010), canola (Zhang and Glatz 1999),
corn (Kusnadi et al. 1998), and rice (Zhang et al. 2010) if diffusion limitations were
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minimized by grinding the seed to particle sizes less than 1 mm. In some cases, the
addition of sodium chloride may be necessary to increase recombinant protein solu-
bility by reducing electrostatic interactions with insoluble components.

Several studies have been dedicated to investigating the effect of particle size,
pH, and ionic strength on protein extractability from seed systems (Azzoni et al.
2002, 2005; Bai and Nikolov 2001; Bai et al. 2002; Farinas et al. 2005b; Menkhaus
et al. 2004b; Zhang et al. 2005, 2010). Optimization of extraction conditions with
respect to process integration and/or cost analysis has been addressed for select seed
systems (Azzoni et al. 2002; Kusnadi et al. 1998; Menkhaus et al. 2002, 2004b;
Nandi et al. 2005; Wilken and Nikolov 2006, 2010). Buffer pH and ionic strength
have a strong effect on recombinant protein and native protein extractability that
appear to be protein specific rather than seed specific (Azzoni et al. 2002; Farinas
et al. 2005b; Robi¢ et al. 2010; Wilken and Nikolov 2006, 2010; Zhong et al. 2007).
In the pH range below the pI of the recombinant protein, extractability was increased
moderately by increasing the ionic strength (Wilken and Nikolov 2006, 2010; Zhong
et al. 2007). Near or above the protein pl, the ionic strength did not affect extract-
ability of human lactoferrin (Nandi et al. 2005), transferrin (Zhang et al. 2010), or
lysozyme (Wilken and Nikolov 2010) from transgenic rice and B-glucuronidase
from transgenic soybeans (Robi¢ et al. 2010). In all cases, increasing ionic strength
increased the extractability of native protein and thus, decreases recombinant pro-
tein purity in the extract expressed as percent total soluble protein or specific activity
(Robi¢ et al. 2010; Wilken and Nikolov 2006). Most of the published studies with
seed systems optimized extraction parameters by measuring only total protein and
recombinant protein concentrations. Although these two outputs are of paramount
importance for downstream processing, information on other extractable compo-
nents such as phytic acid, phenolics, lipids, and reducing sugars could be critical for
purification. Farinas et al. (2005a) investigated the effect of pH and ionic strength on
the extraction of phenolic compounds, lipids, and sugars from transgenic corn seed
and Robi¢ et al. (2010) from transgenic soybeans. The consensus reached in both
studies was that low pH and low ionic strength buffers minimize the extraction of
reducing sugars, phenolics, and native protein and that the effect of buffer pH on
these compounds was more pronounced than ionic strength. The presence of phytic
acid, in addition to phenolic compounds, could affect both recombinant protein
extractability and purification efficiency (Wilken and Nikolov 2010). Since acidic
pH increases extractability of phytic acid, and basic pH enhances phenolics extrac-
tion, there is no single approach to simultaneously minimizing their concentrations
by manipulating pH and/or ionic strength. The adverse effect of these two com-
pounds and potential remedies will be addressed in the Pretreatment and Conditioning
(Sect. 11.2.4).

11.2.3 Solid-Liquid Separation

Continuous centrifugation and filtration are common, scalable methods for solids
removal and clarification of plant extracts and homogenates. Centrifugation is
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somewhat more flexible for use with leaf and cell culture homogenates, which have
a broader particle size distribution and densities. Seed extract suspensions have
large differential solid-liquid densities and are amenable to clarification by decanter
centrifugation as well as dead-end filtration using devices such as, rotary vacuum
drum filters, horizontal belt filters, filter presses, and, for smaller suspension volumes,
basket centrifuges. The “green juice” from screw-pressed leafy plants can be
clarified by disc-stack centrifugation (Bratcher et al. 2005; D’ Aoust et al. 2004) or
vacuum filtration. Algae, Lemna minor, and plant cell cultures are too small for
screw pressing and their homogenates are clarified by centrifugation followed by
depth filtration or cross-flow microfiltration. For plant cell culture with secreted
products, cross-flow filtration is the most suitable method for separation of cell
biomass that results in a well clarified feed for packed-bed chromatography (Hellwig
et al. 2004). If extract pretreatment is required, polishing filtration can be performed
after pretreatment rather than after solid-liquid separation.

11.2.4 Pretreatment and Conditioning

Extraction conditions that maximize the amount of released recombinant protein
also results in the release of a variety of indigenous proteins and other plant cell
components such as nucleic acids, chlorophyll, alkaloids, phenolics, polysaccha-
rides, and proteases. These compounds can bind to or degrade the recombinant
protein, reducing final product quality and yield. Another potential consequence of
co-extracting these components is the reduction of process efficiency due to fouling
of chromatography resins and cross-flow filtration membranes. To counteract these
process inefficiencies, a pretreatment, method is typically included prior to the
capture step. The objectives of the pretreatment step are to: (1) reduce recombinant
protein modification by plant phenolics or degradation by proteases; (2) minimize
interference during purification by removal of impurities; and (3) reduce protein
purification burden by removal of native proteins. An overview of selected pretreat-
ment methods is given in Table 11.2. Since seed-based and leafy-based systems have
very different compositions, pretreatment methods are typically platform-tailored
using conditions based on impurity properties, such as isoelectric point, hydropho-
bicity, or charge. Impurities of interest for each production system, properties of the
impurities, and select pretreatment methods are discussed in detail below.

11.2.4.1 Leaf-Based Systems

The composition of leafy tissue homogenates requires the addition of at least
one pretreatment step for nearly all reported purification processes. Leaf extracts
prepared by homogenization are typically more complex than the seed ones and
contain rubisco, phenolic compounds, proteases, and chlorophyll-derived pigments
that could pose difficulties during downstream processing (Barros et al. 2011;
Woodard et al. 2009; Yu et al. 2008).
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Fig. 11.2 RP-HPLC chromatograms showing 320 nm absorbances of Lemna minor (a,b), tobacco
(c,d), and rice extracts (e,f) at pH 4.5 (left panels) and pH 7.5 (right panels)

Phenolic compounds, including phenylpropanoids and flavonoids, are known to
foul chromatography resins and are capable of binding, inactivating, and modifying
proteins through various mechanisms (Loomis 1974). The amount of phenolics
released during homogenization varies with plant type as shown in the HPLC
phenolic profiles in tobacco, Lemna, and rice extracts (Fig. 11.2). The chromatograms
indicate that extraction pH had little effect on the amount and type of phenolics present
in Lemna extracts, but did alter the profile for tobacco extracts.

Leafy tissue is composed of active cells containing enzymes needed for metabolic
activity and thus, has a significant amount of water-soluble proteins. The chloroplast
enzyme, rubisco, can account for as much as 50% of total leaf nitrogen and is the
most abundant protein in the world (Spreitzer and Salvucci 2002). The prevalence
and well-defined properties of rubisco allows for rather simple removal of this
protein by isoelectric precipitation at or below pH 5. Proteolytic enzymes can be
particularly challenging in recombinant protein production in plant systems, as
degradation can occur posttranslationally or during recovery (Benchabane et al. 2009).
Typically, recombinant protein stability in a plant extract is evaluated experimentally
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using analytical tools such as Western Blot, activity assays, and HPLC. Protease
activity in extracts can be evaluated using zymograms. The steps necessary to assess
recombinant protein stability and detect a proteolytic problem and selection of a
companion protease inhibitor is nicely summarized by Benchabane et al. (2009).
The variability and diversity of proteases present in plant systems can make their
removal difficult. Therefore, proteases are managed by controlling storage and
processing temperatures, selecting appropriate extraction conditions, and adding
inhibitors to extraction buffers. An alternative strategy for the protection of recombinant
proteins is the co-expression of protease inhibitors.

There are many different strategies used to remove plant impurities that are
detrimental to purification methods or recombinant protein quality and yields.
Common strategies used for extract pretreament include precipitation, aqueous two-
phase partitioning, adsorption, and membrane filtration (Table 11.2). Precipitation
is the most common and rather inexpensive approach used for coarse fractionation
of proteins that also has the potential to remove other impurities such aggregates,
cell debris, phenolics, and pigments. Typically, precipitation is initiated by the
addition of ammonium sulphate (Huang et al. 2005; Lai et al. 2010; Peckham et al.
2006), high concentrations of sodium chloride (Xu et al. 2007, 2010), polyelectrolytes
(Menkhaus et al. 2002), or by pH adjustment with acid or base (Bendandi et al.
2010; Cox et al. 2006; Garger et al. 2000; Pogue et al. 2010; Vézina et al. 2009;
Woodard et al. 2009; Zaman et al. 1999). Rubisco is precipitated by reducing the
homogenate pH to 5 or below. Other native leaf proteins that would otherwise not
precipitate at pH <5 tend to precipitate along with rubisco upon acidification (Pirie
1987). This method, termed isoelectric precipitation, resulted in twofold purification
of a mAb from Lemna homogenate and also removed chlorophyll pigments
(Woodard et al. 2009). Rubisco can also be precipitated from extracts using low
concentrations of ammonium sulphate (25-30%), along with cell debris, phenolics,
and pigments (Lai et al. 2010; Peckham et al. 2006).

Aqueous two-phase fractionation has been demonstrated to be an effective way
to remove phenolics, alkaloids, and native protein from tobacco extracts prior to
capture chromatography (Platis et al. 2008; Platis and Labrou 2006, 2009; Ross and
Zhang 2010). Aqueous two-phase fractionation of clarified transgenic tobacco
(Platis et al. 2008) and corn extracts (Ramessar et al. 2008) allowed the develop-
ment of non-protein A purification protocols for two mAbs. Careful selection of
process conditions (PEG and phosphate concentrations and pH) for the aqueous
two-phase system resulted in a twofold purification of two anti-HIV mAbs from
unclarified tobacco extracts (Platis and Labrou 2009), which was comparable to the
purification level previously achieved with clarified extracts. The flexibility to elim-
inate both centrifugation and filtration steps provides a distinct advantage over other
methods. Additional advantages of using aqueous two-phase partitioning include
the relatively low cost and ease of scale-up (Platis and Labrou 2009).

Removal of phenolics prior to capture chromatography is particularly important
for expensive affinity resins like Protein A and can be accomplished using adsorp-
tion as a pretreatment method. Adsorption methods include the use of hydrophobic
resins, anionic resins, and hydrophilic polymers in a batch mode or packed-bed



11  Downstream Processing of Transgenic Plant Systems: Protein Recovery... 235

a b c d

Fig. 11.3 Pretreatment of sugarcane juice with XAD-4: sugarcane juice (a), XAD-4 treated juice
(b), XAD-4 resin before treatment (c), XAD-4 resin after treatment (d)

configuration to bind phenolics and minimize their interactions with recombinant
proteins. The use of polyvinylpyrrolidone (PVPP) to sequester and remove tannins
is based on technology used in the fruit juice industry and is not very effective for
treating plant extracts and homogenates that contain very little tannic compounds
(Barros et al. 2011). The use of hydrophobic and anion-exchange resins have been
effectively used for phenolics removal and/or removal of plant pigments. In our
experience, non-phenolic color compounds (products of Maillard reactions) could
be removed from transgenic sugarcane juice using the hydrophobic resin, Amberlite
XAD-4 (Fig. 11.3).

By identifying the amount and type of phenolics compounds present in an extract,
a platform-tailored solution can be devised for efficient removal. Barros et al. (2011)
identified the types of phenolics present in transgenic Lemna minor extracts by
using RP-HPLC and evaluated the use of inexpensive adsorption resins for their
removal prior to Protein A capture chromatography. The authors found that the
added cost of the pretreatment step using Amberlite XAD-4 and IRA-402 could be
offset by the extended lifetime (number of cycles) of the Protein A resin.
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11.2.4.2 Seed-Based Systems

Aqueous seed extracts inherently lack alkaloids and chlorophyll pigments but do
contain small amounts of phytic acid, lipids, and lectins that may interfere with pro-
tein purification (Farinas et al. 2005a; Stoger et al. 2002; Wilken and Nikolov 2006).
As shown in Fig. 11.2e,f, seed extracts typically contain small amounts of pheno-
lics (primarily ferulic and coumaric acids) compared to leafy extracts. Seed extracts
are less complex than leafy-tissue extracts but extracted proteins, phytic acid, and
lipids may adversely affect recombinant protein yield and purification efficiency.
Pretreatment of seed extracts is not always necessary and is often substituted with a
conditioning step. The objective of conditioning is make the clarified seed extract
compatible with the subsequent purification steps. Traditional conditioning methods
for any protein production platforms include adjustment of extract pH, ionic
strength, buffer composition, and volume reduction by cross-flow filtration.

The primary protein classes that would potentially be extracted using typical
aqueous buffers would be the water-soluble albumins and salt-soluble globulins.
Seed proteins differ by the total protein content and also by protein solubility. For
example, the total protein content of brown rice is about 8% and composed primarily
of glutelins, which are not readily extracted with common extraction buffers. Corn
contains 11% protein with protein plIs and molecular weights similar to rice proteins,
implying that purification methods developed for corn-expressed recombinant
proteins may also be applicable to rice (Menkhaus et al. 2004a). Soybean contains
the highest amount of total protein (40%) compared to canola, corn, and rice, and is
composed primarily of globulins and albumins. Therefore, extraction of a soybean-
expressed recombinant protein will like have more total soluble protein in the extract
than other seed systems. Corn, rice, and soybean proteins are acidic in nature and,
thus, low pH extraction minimizes the amount of total native protein in extracts
(Farinas et al. 2005a; Robic et al. 2010; Wilken and Nikolov 2006). If high pH
extraction is required for optimal recombinant protein extraction, an acidic pH
precipitation step can be added to greatly reduce the purification burden. Canola
proteins consist of globulins and are more basic than those of corn and rice
(Menkhaus et al. 2004a).

Phytic acid, a phosphoric ester of inositol, is a negatively charged molecule in
aqueous solutions of pH above 1.0 (Costello et al. 1976). The presence of phytic
acid in seed extracts is an important consideration for downstream processing
because it can form binary and tertiary complexes with proteins and interfere with
protein extraction (Hussain and Bushuk 1992) by shifting the isoelectric point
and the solubility profile of proteins (Wolf and Sathe 1998). The type of complex and
extent of protein-phytic acid interaction depends on pH, cation concentration and
charge, and protein properties (Cheryan 1980). Generally, binary complexes are formed
at acidic pH and ternary complexes at neutral pH (Selle et al. 2000). Basic proteins
can form binary complexes with phytic acid over a wide pH range and interfere with
protein purification (Wilken & Nikolov, 2006, 2010). Another even more common
occurrence is the formation of insoluble phytate salts with divalent cations that can
precipitate during pH adjustment from acidic to neutral pH (Wilken and Nikolov 2010).
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Methods to reduce phytic acid content or interference include extraction of transgenic
seed under conditions at which phytic acid is not highly soluble, addition of cations
to counteract the negative charges, or using phytase to hydrolyze phytic acid (Wilken
and Nikolov 2010).

11.2.5 Purification

Following pre-treatment and conditioning, plant-derived proteins are usually
purified using methods developed for existing biopharmaceutical products (Chen
2008; Menkhaus et al. 2004a; Nikolov and Woodard 2004). Because chromato-
graphic resins historically have been developed and optimized for protein purification
from microbial and cell-culture systems, some adaptation of loading conditions and
resin regeneration protocols may be required. Based on our experience and reported
data in Table 11.3, it appears that the current best way to translate previously devel-
oped purification and resin regeneration procedures to plant systems is to adequately
pre-treat clarified extracts.

Purification of plant-derived recombinant proteins relies primarily on adsorption
chromatography because of its superior resolution power and chromatographic resin
availability and diversity. Resin selection is determined by recombinant protein
properties such as charge, hydrophobicity, and biospecificity. Selecting a resin based
on the property most unique to the recombinant protein compared to the plant
impurities can improve purification efficiency by increasing binding capacity and/
or product purity. Once the resin functionality is selected (ion-exchange, affinity,
hydrophobic), particle size, surface area, ligand density and resin backbone can be
screened and binding conditions such as pH and ionic strength can be modified for
optimal purification.

The function of the first chromatographic step, typically a capture step, is to
concentrate the recombinant protein and remove critical feedstock impurities
that would be detrimental to protein yield, quality, and/or purification efficiency
(Holler and Zhang 2008; Menkhaus and Glatz 2005; Platis et al. 2008; Woodard
et al. 2009). Purification methods and selected resin functionalities summarized in
Table 11.3 show that the initial capture of recombinant proteins from plant extracts
is accomplished primarily by affinity chromatography and ion-exchange adsorption
resins. Protein A or G affinity resins are typically used for IgG capture and purification
for bench-scale, pilot-scale, and manufacturing-scale processes. Other protein-and
tag-specific affinity resins (IMAC, trypsin, ECH-lysine, glutathione, etc.) are available
for purification of recombinant proteins intended for characterization and initial
clinical trials (Kimple and Sondek 2001). Most affinity resins are very expensive
and a pre-treatment of plant extracts to remove impurities that are responsible for
resin fouling and loss of resolution is recommended. Ion-exchange resins are
heavily relied upon in the biotechnology industry and are very common capture step
for plant protein extracts as well. Acidic proteins like B-glucuronidase, chymosin,
human serum albumin, and transferrin were captured by anion-exchange adsorption,
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and basic proteins, aprotinin, collagen, human lysozyme, and human lactoferrin by
cation exchange (Table 11.3). Hydrophobic-type resins are often used after ion-exchange
steps because recombinant proteins are eluted with high ionic strength buffers that
are compatible with subsequent hydrophobic interaction chromatography (HIC).
Because of relatively low recovery yields compared to affinity and ion-exchange
resins, HIC is not usually used as a capture step unless extract pre-treatment requires
the use of high salt concentrations (Peckham et al., 2006; Xu et al., 2011, 2007).
Several new purification methods have been proposed including fusion protein, such
as elastin-like polypeptides and hydrophobins, as well as induction of protein body
formation (Conley et al. 2011). Select cases of more traditional chromatographic
and non-chromatographic methods for purification of proteins from leafy and seed
tissues are discussed below.

11.2.5.1 Leaf-Based Systems
Chromatographic Methods

Purification of protein products from mammalian cell cultures and yeast rely on a
capture step for a quick removal of proteases to protect product integrity. The same
is true for leafy extracts which, in addition to proteases, contain chlorophyll pigments
and phenolics that should be removed from the extract as early as possible.
Irrespective of the protein platform and feedstock origin, process development
scientists strive to select inexpensive resins which are resistant to required regenera-
tion chemicals and able to retain capacity and selectivity over multiple cycles. For
that reason, ion-exchangers are ideally suited for their robustness, low cost, and
availability from several reliable resin manufacturers (Tosoh Bioscience, GE
Healthcare, Bio-Rad, Pall, Merck KGaA). Direct application of a crude leafy extract
onto an anion-exchange resin is not suitable because rubisco, nucleic acids, and
phenolic acids may also bind to the anion ligand and reduce the binding capacity.
Extended use of an anion-exchange column without pre-treatment of the crude
extract could lead to irreversible fouling and plugging of the column (Holler and
Zhang 2008).

Cation exchangers are usually more amenable for direct capture of basic proteins
because nucleic acids and phenolics do not preferentially bind to cationic resins. In
many situations, simple manipulation of ionic strength and pH provides sufficient
protein binding capacity, concentration, and partial purification. (D’Aoust et al.
2010; Pogue et al. 2010; Shaaltiel et al. 2007). Recombinant anti-HIV IgGs were
efficiently captured and purified by a strong cation-exchange resin after pre-treatment
of the clarified tobacco homogenates by aqueous two-phase partitioning (Platis
et al. 2008; Platis and Labrou 2009). Capture and purification of IgG molecules by
affinity resins (Protein G or Protein A) still gives superior purification results but
implementation of pre-treatment methods discussed previously such as, acidic or
salt precipitation (Bendandi et al., 2010; Cox et al., 2006; Pogue et al., 2010;
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Vézina et al., 2009), Amberlite IRA-402 adsorption (Barros et al. 2011; Woodard
et al. 2009), and aqueous two-phase partitioning (Platis and Labrou 2006) is advisable
to increase the lifetime of costly Protein A resins.

Additional purification of eluted proteins from the capture column includes a variety
of orthogonal steps such as HIC, IMAC, ion-exchange, and ceramic hydroxyapatite
(Table 11.3). The subsequent purification step (intermediate or polishing step) is
selected based on the properties of the recombinant protein and residual impurities.
If impurities (e.g. DNA and endotoxin) remain after capture chromatography, the
subsequent purification step can be performed in a flow-through mode to bind
the residual impurities (Bendandi et al., 2010; Lai et al., 2010).

Non-chromatographic Capture Alternatives

Since tobacco impurities made direct capture of the acidic protein, B-glucuronidase,
on an anion-exchange column infeasible due to resin fouling, Holler and Zhang
(2008) opted for anionic polyelectrolyte precipitation (polyethylenimine) as a capture
step. The precipitation pB-glucuronidase also removed large amounts of tobacco
impurities, concentrated the recombinant protein, and produced an enriched fraction
suitable for subsequent purification by HIC (Phenyl-Sepharose). Another interesting
non-chromatography option was proposed by Werner et al. (2006) which used
in situ capture of a plant-expressed mAb by Protein A-engineered viral particles.
The Protein A ligand was attached to the C-terminus of the core protein of turnip
vein-clearing virus to produce rod-shaped, nanometer-size viral particles in tobacco
leaves that displayed protein A on their surface. The high-surface density of Protein
A on viral particles allowed the binding of 2 g mAb per g particle. Viral nanoparticles
with bound mAb were harvested by centrifugation and mAb was desorbed using
pH 2.5 glycine buffer. The released mAb was then precipitated by 15% PEG, resulting
in highly purified IgG.

11.2.5.2 Seed-Based Systems
Chromatographic Methods

As discussed above, aqueous seed extracts do not contain alkaloids, chlorophyll
pigments, and nucleic acids, but may have small amounts of phenolic acids and
phytic acid. Capturing basic and acidic proteins by ion-exchange adsorption is
common and usually an effective first step. To achieve required recombinant protein
binding and purification one can vary chromatography conditions (pH, ionic
strength, and residence time). For example, rice proteins that are extractable in
aqueous buffers are acidic in nature (pI <5) and allowed purification of basic recom-
binant proteins (pI>8) to a greater than 90% purity using a single cation-exchange
column (Nandi et al. 2005; Wilken and Nikolov 2010). The effect of extraction and
adsorption pH on binding capacity and purity of recombinant human lysozyme
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Table 11.4 Human lysozyme purification by cation exchange adsorption (Modified from Wilken
and Nikolov 2006, 2010)

Bound Lysozyme
Extraction pH  pH adjustment Adsorption pH lysozyme (mg) purity (%)
4.5 None 4.5 43 89
6 None 6 24 50
4.5 Phosphate buffer 6 8.6 95
4.5 TRIS buffer 6 25 98
10 Acetic acid 4.5 36 84
10 Acetic acid to pH 4.5 6 26 95

then NaOH to pH 6

from rice is given in Table 11.4. The data clearly exemplify how varying pH can
manipulate extract composition and modify interactions of recombinant lysozyme
and rice proteins with the strong cation-exchange resin. Extraction and adsorption at
pH 4.5 was clearly advantageous in terms of lysozyme binding capacity (43 mg/mL)
and resulted in relatively high lysozyme purity. For higher purity, pH 4.5 extraction
combined with pH 6 adsorption after pH adjustment using TRIS buffer was the best
process option.

Purifications of recombinant proteins with pls similar to the majority of native
seed proteins may require a different approach or intermediate purification step.
Acidic proteins can be captured by anion-exchange chromatography but typically
require an additional purification step, such as hydrophobic interaction chromato-
graphy, to achieve a greater protein purity (Robi¢ et al. 2006; Van Rooijen et al.
2008). Zhang et al. (2010) were able to purify the slightly acidic recombinant human
transferrin (pI>6.3) by a single weak anion-exchange adsorption and achieve >90%
protein purity. The selected process was possible because of the high expression
level of transferrin (10 g/kg) and weaker adsorption of transferrin at pH 7.5 to the
DEAE anion-exchange resin compared to solubilized rice proteins. The weaker
transferrin-DEAE interactions made it possible to elute the adsorbed transferrin
before native proteins using a low ionic strength buffer (40 mM NaCl). The more
acidic and strongly-bound rice proteins eluted during resin regeneration using a
high salt buffer.

Non-chromatographic Capture Alternatives

One of the first non-chromatographic methods applied to seeds was the capture
and purification of oleosin-mediated fusions by centrifugation (Van Rooijen and
Motoney 1995). Since 1999, this technology has been further developed to include
several variations. In one case, a ligand for the target protein was fused directly to
the oleosin to capture the recombinant protein on extracted and purified oil bodies
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(Boothe et al. 2010). An example of this approach was the capture of antibodies on
oleosin-Protein A oil bodies which were then released from purified oil bodies by
acidic elution. Another variation of oleosin-mediated capture was the fusion of an
anti-oleosin ligand to the recombinant protein (e.g. an anti-oleosin scFv). In this
case, the anti-oleosin scFv fusion protein was released from the oil bodies by acid
or urea, depending on the stability of the specific fusion protein. The fusion partner
was then removed from the recombinant protein by either chemical (e.g. acidic
cleavage in the case of the scFv-ApoAl fusion) or enzymatic cleavage (Boothe
et al. 2010; Nykiforuk et al. 2011). Standard adsorption chromatographic methods
were used for subsequent purification of released recombinant protein.

Several alternative methods for recombinant protein purification developed
recently either completely circumvented adsorption chromatography or utilized a
non-chromatography capture step followed by traditional intermediate and poli-
shing chromatography. Lee and Forciniti (2010) explored the use of aqueous
two-phase (PEG/salt) partitioning as a sole recovery and purification method of
a non-glycosylated monoclonal antibody (mAb) from transgenic corn extract.
The antibody was purified in a three-stage process by manipulating the two-phase
system composition, pH, and ionic strength. The first two stages consisted of a typical
two-phase partitioning aimed at increasing the recombinant protein concentration in
the bottom (aqueous salt) phase. The third stage consisted of mAb precipitation at
the two-phase interface that resulted in tenfold purification. Overall, the three-stage
processes delivered 72% pure mAb with 49% overall yield.

Aspelund and Glatz (2010) demonstrated purification of recombinant collagen
from low pH corn extracts by cross-flow filtration. Diafiltration of corn endosperm
extracts at pH 3.1 by using a 100-kDa MWCO membrane resulted in 89% pure
collagen. Further improvement of collagen purity was achieved by protein precipi-
tation of endosperm extracts at pH 2.1 using sodium chloride. Membrane diafiltration
of re-suspended precipitate resulted in 99% pure collagen and 87% collagen yield.
The favorable sieving coefficient of endosperm proteins and unique properties of
collagen (high molecular weight and stability at low pH) permitted the development
of this inexpensive purification process.

11.3 Process Economics

The manufacturing cost of plant-produced recombinant proteins consists of upstream
production cost, i.e. expenses related to transgenic plant biomass production in
open-fields, greenhouses, or contained vessels (bioreactors) and downstream costs.
Both, upstream production and downstream processing costs depend on the
concentration of extractable recombinant protein, overall process yield, and pro-
duction scale. Downstream processing costs are affected by extract complexity,
required product purity, and intended application of recombinant protein, which
in turn determines the extent of process documentation and related cGMP costs.
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Table 11.5 Breakdown of direct manufacturing costs* of a therapeutic recombinant protein

Biomass production ~ Upstream  Downstream Total direct ~ Upstream  Downstream

method cost ($/g) cost ($/g) cost ($/g) cost (%) cost (%)
Open-field 2.5 80 83 3 97
Greenhouse 19 79 98 19 81
Bioreactor 60 78 138 43 57

“Direct cost consisted of reagents, consumables, operating labor, supervision, QC/QA and lab
charges, utilities and waste treatment

Downstream processing expenses are proportional to the number and type purification
stages as the latter directly affect the overall product yield, reagent use, and labor
requirements (Nikolov and Hammes 2002). The breakdown of upstream and
downstream processing costs depends primarily on product end application with
biopharmaceutical and industrial proteins being at the opposite end of the cost and
purity spectrum (high to low). Depending on the expression level, purification yield,
and annual product output, the upstream production cost for a highly-purified protein
(>95%) from a seed crop ranges from 5% to 10% of the total manufacturing cost
(Evangelista et al. 1998; Mison and Curling 2000; Nandi et al. 2005; Nikolov and
Hammes 2002). For a protein of similar purity and annual throughput produced by
leafy tissue grown in a greenhouse, the upstream cost could be as high as 25% of the
total manufacturing cost (unpublished estimates). Pogue et al. (2010) compared
the production cost ($/g product) of aprotinin transiently expressed in tobacco and
reported that greenhouse production cost was five times greater than the open-field
cost. There is minimal data available regarding cost of plant cell culture systems,
but one could anticipate a significantly higher production costs compared to
greenhouse and open-field grown transgenic plants.

To illustrate the manufacturing cost breakdown between upstream and down-
stream costs for the three biomass production options, we considered a hypothetical
case: a recombinant monoclonal antibody (mAb) expressed at 1 g per kg fresh
weight in (1) tobacco grown in an open-field; (2) tobacco grown in a greenhouse;
and (3) tobacco cell culture. The three production options were analyzed using
SuperPro Designer simulation software (Intellgen Inc.) and hypothetical cost numbers
were summarized in Table 11.5. The downstream processing trains for the two
plants extracts and cell-free homogenate consisted of three chromatographic steps
with the same volumetric throughput and product yield and, therefore, have similar
cost. The direct upstream cost for the bioreactor-produced mAb ($60/g) is signifi-
cantly higher than the other two plant production systems because of the bioreactor-
related cost, consumables (media, buffer, cleaning agents), and labor associated
with bioreactor operation, quality assurance and quality control (QA/QC), and
cleaning validation. The upstream cost for an open-field produced mAbD is almost
an insignificant (3%) fraction of the total manufacturing cost, whereas the green-
house cost (19% of the total) is still substantially lower than downstream pro-
cessing cost. The cost breakdown for the bioreactor-produced recombinant protein
(43% upstream and 57% downstream) is similar to that for mammalian cell culture
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systems (Sommerfeld and Strube 2005). We estimate that the capital investment for
an open-field biomass production system would be less than 5% of the investment
required for building a cell-culture facility, while the investment for a greenhouse
would be around 25% of that for cell culture. The capital investment cost could vary
because it is dictated by facility size, geographic location, required containment
level, and plant growth control (Spok and Karner 2008). This hypothetical study
case illustrates the apparent cost advantage of open—field and greenhouse biomass
production systems.

Besides the therapeutic protein production example considered here, there is a
wide range of recombinant proteins that have been produced in transgenic plants
with applications as specialty enzymes, cell-culture media ingredients, in-process
reagents, and industrial and food proteins. The breakdown of upstream and down-
stream processing costs for these products will vary depending on the purification
requirements, production scale, and end application. For example, downstream
costs for industrial enzymes and oral vaccines could be less than 50% of the total
manufacturing costs because the downstream processing trains would consist of
inexpensive capture and recovery methods such as membrane filtration and protein
precipitation (Arntzen et al. 2006; Nikolov and Hammes 2002).

The decision-making process for choosing the best plant production system is
complex and requires case-by-case analyses. From a downstream processing
perspective, several evaluation criteria should be applied for selecting the best system
that matches product characteristics and allows overall manufacturing cost reduction
(Nikolov and Hammes 2002). In addition to protein expression level and stability,
the following criteria should be considered: biomass yield and storage stability,
access to off-the-shelf purification tools, biomass disposal cost, and byproduct
revenues (e.g. biomass and starch conversion to energy). Business drivers for
consideration include capital investment, production scale and cost, speed to market,
and regulatory requirements (Nikolov and Hammes 2002; Spok and Karner 2008).

11.4 Conclusions

As the transgenic plant technologies continue to mature, it appears that research and
development interests in plant biotechnology are slowly shifting toward developing
and understanding downstream processing methods. The interest in downstream
processing is not surprising, as it follows the natural evolution of mature protein
production platforms such as mammalian and insect cell culture systems. In addition,
the awareness that downstream processing accounts for a significant portion of the
total product manufacturing costs has enticed companies as well as private, state,
and federal entities to invest into research and development.

Downstream processing strategies presented in this chapter clearly indicate
that recovery and purification of recombinant proteins from seed crops are easier
than for metabolically active leafy systems, which contain a number of potentially
detrimental impurities. The less complex and more stable seed extracts allow capture
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chromatography to be carried out without extract pretreatment step(s). Combined
with favorable economics for growing seeds in an open-field, transgenic systems,
like rice, corn, and safflower, are the best candidates for low-cost protein production.
However, the long seed development time and public resistance to use of food and
feed crops are barriers to further commercialization of seed-based products. Transient
expression offers an advantage for using leafy tissue for production of pandemic
and seasonal influenza vaccines, since the short development time of 4-6 weeks
cannot currently be fulfilled by other protein production platforms (D’ Aoust et al.
2010). In spite of all the progress and positive developments, additional research
and technological breakthroughs in downstream processing are needed to capitalize
on the lower production cost of transgenic biomass. Future directions to accelerate
process development and advance recombinant protein production from plant
systems have been outlined by Wilken and Nikolov (2011).
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Chapter 12
Biosafety of Molecular Farming in Genetically
Modified Plants

Didier Breyer, Adinda De Schrijver, Martine Goossens, Katia Pauwels,
and Philippe Herman

Abstract The use of genetically modified plants for large-scale production of
recombinant compounds for pharmaceutical or industrial use, known as plant
molecular farming, holds several promises. However, any development in this field
must be counterbalanced by a thorough evaluation of risks to human health and the
environment. The possible impact of accidental contamination of the food and feed
chain or of transgene spread in the environment, in particular when major food/feed
crops grown in open fields are involved, highlights the need to carefully address
some important issues during the safety assessment of genetically modified farming
plants, such as the choice of the production platform, the implementation of con-
tainment or confinement measures and the adoption of other relevant management
strategies. In this chapter, we report on the applicability of the current risk assessment
methodology and principles, outline some important issues linked to the assessment
of environmental and health risks, and comment in more detail general management
strategies that could be applied to limit potential environmental and human health
impacts linked to plant molecular farming.

12.1 Introduction

Plant molecular farming (PMF) offers attractive perspectives to produce compounds
for pharmaceutical or industrial purposes on a large scale at low costs. Benefits
associated with the use of plants as production platforms also include rapid scaling up,
convenient storage of raw material and less concern of contamination with human
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or animal pathogens during downstream processing. Worldwide PMF has enabled
the development of thousands of recombinant biotechnology products and some of
them are expected to be marketed soon (see e.g. Basaran and Rodriguez-Cerezo
2008; Ahmad et al. 2010).

As with current genetically modified (GM) plants, all plants engineered to
produce pharmaceutical or industrial compounds must go through a thorough health
and environmental risk assessment before they can be used. The risk assessment of
GM farming plants is currently supported in most countries by the same procedures
and policies that are used for first-generation GM plants (see e.g. Spok et al. 2008;
Breyer et al. 2009).

In the European Union (EU), the legislation applicable for the risk assessment of
GM farming plants cultivated in open fields is Directive 2001/18/EC on the environ-
mental release of GMOs (EC 2001). When the GM product is a pharmaceutical, the
safety aspects of the product and its uses are also assessed according to Regulation
(EC) No 726/2004 on medicinal products (EC 2004) under the coordination of the
European Medicines Agency (EMA, formerly EMEA). The provisions of Regulation
(EC) No 1829/2003 on genetically modified food and feed (EC 2003) need to be
followed when residual biomass derived from GM farming plants are used as food/
feed, and could also be relevant when GM farming plants or their derived products
may enter the food/feed chain. In this case, the European Food Safety Authority
(EFSA) plays a central role in the risk assessment, in close collaboration with
the Member States. Under these three regulatory frameworks, authorizations for
commercialization have to be granted at the EU level, involving all Member States
and the European Commission (Fig. 12.1).

For activities involving GM microorganisms and conducted under strict contain-
ment (e.g. greenhouses or laboratories) Directive 2009/41/EC (EC 2009) applies.
Contained use is under the regulatory oversight of each particular EU Member
State. It must be noted that in most of the Member States, the scope of activities
falling under this regulatory framework has been broadened to GM organisms and
therefore also covers the contained use of GM farming plants.

In the United States (US), the institutional structure established for regulating
biotechnology products also oversees the risk assessment of GM farming plants.
The Animal and Plant Health Inspection Service (APHIS) of the US Department of
Agriculture (USDA) regulates GM plant trials. The Food and Drug Administration
(FDA) is responsible for regulating pharmacological and safety aspects when the end
product is a pharmaceutical. It should be noted that, since 2003, APHIS regulatory
requirements have been strengthened with regard to the cultivation of GM plants pro-
ducing pharmaceutical or industrial compounds. APHIS requires for these GMOs
a more constraining “permit” procedure with specific confinement measures and
procedures to verify compliance (Federal Register Notice 2003; NARA 2005).

Specific issues associated with the risk assessment of PMF have been discussed
in several national and international regulatory bodies resulting in the development
of guidance, standards and procedures. In the EU specific aspects related to PMF
are being addressed in a guidance document for the risk assessment of GM plants
used for non-food or non-feed purposes (EFSA 2009). This guidance document
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Fig. 12.1 Schematic overview of the interplay between the intended uses of a GM plant and the
respective EU legislation applicable. The flowchart also gives an overview of the regulatory bodies
that are involved in scientific risk assessment and the ones that are responsible for risk management
and authorization decisions (Source: EFSA 2009)

supplements the more general EFSA guidelines for the risk assessment of GM
plants and derived food and feed (EFSA 2006, 2010). The US authorities have issued
specific guidance to cover the risks associated with PMF (FDA 2002; USDA 2008).
These documents inform on elements to consider when addressing containment
(of a facility such as a laboratory or greenhouse or during movement), confinement
(of the field test site), and environmental issues. The Canadian Food Inspection
Agency (CFIA) has also developed several additional rules, terms and conditions to
address the environmental and human and livestock health concerns associated with
the use of GM farming plants (CFIA 2004a).
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Safety issues associated with PMF and possible mechanisms to limit the risks have
also been addressed in research programmes such as the project Pharma-Planta
funded by the EU (see http://www.pharma-planta.org/), and in several reports and
reviews in scientific literature including Commandeur et al. (2003), Mascia and
Flavell (2004), Liénard et al. (2007), Murphy (2007), Sparrow et al. (2007), Wolt
et al. (2007), Spok and Karner (2008), Breyer et al. (2009), Sparrow and Twyman
(2009) and Obembe et al. (2010).

12.2 Biosafety and Risk Assessment Methodology

There is no generic or internationally accepted definition of “biosafety” but for
the purpose of this chapter, it can be defined as the safety for human health and the
environment associated with the use of GM farming plants. Biosafety is determined
as a result of a risk assessment process. The objective of risk assessment is to
identify and evaluate on a case-by-case basis potential adverse effects of a GM plant
on the receiving environment(s) and human health. Risk assessment is based on a
multi-step methodology and a comparative approach. Through this approach, the
GM plant is compared with its non-GM counterpart which is considered having a
history of safe use for the average consumer or animals and familiarity for the
environment, in order to identify differences. Assessment is performed principally
according to the following steps (SCBD 2000; EC 2001; EFSA 2010):

1. Problem formulation, including hazard identification. This step considers the
biological characteristics of the recipient and donor organism, the genetic
modification, the resulting GM plant, the intended use, the potential receiving
environment and the interactions between those. It takes into account the
differences identified between the GM and its non-GM comparator. Relevant
differences potentially leading to harm are determined and subsequently assessed
in the next steps for their potential adverse effect(s) on human health and the
environment (Codex 2003; EFSA 2009). Problem formulation also includes
the identification of exposure pathways through which the GM plant may interact
with human health or the environment and of the corresponding levels of
exposure. Problem formulation further aims at explicitly stating the assumptions
(context and scope) underlying the risk assessment, taking into account the pro-
tection goals set out by existing policies;

2. Hazard characterization. Through this step, the potential consequences of each
hazard identified in the first step (provided that it does occur) are evaluated, by
defining the magnitude (qualitative and/or quantitative) of the associated health
or environmental harm,;

3. Exposure assessment. This step aims at estimating (qualitatively or when possible
quantitatively) the exposure (likelihood of the occurrence) for each hazard
identified and characterized;
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4. Risk characterization. During this step, the risk posed by each hazard is estimated
by combining the magnitude of consequences of each hazard and the likelihood
of its occurrence. This step will also result in the identification of areas of
uncertainties;

5. Identification of risk management strategies. This step aims at reducing risks iden-
tified in the previous step (in most cases by minimizing the likelihood of adverse
effects occurring) while at the same time considering areas of uncertainties;

6. Overall risk evaluation and conclusions. This step evaluates the overall risk of the
GM plant taking into account the proposed risk management strategies. Where
such strategies are applied, their reliability and efficacy need to be assessed. In this
way, the effect of failure of these strategies can be estimated (EFSA 2009).
The risk assessment finally leads to a conclusion as to whether the overall health
and environmental impact of the GM plant can be accepted or not.

12.3 Considerations for the Risk Assessment
of GM Farming Plants

The risk assessment methodology described above seems appropriate and robust
enough to support the evaluation of most applications of PMF (Peterson and Arntzen
2004; EFSA 2009). However, we highlight hereafter some specific issues related
to risk assessment that will deserve special attention when performing safety
evaluation of GM farming plants (Spok 2007; Rehbinder et al. 2009).

Firstly, the applicability of the comparative approach principle could be chal-
lenged due to the difficulty to find appropriate non-GM comparators when plants
having less or no history of safe use or little familiarity for the environment are
involved. This approach could also be challenged when several extensive genetic
modifications are carried out at once in the GM farming plant to obtain the intended
property and/or biological confinement. This may lead to substantial — intended or
unintended — changes in the original metabolism and composition of the GM plant,
thereby making the comparative analysis more difficult (EFSA 2009).

Secondly, the biological activity of the compound(s) produced will need to be
considered carefully in the risk assessment of GM farming plants. This is parti-
cularly relevant for pharmaceutical plants as they are used specifically to produce
substances that have an effect on humans or animals, very often at low concentrations.
As aresult, small amounts of pharmaceutical compounds may harm people or animals
that would accidentally consume GM farming plants or their products (Shama and
Peterson 2008a). Given the unintentional character of oral intake, assessment will
focus on the impacts of acute and/or short term exposure (EFSA 2009). It should
also be noted that most of the plant-made pharmaceutical products currently in the
pipeline are not anticipated to have any pharmacological activity when ingested or
are expected to be rapidly degraded to innocuous peptides or amino acids upon
accidental ingestion (Goldstein and Thomas 2004).
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Thirdly, the risk assessment of GM farming plants will also need to consider the
potential for GM farming plants, plant parts or products to inadvertently enter
the food or feed chain, thereby exposing consumers or livestock to potentially toxic
compounds. This potential will largely depend on the characteristics of the pro-
duction platform (see Sect. 12.4.1). Accidental intake by humans or livestock could
arise from unintentional admixture of GM farming plant products with food or
feed products or from transfer of transgenes from molecular farming plants to
non-transgenic crops due to gene flow. The Prodigene incident in the US, where
conventional soybean for human consumption had been accidentally mixed with
Prodigene’s GM maize seeds genetically engineered to produce trypsin, gives an
indication of the potential risks of inadvertent contamination of the food/feed
chain, in particular if more pharmaceutical/industrial crops are grown in open field
(Fox 2003).

Besides the potential for oral intake, the potential dermal, ocular or inhalatory
exposure of people participating in the production and processing of the GM
farming plant will need to be considered (Wolt et al. 2007; EFSA 2009). In the case
of farming plants, risk for occupational toxicity or allergenicity relates not only to
the pharmaceutical or industrial product but also to the plant itself (tobacco, for
instance, is well known to produce toxins).

Fourthly, when GM farming plants are grown in open field, risk assessment needs
to address the potential environmental impacts. This would include on the one hand
the impact of the bio-active recombinant compound synthesized by the GM farming
plant on animals (such as mammals, birds, insects) or microorganisms in the envi-
ronment (Shama and Peterson 2008b) and on the other hand concerns related to
changes in the persistence or invasiveness of the GM farming plant. It must be noted
that similar impacts could arise from compatible wild relatives in the environment
that would capture and express the transgene due to gene flow.

Last but not least, the final use of residual biomass must be carefully assessed
and documented, taking into account relevant Good Manufacturing Practices
(e.g. EC 2006; WHO 2003). If such material is handled as waste, appropriate
measures will be taken in order to ensure that the material will not enter the food or
feed chain or be released in the environment. If the remaining biomass is used in the
environment (e.g. as fertilizer) or as food or feed (e.g. starch produced from GM
potato tubers), as proposed by some companies, this approach must be assessed for
the additional risk it could pose to the environment and food/feed safety.

12.4 Interplay Between Risk Assessment and Risk
Management

When risks have been identified, relevant protective measures need to be imple-
mented in order to minimize the likelihood of adverse effects occurring. In the context
of GM farming plants, an important issue to be considered is how far unintended
commingling with conventional food or feed is acceptable. In most countries, like
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in Canada and in the EU, no precise thresholds have been defined. In the US, there
is a strict requirement that plants grown for pharmaceutical or industrial compounds
(and not approved for food and feed use) must stay clear of the food system under a
zero-tolerance standard (USDA 2006). Depending on the contamination level set up
as protection goal, several (not mutually exclusive) risk management options can
be envisaged.

Some of them clearly fall within the competences of decision-makers, such as
the complete ban of farming applications involving the use of food/feed crops
(Union of Concerned Scientists 2006; Murphy 2007), the mandatory pre-marketing
approval of the GM farming plant and products under the food and feed regulation
(Becker and Vogt 2005), or the adoption of threshold limits for adventitious or tech-
nically unavoidable presence of molecular farming products in non-GM products at
levels low enough that risks are minimal (Moschini 2006; Spok 2007).

Other risk management strategies will aim directly at reducing hazard and/or expo-
sure identified during risk assessment. These include the choice of the production host,
the application of physical containment and/or biological confinement strategies or
the implementation of wide-ranging monitoring systems, and are described below.

12.4.1 Characteristics of the Host Plant

The choice of the host plant in which the recombinant compounds are produced has
critical implications. On the one hand, the production strategy needs to comply with
technical factors such as the required level of expression, the purification process or
the quality of the end product (see e.g. Vancanneyt et al. 2009). On the other hand,
from a biosafety viewpoint, the host plant should be chosen taking into account
the potential for and impact of exposure of the environment or the food/feed chain.
The choice of the host will therefore be considered on a case-by-case basis, taking into
account the potential impact of all aspects of the manufacturing process, including
cultivation, harvest, transport, processing, purification, packaging, storage and
disposal. Table 12.1 summarizes some of the main potential advantages and disad-
vantages for different host categories (Breyer et al. 2009).

The use of food/feed crops as production platforms for pharmaceuticals or
industrial compounds is a controversial issue. As shown in Table 12.1, there are
several arguments in favor of using food/feed crops for PMF (Streatfield et al. 2003;
Hennegan et al. 2005; Sparrow et al. 2007; Ramessar et al. 2008). However, as
mentioned before, there are also concerns about the risks such GM crops would
pose in case they would inadvertently enter the food/feed chain.

It seems obvious that selecting non-food or non-feed crop plants or even non-crop
plants for molecular farming would provide containment advantages. The use
of such plants would reduce the possibility of admixture in the food/feed chains.
Canadian authorities are explicitly recommending the use of non-food/non-feed
crop species for the production of pharmaceuticals in plants (CFIA 2004b). Among
this category, tobacco is a very efficient production system in which a wide range of
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pharmaceutical products is currently being tested for production. Non-crop plants
such as the monocot Lemna (duckweed), Arabidopsis, microalgae or mosses are
also tested as production platform. The latter species offer the possibility of being
grown easily in contained facilities which gives many advantages in terms of
biosafety (see below). However, the use of non-food, non-feed or non-crop plants
will in some cases be difficult and might challenge the risk assessment due to the
lack of knowledge about the genetics and biology, the lack of history of safe use
and/or the limited experience with cultivation (Murphy 2007; Sparrow et al. 2007).

The safety of PMF can even be made greater by producing the recombinant com-
pound in cell cultures of transgenic plants (Plasson et al. 2009). From a biosafety
viewpoint, the main advantage is that cell cultures can be grown under contained
conditions in bioreactors, avoiding risks associated with gene flow in the environ-
ment and reducing potential contamination of the food/feed chain. In some cases,
the recombinant compound can even be secreted directly into the culture medium,
allowing easier recovery and purification of the product and reducing further the
possibility of product contamination with cell debris. Despite the fact that the adop-
tion of cell culture technology has made progress during the last years, this strategy
remains limited for the time being to a small number of well-characterized plant cell
lines (see Table 12.1) and still needs improvement before it can be used in routine
on a commercial scale.

12.4.2 Containment and Confinement Measures

Several physical containment or biological confinement methods are available to
limit food/feed chain contamination or environmental impact of PMF. The applica-
tion of such methods will be decided on a case-by-case basis with the aim to reduce
hazard and/or exposure identified during the risk assessment and/or to consider
areas of uncertainties. One should also take into account that these methods present
different levels of effectiveness, that many of them are not mutually exclusive and
that probably none of them will be able to achieve full protection of the environment
or a zero level contamination of the food/feed chain.

12.4.2.1 Physical Containment

Physical containment of GM farming plants is a first strategy that can help avoiding
contamination of the environment or of the food/feed chain. Potato, tobacco and
other leafy crops such as alfalfa, lettuce and spinach are examples of plants that
can be grown in contained facilities such as plastic tunnels, greenhouses, growth
cabinets, or even large-scale underground facilities such as mines. Production of
pharmaceutical or industrial compounds in contained systems also applies to plant
cell suspensions, hairy root cultures, microalgae, lemnaceae or mosses (Franconi
et al. 2010).
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In the case of open field cultivation, local physical containment can also be
applied, such as physical removal or bagging of flowers to prevent pollen release.
In addition, spatial containment can also be implemented to minimize gene flow from
GM farming plants to cross-compatible crop species or wild relatives. It includes
different approaches such as: the implementation of minimum isolation dis-
tances (“buffer zones”) between fields of GM farming plants and fields of the
same species intended for food, feed or seed production; the planting of a border of
non-transgenic “trap” plants around the field to capture the pollen emitted by
the GM farming plants; the growing of GM farming plants in geographical areas
where neither cross-compatible food/feed crops nor their wild relatives are present;
or the restricted planting of GM farming plants for a defined number of growing
seasons before the field can be used for production of food/feed crops (FDA 2002;
Howard and Hood 2007).

Temporal containment is another strategy consisting in planting and harvesting
GM farming crops at different periods than food/feed crops to make sure they
flower at different times, which decreases the potential for pollen transfer (Spok
2007). This option could however be difficult to implement in practice because
of the difficulty to control environmental factors influencing the timing of flowering
in plants.

12.4.2.2 Biological Confinement

Biological confinement strategies are based on many different principles (Daniell
2002; Dunwell and Ford 2005; de Maagd and Boutilier 2009; Ahmad et al. 2010;
Hiisken et al. 2010) and new technologies are still being developed and explored
(see e.g. the Transcontainer project — http://www.transcontainer.org/UK/). It is
important to realize that most of the biological confinement mechanisms described
below are far from being used for commercial production.

Plastid transformation consists in inserting the transgene into the plant chloro-
plast genome instead of the plant nuclear genome. Given the maternal inheritance
of plastids and their genomes, this strategy has great interest at biosafety level by
preventing the risk of transfer of the transgene to other species through pollen
(Ruf et al. 2007; Verma and Daniell 2007; Meyers et al. 2010). However, chloro-
plast genetic engineering remains to be achieved in several major crop species and
does not always offer complete confinement.

Male sterility is another option for preventing gene flow through pollen and
can be achieved through a great variety of approaches (e.g. inhibiting pollen
formation or killing off the cells that are involved in the development of the male
flower). Very few of these approaches have however been extensively tested to date
in the field for their efficacy, apart from the Barstar/Barnase system (Kobayashi
et al. 20006).

Other biological confinement strategies being pursued include apomixis (asexual
reproduction through seed), cleistogamy (self-fertilization before flower opening),
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genomic incompatibility (placing the transgene on a genome of a polyploid plant
species that is not compatible with related wild species), transgene removal from
pollen using a site-specific recombination system (Moon and Stewart 2010),
transgenic mitigation which consists in the inclusion of a transgene that confers
competitive disadvantage to hybrids or volunteers (Gressel and Valverde 2009), or
auxotrophy (inability of the plant to synthesize a particular organic compound
required for normal growth). Some of these mechanisms are however complex
in nature and many of the genes controlling them have still to be identified or
characterized.

Production of sterile seeds (also known as the “terminator” technology) is the
only strategy at present aiming at preventing transgene movement through seed
(Hills et al. 2007). The original concept, involving inducible expression of a
seed-lethal gene, was developed initially as trait protection for seed companies. But
it is also envisaged as a mean to engineer sterility into farming plants. However, due
to the limited information published on this approach, its reliability still needs to be
proven particularly in field experiments.

Almost all of the abovementioned confinement strategies aim at restricting
spread of transgenes by targeting flowering, pollen production, seed production,
fertility or a combination of those. Auxotrophy is the only strategy targeting vegeta-
tive reproduction.

12.4.2.3 Targeted Expression and Temporal Confinement

The unintended exposure to a pharmaceutical or industrial compound can be reduced
by restricting its production to a few specific plant parts such as roots, leaves, fruits
or edible parts, or subcellular compartments. Expression in seeds has also been
presented as a promising strategy (Lau and Sun 2009). Such targeted expression
is generally achieved by the use of tissue specific promoters. From a biosafety
perspective, production in plant parts that can be efficiently harvested can limit
environmental exposure to the molecular farming compound.

Temporal confinement strategies can also be applied such as the post-harvest
inducible expression. In this case, the molecular farming compound is not produced
at all in the plants in the field, but will only be formed when the plant material is
harvested and exposed to a chemical or environmental trigger that permits expres-
sion of the transgene (Corrado and Karali 2009).

Another form of temporal confinement, which is applied in contained environ-
ments, consists in transient expression systems. These are used more and more
extensively by companies and allow fast and high level production of vaccines
or other products. They include the agroinfiltration and virus infection methods
(Komarova et al. 2010; Pogue et al. 2010). From a biosafety viewpoint, these
techniques have the advantage that the transgene is only present temporarily in the
plant cells and cannot be inherited by the next generation.
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12.4.3 Other Risk Management Measures

Given that confinement- or containment-oriented risk management measures
cannot always guarantee full protection against gene flow and possible admixture of
GM farming plants with the food/feed chain, application of other risk management
measures can be envisaged on a case-by-case basis.

The implementation of a production management system supported by appropriate
protocols is a first example (Spok et al. 2008). Such system is likely to be based on
or complement the production protocols designed to maintain a high level of batch
to batch quality and prevent contamination of the plant-made product during all
stages of production. Management measures that could contribute to mitigate the
potential contamination of the food/feed chain include the cleaning of equipment
and storage facilities, the use of specific equipment and even of specific facilities,
the strict control over the inventory and disposition of viable material, or the clear
labeling of containers of harvested material (indicating that the material is not to be
used for food or feed purposes). If the molecular farming plant is grown in the field,
monitoring of the production site, supported by an appropriate inspection plan, will
be required as for other GM plants (see e.g. EC 2001).

In addition, post-marketing management measures could be implemented to
check the efficiency of the confinement and containment strategies and/or to allow
detection and identification of the farming plants in case of accidental admixture in
food or feed. The use of molecular tools has been proposed in that respect. For
instance, GM farming plants could be tagged with a specific DNA sequence identifier,
preferably being devoid of an open reading frame, to allow straightforward screening
of their appearance in food and feed (EFSA 2009; Alderborn et al. 2010). The intro-
duction of morphological genetic markers, through which the GM plant is made
visually distinctive from its food or feed counterpart, is another strategy that could
help in the identification and traceability of GM farming plants (FDA 2002;
Commandeur et al. 2003). It should be stressed that such measures would imply
adding new heterologous genes in the plant genome which could make the risk
assessment of such GMOs even more complex.

12.5 Observations and Conclusions

During the past years, plant-based expression systems have emerged as a powerful
tool in the production of medicinal and industrial products. In addition to solving
technical drawbacks, the success of plant molecular farming rests also on addressing
appropriately biosafety issues associated with the technology.

Agricultural-scale cultivation of GM farming plants faces strong reluctance
among regulators and the general public. Over the past decade, there have been
several cases of unexpected contamination of the food/feed chain by transgenic
crops to question the strategy of using major food/feed crops as production vehicles
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in plant molecular farming. To address these concerns, alternative strategies are
intensively developed involving non-food, non-feed crops or cell cultures, the
implementation of physical containment and/or biological confinement methods,
and the adoption of strict management practices.

We have shown that any development in this field should take into account
the results of a prior case-by-case risk assessment, framed according to defined
protection goals. In any case, identification and assessment of biological risks will
be achieved only if an appropriate regulatory framework supported by relevant
guidance is in place.
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