
Chapter 1

Introduction: Plant-Produced Protein

Products

Elizabeth E. Hood and Paul Christou

1.1 A Short History of Recombinant Protein Production

in Plants

Recombinant protein production in plants encompasses vaccines, pharmaceuticals,

and industrial proteins. Within each of these categories are numerous products and

host systems with applications to multiple diseases and industrial processes. This

industry requires gene transfer from other organisms into plants and allows the

plants to overproduce the proteins for the desired application.

Several companies and university laboratories have had programs in plant

expression of proteins over the past two decades. The plant biotechnology compa-

nies that are focused on production of those proteins are listed in Table 1.1.

Significant effort has gone into developing these new products using several plant

systems. The choice of system depends on many factors including the type of

protein, the technology utilized, the platform of the company, and the funding

source (Howard and Hood 2005). Several of these companies are still functional,

and others have closed but reemerged as new entities.

1.2 Advantages of Using Plants

Compared to animal and microbial systems, the advantages of using plants for

protein production are numerous. For example, plants do not harbor animal path-

ogens, which is particularly advantageous for pharmaceuticals and vaccines
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(Ramessar et al. 2008; Sabalza et al. 2011). Pathogen-free pharmaceuticals are

desirable whether delivered orally or through injections. Thus, the plant host can be

a food crop, such as corn, canola, or rice, or a nonfood crop, such as tobacco.

Because several of the plant hosts are food plants, oral delivery of the proteins

for therapeutic purposes is possible. Oral delivery has been demonstrated for potato

(Tacket et al. 1998), corn (Lamphear et al. 2004; Hayden et al. 2012), and banana

(Mason et al. 2002). In each case, the integrity of the protein must be ensured

through the formulation process, e.g., extrusion or cooking. If raw, the plant host

must be edible without processing, such as a fruit or vegetable. In contrast to

injected pharmaceuticals, the cold chain may not be required to transport these

orally delivered products to the target population, which is particularly useful when

serving developing countries. This is a distinct advantage for plant systems—high

product stability at ambient temperatures.

Direct addition of the proteins in their host tissue may be possible without the

need for purification. This can be an advantage for pharmaceuticals as well as

industrial proteins and enzymes. The less processing required for a formulation, the

more cost-effective the manufacturing. Thus, direct addition of the plant part

containing the enzyme of interest saves money on production and increases the

margin for the producer. Direct addition would be particularly useful for industrial

enzymes that accumulate in dry seed, such as corn, where stability is ensured in the

seed until such time as it is used (Howard et al. 2011).

An additional advantage is when current agricultural crops are used as plant

hosts; their production and processing are well established and usually inexpensive.

As an example, corn requires few inputs other than nitrogen if grown in the corn

belt. Dry mill processing is very well established on a volume basis, and every

fraction of the whole or milled corn has a market. If value can be added to one of the

lower value coproducts, for example, by putting a high-value protein in the germ

(Hood et al. 2007), then an advantage is gained in increasing the value of this

coproduct of the corn-to-ethanol industry.

Scaling up production of proteins from crops is also advantageous over animal or

microbial systems. For crops, scale-up involves planting and harvesting more acres

and does not require additional capital investment in physical infrastructure. The

only capital investment involves planting and harvesting equipment, which,

although somewhat expensive, does not require the level of investment required

for scaling up microbial or animal systems. Thus, high-volume production can be

achieved relatively easily.

1.3 Issues for Commercialization

Intellectual property for the specific gene and its expression in a plant host is only

one part of the legal landscape for commercializing products using the plant

production platform. Plant-enabling methods have been developed over many

years with many companies and university laboratories participating in the

4 E.E. Hood and P. Christou



platform. Thus, a plethora of patents surround the technology and are often barriers

to entry for commercialization of products from genetically engineered plants.

During the development of potential products, it is critical to be aware of the

technology pieces that are utilized to ensure freedom to operate on the pieces.

Licenses for technology can sometimes burden the developer with high royalty

fees, pushing the products’ costs to a price greater than they are worth.

1.3.1 Regulatory Issues and Public Acceptance

1.3.1.1 Europe

The European Food Safety Authority (EFSA) is a European Union (EU) agency

mandated to evaluate the risks of all transgenic crops based on scientific evidence.

This evidence is evaluated by a panel of experts, and testing is carried out at an EU

reference laboratory. As such, EFSA is best placed to advise individual Member

States and the EU as a whole on safety issues (Sabalza et al. 2011). EU legislation

for the approval of GE crops (Directive 2008/27/EC and Regulation EC 1829/2003)

is the most onerous and restrictive in the world. Regulatory compliance for a new

crop with first-generation simple agronomic traits can cost up to €11 million

(~US$15 million) and requires a dedicated legal team working for many years

(Kalaitzandonakes et al. 2007).

The EU regulatory approach is precautionary, process-based, and includes

mandatory labeling and traceability requirements (Ramessar et al. 2008). The

approach has been described in detail in a recent review (Sparrow et al. 2013).

Briefly, EU legislation is adopted through a system of interactions between the

three main EU institutions: the European Parliament, the Council of the European

Union, and the European Commission (Sparrow et al. 2013). The EFSA published

guidance notes in 2009 on the risk assessment of genetically modified plants used

for nonfood or non-feed purposes (EFSAPanel 2009) including molecular

pharming applications. The European Medicines Agency (EMEA) that oversees

the assessment of biopharmaceuticals and vaccines published guidance notes in

2006 on the “quality of biological active substances produced by stable transgene

expression in higher plants” (EMEA 2008), which looks at such issues.

More recently a further requirement was imposed on all transgenic plants,

including those for molecular pharming applications. The European Commission

mandated a compulsory 90-day animal feeding trial and, to make matters even more

complicated, is considering extending that to a 2-year trial based on the

now-discredited article by Seralini et al. (Seralini et al. 2012; Arjó et al. 2013).

The scientific community as well as regulators themselves questioned the validity

of such whole food-based animal trials (Kuiper et al. 2013).

Once authorization has been received, farmers must ensure that they comply

with the conditions laid down by the authorities in their Member State and/or local

region, often finding that illegal national or regional bans on GM agriculture have

1 Introduction: Plant-Produced Protein Products 5



been imposed. Farmers must abide by the coexistence measures that have been

implemented in each Member State or region, and the complexity of these regula-

tions and their strict implementation often means that it is impossible to comply.

The four major obstacles to GM agriculture in the EU post-authorization are:

1. Public field registers showing the location of commercially grown GM crops are

compulsory in almost all Member States and tend to discourage farmers from

adopting GM agriculture because of the threat of vandalism by activists.

2. Six Member States use a “safeguard clause” nominally based on environmental

or health concerns, to implement national cultivation bans for approved GM

crops (Austria, France, Germany, Greece, Luxemburg, and Hungary).

3. Stringent coexistence measures have been implemented in Belgium, the Czech

Republic, Germany, Hungary, Portugal, Romania, and Slovakia, which make it

impossible to grow GM crops without risking litigation from the surrounding

farms.

4. The negative publicity surrounding GM agriculture in Europe, which means

farmers are ostracized and intimidated directly or indirectly.

The public in Europe has adopted a predominantly anti-GM stance, which is

fueled by politicians and media eager to exploit public sentiment. This vicious cycle

also shows no sign of going away any time soon (Farre et al. 2011). As discussed

above the rules governing the commercial cultivation of GM crops in Europe are

obstructive and arbitrary, making it virtually impossible for a farmer to make an

independent decision to adopt the technology on his/her land even if the crop in

question has been approved (Ramessar et al. 2010).

Across Europe the political viewpoint of cultivating GM crops is far from

harmonious, with a number of Member States banning such cultivation (http://

www.greenbiotech.org) (Ramessar et al. 2008, 2009, 2010; Sabalza et al. 2011).

Given the state of play surrounding the cultivation of agricultural GM crops, it is

unlikely that we will see a pharmaceutical crop grown commercially in Europe any

time soon (Masip et al. 2013; Sparrow et al. 2013).

1.3.1.2 United States

Regulations in the USA for transgenic plants are set by the United States Depart-

ment of Agriculture (USDA), the Food and Drug Administration (FDA), and the

Environmental Protection Agency (EPA). The regulatory framework is complex

and expensive with a lack of standardization for data collection and analysis (Hood

et al. 2012). The framework is somewhat coordinated in that each agency is

responsible for specific types of approvals—USDA for plant pests, FDA for food

and feed issues, and EPA for pesticides, although sometimes the lines overlap or are

blurred. A recent review describes the legislation and several case studies that apply

the standards as they currently stand in the USA (Sparrow et al. 2013). To facilitate

the process, particularly for small and specialty crop developers, a basic road map
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should be created from which a specific regulatory path can be planned and

implemented (Hood et al. 2012).

Public acceptance in the USA is much less of an issue than in Europe. Although

anti-GMO groups are active in the USA, their impact has waned over the years. The

success of genetically engineered crops has been good, showing higher yields and

fewer pesticide or herbicide inputs. The vast majority of corn and soybeans in the

USA are produced from GE crops and occur in many processed foods. Thus, even

though some resistance occurs against GE plants in the press, the basic fact is that

most citizens are consuming GE foods on a daily basis without incident. Indeed,

each of the crops was subjected to a vast array of safety studies that were reviewed

not only by the USDA APHIS but also by the FDA to ensure human safety. Miller

(2011, 2012) published some editorial opinion pieces recently on the status of GE

crops worldwide and received a great deal of criticism. However, the facts are

correct and supported by such groups as the Grocery Manufacturers Association

(http://www.gmaonline.org/news-events/newsroom/gma-commends-ama-action-

in-support-of-continued-use-of-genetically-engineer/).

1.4 The Case Studies

Several reviews of plant-produced proteins have been written over the last several

years (Fischer et al. 2004; Stoger et al. 2005; Streatfield 2007; Daniell et al. 2009;

Egelkrout et al. 2012). Each of these reviews describes issues concerning expres-

sion, different product categories, and advantages of different plant systems. Plant

biotechnology and gene transfer have been practiced as a technology since the early

1980s, and the vast majority of products commercialized have been input traits that

assist with production, e.g., insect and herbicide resistance (Castle et al. 2006;

Fraley 2009).

In this volume, the focus is on products from plants that either have been

commercialized or that are near commercialization. We have chosen protein prod-

ucts that illustrate the promise of the system, for example, highly purified proteins

without concerns over animal pathogen contaminants and directly delivered pro-

teins—orally delivered vaccines or minimally processed industrial products. The

promise of plant-made recombinant proteins was first realized in 1997 with the

introduction of avidin and β-glucuronidase. Recently, pharmaceuticals (PMP) and

vaccines as well as industrial proteins (PMIP) have just recently been consummated

with the introduction of Syngenta’s Enogen corn that contains amylase for the

starch to ethanol application (Pollack 2011) and Protalix and Pfizer’s glucocereb-

rosidase for enzyme replacement therapy (Aviezer et al. 2009; Ratner 2010). The

products described in these chapters do not represent all the work that has been done

in transgenic plants but do represent several that have been moved into or near

commercialization.
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Hood and Howard describe development of avidin in corn seed, originally

transformed in as a potential candidate for insect resistance. Although the insect

resistance trait was not commercialized, avidin was subsequently purified from seed

and sold. This product was a key achievement for the plant manufacturing industry

as the first protein sold from transgenic plants (Hood et al. 1997) (Sigma Chemical

Co. A8706) and set the stage for this platform (Chap. 2). Although the avidin

market is small, its importance cannot be overstated since it was the demonstration

product for the technology. The main application of this protein is as a research

reagent that allowed quick market entry.

Other types of products such as vaccines and pharmaceuticals were also in

development concurrently but had much longer timelines for market entry. Fischer

et al. (Chap. 3) describe multiple therapeutics that include antibodies for several

applications manufactured in plant production systems. These therapeutics are

produced by a number of different platform technologies, and the issues for their

commercialization are discussed in the context of these new products.

Krishnan and Woodard (Chap. 4) describe the development of recombinant

trypsin from the maize seed production system. This product is sold under the

trade name TrypZean™ and is currently used for research and for processing of

therapeutic proteins. One of the largest applications of trypsin is the maturation of

recombinant insulin, and the plant-derived protein could be a great improvement in

this process since it is animal product-free and would not pose threats to the

drug’s use.

Aprotinin is manufactured in the transient tobacco system using an engineered

tobacco mosaic virus vector (Chap. 5). It has major applications in surgery as a

preventative for perioperative blood loss. The plant-made aprotinin is currently not

approved for human use but has applications as a protease inhibitor in cell culture.

Vaccines are particularly well suited for plant production because of broad

application and current need for a cold chain. Vaccines against a number of viruses

have been developed using plant expression systems. Pandemic flus can threaten

world health quickly and catastrophically. In order to address the need for rapid

development of vaccines against urgent threats, Medicago Inc. established a plat-

form technology that addressed surge capacity, speed, adaptability, and affordable

cost per dose. The company developed a vaccine against the H1N1 flu virus in a

transient tobacco expression system (Chap. 6) and showed efficacy in Phase I and

Phase II clinical trials. Further development of the vaccine will be performed by

Mitsubishi who recently acquired Medicago.

Malarial vaccines are extremely useful in tropical climates where mosquitoes are

abundant. Streatfield et al. (Chap. 7) discuss the transient tobacco transformation

system for the production of such a vaccine against the malarial parasite that is

spread by the mosquito vector. Subunit vaccines using individual proteins have

been difficult to develop because of the difficulty in expressing the individual

antigens. The plant system has been particularly useful in this regard.
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Transmissible gastroenteritis virus (TGEV) is a common pathogen of swine and

is particularly dangerous to newborn piglets. Rajan (Chap. 8) describes the devel-

opment of a subunit vaccine in corn seed that shows efficacy against the disease,

particularly when delivered orally either through feed or colostrum from the sows.

Although this highly efficacious and easily administered vaccine is available, it has

not been adopted by the swine industry.

Many species and strains of rabies virus are known, posing a threat to human

health worldwide, but particularly in developing countries. Loza-Rubio and Rojas-

Anaya (Chap. 9) discuss the issues surrounding the development of a rabies vaccine

based on the G-protein expressed in either corn seed or carrot roots. Both sources of

the protein provided protection against the rabies virus in superinfected animals.

These results are promising for the future of inoculation of wild animal populations

to lower the load of infective viruses.

Newcastle disease virus is highly infective in avian species and can devastate

poultry production in many countries. Gomez-Lim (Chap. 10) describes the devel-

opment of plant-based vaccines against this virus using the corn/sorghum seed

system for oral delivery or the tobacco system for injectable delivery. The ease of

delivery of oral products would seem the preferred route and various issues to be

overcome for this application are discussed.

Although several injectable vaccines for hepatitis B virus (HepB) are available,

infection with this virus remains a world health problem. Hayden discusses the

development and feeding trials of a plant-made oral vaccine from corn grain

(Chap. 11). Oral vaccines have many advantages in that they have higher rates of

dose compliance among susceptible populations. Using formulations of corn germ

derived from transgenic plants expressing the S antigen, successful production of

mucosal protective antibodies was achieved in mice.

Hood and Requesens (Chap. 12) describe the development of the industrial

enzymes endo- and exo-cellulase in maize grain. These enzymes have applications

in research, pulp processing, and biomass conversion. Early markets have been

addressed with these products, and production lines have been established.

Finally, the sweet protein brazzein has been produced in maize grain. Fake and

Howard (Chap. 13) describe the applications of this protein in various food-related

industries and the effort to interest food companies in its use. Because the protein is

a natural sweetener from an African fruit, it would be a logical substitution for such

artificial sweeteners as acesulfame potassium or aspartame, particularly also

because brazzein is about 1,000 times sweeter than sugar.

In the final chapter, the future of the plant-based production industry is

discussed. Prospects are promising, but the major commercialization barrier is

still overcoming the regulatory hurdles. Drs. Howard and Hood are pleased to

present these case studies of plant-made proteins as a tribute to our colleague,

Dr. Michael Horn.
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