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Abstract

Plants are now gaining widespread acceptance as a general platform for the large-scale production of recombinant proteins. The princip
has been demonstrated by the success of a diverse repertoire of proteins, with therapeutic molecules showing the most potential for add
value. Over the past 10 years, several efficient plant-based expression systems have emerged. However, a number of issues remain to
addressed before plant bioreactors can be accepted and adopted widely in preference to the established microbial and mammalian platforr
Overcoming bottlenecks imposed by low yields, poor and inconsistent product quality and difficulties with downstream processing are the
most important goals for researchers working in this field. The achievement of these goals is conditional on the development of extraction an
processing steps that comply with GMP standards, including extensive quality assurance and control procedures. Such rigorous and validat
standards should be combined with measures applied earlier in production to ensure product sustainability and quality, such as the use
master seed banking procedures. Moreover, there are several further challenges concerning topics of environmental impact, biosafety and ri
assessment, which reflect the release of transgenic plants, as well the safety of the plant-derived products themselves.

We are facing a growing demand for protein diagnostics and therapeutics, but lack the capacity to meet those demands using establishe
facilities. A shift to plant bioreactors may, therefore, become necessary within the next few years, making it more imperative that the technical
and regulatory limitations are addressed and solved. The production of pharmaceutical proteins in plants will only realize its huge potential if
the products are provided at consistent high quality levels, allowing the delivery of clinical grade proteins that will gain regulatory approval
and which can be used routinely in clinical trials.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction cientlyin plants. Examples include human serum proteins and
growth regulators, antibodies, vaccines, industrial enzymes,
The advent of recombinant protein technology has allowed biopolymers and molecular biology reagefis]. The suc-
the exploration of novel expression systems for pharmaceuti- cess of these experiments suggests that plant systems could
cal protein production. Plants have emerged as a convenientpe used to produce recombinant proteins on a commercial
safe and economical alternative to the mainstream expres-scale. This is known as Molecular Farming, and despite ini-
sion systems, which are based on the large-scale culture oftial scepticism, the first generation of recombinant proteins
microbes or animal cells, or on transgenic aninfiidgl]. Ex- produced in transgenic plants is now reaching commercial
tensive research over the past two decades has shown thattatus.
a wide range of valuable proteins can be expressed effi- In this paper, we discuss the advantages and disadvan-
tages of different production crops that have been used to
mponding author. produce antigeng and antibodies, including Ieafy crops, cere-
E-mail addressschillberg@ime.fraunhofer.de (S. Schillberg). als, legumes, fruits and vegetables. We also discuss produc-
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tion bottlenecks caused by constraints on the product yields,vectors were constructed carrying the heavy and light chains

the control of raw material quality and challenges with ex- of the antibody. Tobacco plants were co-infected with the two

traction and downstream processing stages of production. vectors and both transgenes were expressed. Assembly of the
antibodyin plantawas confirmed.

2. Plant transformation technology
3. Choice of host species and production system

Techniques have been developed for the expression of pro-
teins in stably transformed plants (where the gene is incor- A large number of species are now amenable to Molecu-
porated into the plant genome), orin transiently transformed lar Farming inc|uding model p|ants (tobac(ﬁnabidopsii
plant tissues. Transient gene expression is rapid compared tgereal crops (rice, wheat, maize), legumes (pea, soybean, al-
stable plant transformation and gives results in days. How- falfa), fruit crops (tomato, banana) and solanaceous species
ever, transient gene expression is limited in scale and is gen-(potato). Thus far, it has been difficult to evaluate the relative
erally used to test the constructs used for protein expressionperformance of different crops for industrial or pharmaceuti-

before stable transformation is performed. cal Molecular Farming because this requires the production
o of the same protein in a range of hosts, using a ‘standardized’
2.1. Expression in stably transformed plants expression construct. The performance of an expression con-

struct across species is itself difficult to judge since the same

Stable plant transformation is defined as the genomic in- promoter (or other regulatory sequence) may have a differ-
tegration of a transgene. Both the nucl¢ay and plastid  entintrinsic level of activity in different genetic backgrounds.
[8,9] genomes can be transformed through a variety of trans- Therefore, different research groups and companies have con-
genesis methods. The principle transformation technologiescentrated instead on optimising their ‘favourite’ system, i.e.
currently used in plant biotechnology afgrobacterium-  the host species for which there is the greatest in-house ex-
mediated gene transfer to dicots, such as tobacco and pegertise and experience.
[7], or biolistic delivery of genes to monocots, such aswheat,  Wwe have performed a valid comparison of different pro-
rice and corr{10]. Ease of transformation has been a criti- duction hosts using a scFv antibody that recognizes the car-
cal bottleneck in plant biotechnology and still influences the cinoembryonic antigen (CEA), one of the best character-
choice of crops used in Molecular Farming. The basis of sta- jzed tumour-associated antigefi&7,18] By focussing on
ble transformation is well understood but is uniformly time promoters with the highest and most Widespread activities
consuming. Three to nine months are needed in our handsjn each species (generally the CaMV 35S promoter for di-
depending on the plant variety, to generate stably transformedcots and theibi-1 promoter for monocots), the need to fac-
plants that can be used for testing the function and character+or in promoter performance across species was eliminated.

istics of the expressed protein. We have shown that across all the species tested, accumu-
. _ lation of the scFv in the endoplasmic reticulum by means
2.2. Transient expression systems of the KDEL retrieval signal significantly improved protein

levels, compared to antibodies secreted into the apoplast.
Transient expression can be used to test the function of anmoreover, the study demonstrated that although production
expression construct before progressing to large-scale profevels (measured in terms of the amount of recombinant
duction in stable transgenic lines, but it is also possible to protein generated per kg biomass) varied among the differ-
rely completely on transient expression for protein produc- ent plants and systems, they were broadly comparable, so
tion. A useful method is agroinfiltration, in which recombi-  production level alone was not a critical factor in expres-
nantAgrobacterium tumefacierse infiltrated into planttis-  sjon host choice. Much more importance could be attached
sue[11]. The T-DNA is transferred to the nucleus in a large to other biological and geographical factors, which should
number of plant cells resulting in the production of milligram  pe evaluated on a case-by-case basis taking into account

amounts of recombinant protein within a few d4y2]. the market value of the recombinant protein. These factors
Viral vectors have also attracted interest because viral in- jnclude:

fections are rapid and systemic, and infected cells yield large

amounts of virus and viral gene produft8,14] Since plant e Set up coststhe set-up cost for any transgenic crop is
viruses do not integrate into the genome, there is no stable generally high, reflecting the requirement for controlled
transformation and the transgene is not passed through the environmentrooms and greenhouses during plant regener-
germ line. However, plant viruses often have a wide host ation. The actual time required depends on the species, and
range, are easily transmissible by mechanical inoculationand can be several months in the case of cereals and legumes.
can spread from plant to plant, making it possible to infect = These costs are minimal for transient expression systems,
large numbers of plants rapidly. For example, plant viral vec-  such as agroinfiltration or virus infection. For cell suspen-
tors have been used to express scRvs-16]and full-size sion cultures, the cost of fermenters and media has to be
antibodieq14]. In the latter case, two tobacco mosaic virus included.
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e Scale-up and maintenance codtee costs associated with
scaling up and maintaining crops of transgenic plants are
minimal because standard farming practices are sufficient. e
The choice of crop may, therefore, depend on geographical
factors such as the available land, the cost of labour and
the distance to the nearest processing plant or distribution
centre. Conversely, scaling up and maintaining agroinfli-
tration or fermenter-based systems can be very expensive.
The advantages of transgenic plants, therefore, increase in
proportion to the scale of production.

Length of production cyci¢he disadvantages of low yields
and high running costs can in some cases be balanced by
shorter and more frequent production cycles. This is par-
ticularly the case for fermenter-based systems, where the
costs are high but the production cycle can be reduced
to a matter of days. When comparing different transgenic e
crops, it may be wise to consider the length of the growth
cycle, the number of times per year a species can be grown
and harvested. Tobacco and alfalfa, for example, can each
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proteins, such as phytase afaéhmylase, which are used

to increase the nutritional value of animal feed.

Costs of storage and distributiotiis takes into considera-
tion the nature of the processing and distribution network.
If there is a short distance between the field and the pro-
cessing plant, and the distribution network is small, stor-
age and distribution costs are low. The converse applies
if the distances are larger. If this is a critical economic
consideration then the production of recombinant proteins
in cereal seeds, which can be stored for months or even
years at ambient temperatures without the protein losing
activity, is better than production in tomatoes, which must
be stored and transported in chilled containers, or tobacco
and alfalfa leaves, which must be desiccated or frozen to
preserve protein stabili21].

Costs of containmentvhere containment is an issue, plant
cell cultures grown in industrial scale fermenters are opti-
mal since these are closed vessels. However, tomatoes are
also attractive since these are grown in greenhouses. In any

be harvested several times in a year.

Biomass vyield although the level of recombinant pro-
tein production varies only moderately among different
species, the actual biomass produced per hectare of plants
varies considerably. For example, a comparison of tomato ~ The compromise between production costs and profit is
and pea shows that, due to the high biomass yield of tomato,likely to be a key issue in selecting the most suitable species
for every hectare of peas only one third of a hectare of for Molecular Farming because most pharmaceuticals will
tomatoes would be required to produce the same amountb€ produced by industry. We predict that these costs will
of protein, even though the yield of recombinant protein dictate which crop or crops become generally accepted for
per unit biomass is lower in tomato than pea. Tobacco hasrecombinant antibody production. Some properties of major
the highest biomass yield of all crop plants used for Molec- transgenic crop species are compare@iahle 1

ular Farming.

Costs of processinghe downstream processing of recom-

binant proteins (extraction, purification and characteriza- 4. Constraints on the product yields

tion) can make up 80% or more of total production costs

[19]. Minimizing the costs of processing is, therefore, of The yield of recombinant proteins produced in a plant sys-
prime importance and this can be achieved by choosingtem depends on three factors: the intrinsic limitations of the
a host species for which processing infrastructure is al- production host and expression system, limitations imposed
ready locally available, and choosing a host system from by the level of transgene expression, and limitations imposed
which protein extraction is easy. It is easier to extract pro- by the stability of the recombinant protein. The intrinsic yield
teins from watery tissues, such as tomato fruits than it is potential of the production crop depends partly on its biomass
from dry material, such as cereal grains, which have to be yield per hectare (see above), partly on the protein content
milled, ground, homogenized and extracted by sedimenta-of the plant tissue (which is highest in legume seeds) and
tion, filtration and concentration. Ease of extraction is also partly on the extent to which the endogenous protein syn-
a major advantage of cell suspension cultures, especiallythesis machinery can be diverted to produce the recombinant
when the recombinant protein is secreted into the medium protein of interes{22]. However, when considering a pro-
[20]. However, recombinant proteins can be modified by duction host, it is also necessary to take into account fac-
proteases and phenolic compounds released from waterytors such as the availability of agricultural infrastructure and
planttissue, while these tend to be presentin lower amountsprocessing technology, the throughput and efficiency of first-
in cereal grains. Tobacco, while advantageous in terms of generation transformation and regeneration, and the identifi-
biomass yield, can contain toxic metabolites that have to cation of high producer lines that perform stably in the field.
be removed. This is not a problem with edible crops. Such lines should comply with all relevant biosafety and reg-
Edibility: for certain recombinant proteins, such as vac- ulatory standardg23].

cines and antibodies, it may be advantageous to use edible Factors affecting the level of transgene expressionin plants
plant organs as the production vehicle (e.g. tomato fruits, include the promoter activity and specificity, the optimiza-
potato tubers) as this allows direct oral administration with tion of mRNA stability and translational efficiency, and the
no processing costs at all. The same applies to industrialremoval of spurious AU-rich sequences that may act as cryp-

crop species, chloroplast-expression of the transgene will
result in natural containment since functional chloroplast
DNA is not transmitted through the pollen.
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Table 1
Comparison of major transgenic crops used for Molecular Farming (data adapted from Stogdi7§x al.
Tobacco Rice Tomato Wheat Maize Pea
Favoured transformation Agrobacterium Particle Agrobacterium  Particle Particle Agrobacterium
method bombardment bombardment  bombardment
Favoured expression strategy Leaves Seed Fruit Seed Seed Seed
Biomass yield (kg hat) >100,000 6570 67,900 2870 8880 2400
Producer price (US$ per tonne) 4180 160 180 140 300
Storage and distribution Freeze dried or frozen Ambient Chille€C4  Ambient Ambient Ambient
Stability under normal Several months >1 year Several weeks >1 year >1 year >1 year
storage conditions
Containment Field, flowering may  Field, self- Greenhouse Field, self- Field Field, self-
be avoided pollinating pollinating pollinating
Other comments Contains toxic Edible Edible raw Edible Edible Edible
metabolites

tic splice sites, all of which can be controlled by expression  The quality of the product itself depends on its authentic-
cassette desigfi8]. Other factors, such as transgene copy ity, i.e. similarity to the native counterpart. Unless a fusion
number and organization are more difficult to control in this tag of some description is used, the amino acid sequences of
manner, and still the best method remains to generate a popa plant-derived recombinant protein and the equivalent native
ulation of transgenic lines and select those with the best per-protein are usually the same. However, certain forms of post-
formance. Protein stability is probably the single mostimpor- translational modification are not carried out in plants (e.g.
tant factor limiting yields in Molecular Farming, and this can hydroxylation of proline residues) and there are subtle differ-
be addressed at least in part by appropriate sub-cellular tarences in glycan chain structures, such as the absence of sialic
geting. For example, recombinant antibodies targeted to theacid and the presence of c@él,3)xylose ana(1,2)fucose
secretory system generally accumulate to much higher lev-residueg24]. Glycan structures affect the structure, folding
els (>1000-fold) than those synthesized in the cytosol, and and interactions of glycoproteins, and may, therefore, influ-
further yield increases occur when they are retained in the ence their distribution, longevity and activity. Foreign glycan
endoplasmic reticulum rather than secreted to the apoplaststructures may also be immunogenic. As well as the glycan
It is also important to remember that the ability of the host structure per se, the homogeneity of plant-derived glycopro-
plant to produce a recombinant protein depends on its spareteins is also important for batch-to-batch consistency. This
metabolic capacity. For example, a recombinant protein thatcan be improved using bioreactor systems (sudGrdamy-

is particularly demanding for a rare amino acid is unlikely to domonas reinhardtior Lemna minoy where growth condi-
accumulate to high levels. tions can be controlled, but it also depends to a certain extent
on species. For example, while tobacco produces very het-
erogeneous glycans, glycoproteins produced in alfalfa have
homogenous glycan chaif&s]. The presence of fusion tags
also affects the activity and structure of recombinant proteins,
and these are not considered acceptable for therapeutic pro-

The raw material in question is the fresh, harvested plant tein§. There.fc_)re,. i a.fusion is used to conFroI targeting or
tissue, or tissue that has been pulped or shredded. Severa{f"c'l'tate purification, it must pe removed during the process-
quality aspects can be considered, including the biosafetynd Steps before the product is used.
of the raw material, and the quality and homogeneity of the
product itself. Biosafety factors are in some cases dependent
on species, for example, production in tobacco leaves comes5. Extraction and processing
with the associated risks of contamination with nicotine and
other alkaloids. In other cases, they depend on agricultural  Not all recombinant proteins produced in plants need pro-
practices—for example, the backcrossing in elite lines that cessing to the same extent. At one extreme are proteins in-
show maximum performance in the field, influence of fertil- tended for intravenous use in humans, which must be purified
izers and environmental conditions on recombinant protein to the highest standards. At the other extreme are proteins
yields as well as potential for contamination with agrochem- that can be utilized in raw, unprocessed plant material (e.g.
icals or fertilizers. Finally, the presence of allergens is a risk vaccine candidates and industrial enzymes used for food pro-
where the protein is intended for therapeutic use. Strategiescessing). Between the extremes are proteins that need greater
also have to be applied to avoid horizontal gene transfer andor lesser degrees of purification for their intended uses. The
out-crossing events, and to monitor product flow to ensure purification strategies employed, and the bottlenecks encoun-
traceability, using for example identity preserved varieties tered, depend onthe expression hostandtissue. Leaves, seeds,
[23]. fruits and vegetables can all be processed in much the same

5. Control of raw material and product quality
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manner, but the processing of leaves must take place im-combinant proteins can be expressed in plants to consistent
mediately after harvest (or they must be dried or frozen) to and high quality levels, allowing the production of phar-
avoid protein degradation, while fruits can be chilled, and maceutical proteins that can be used routinely in clinical
vegetables and seeds can be stored for long periods at roontrials.
temperature without significant loss of activity.

To make protein production in plants competitive and sus-
tainable, itis important to reduce the amount of bio-waste and Réferences
to dispose properly of all the buffers and reagents used during . )
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