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The use of transgenic plants for the expression of thera- 
peutic recombinant proteins is gradually gaining accep- 
tance in the scientific community (Moffat, 1995). There are 
many attractions to this technology, including the possibil- 
ity of manufacture on an agricultural scale for bulk pro- 
duction and to reduce costs, as well as the range of plant 
hosts available and the stability of transgenic lines in seeds 
that might allow export of transgenic crops (containing, for 
example, medicinal compounds) to deprived areas of the 
world. These could then be grown within the existing 
agricultural infrastructure rather than require the funding 
of new pharmaceutical factories. From a technical view- 
point, the general capabilities and adaptability of plants are 
exciting. For example, the processing and assembly of pro- 
teins in plants appear to match closely that found in mam- 
malian cells, which might be a particular advantage over 
the more commonly used microbial expression systems. In 
addition, because transformation techniques result in the 
stable integration of the foreign DNA into the plant ge- 
nome, genetic recombination by sexual crossing of trans- 
genic plants is a simple method to introduce new genes or 
to accumulate multiple foreign genes into plants. 

The original description of antibodies produced in plants 
demonstrated the principle of co-expression of two recom- 
binant gene products in plants that were correctly folded 
and assembled into a molecule that was functionally iden- 
tical with its mammalian counterpart (Hiatt et al., 1989). 
Severa1 groups have since expressed antibody molecules in 
plants, either to modify or improve plant performance and 
characteristics or with a view to harnessing plants as bio- 
reactors for large-scale production of antibodies. In this 
Update we shall review briefly the developments in the 
field of antibody engineering in transgenic plants and ad- 
dress the potential of plant antibodies for immunotherapy. 

STRATECIES FOR ANTIBODY PRODUCTION 
IN PLANTS 

A number of transformation techniques have been used 
to introduce antibody genes into plant cells. Currently, the 
most convenient are Agrobacterium and shotgun micro- 
projectile bombardment-mediated transformation. The 
vectors based on the tumor-inducing plasmid of Agrobac- 
terium tumefaciens, which contain selectable plant markers, 
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promoters upstream from polylinkers, and Escherickia coli 
and Agrobacterium origins of replication, are generally quite 
large, and the initial strategy to produce antibody in plants 
was to express each immunoglobulin chain separately in 
different plants and to introduce the two genes together in 
the progeny plant by cross-pollination of the individual 
heavy- and light-chain-expressing plants. Most groups 
have used the constitutive 35s promoter from cauliflower 
mosaic virus. With this promoter, a variety of cell types are 
expected to express the recombinant protein, although 
there is evidence for differential expression related to de- 
velopmental stage and tissue type. In any strategy in which 
multiple gene expression is required for assembly of a 
complex multimeric protein, it is important to use the same 
or similar promoters for each gene to maximize the likeli- 
hood of co-expression in single cells (Ma et al., 1995). 

The use of cross-pollination of individually transformed 
plants expressing antibody light or heavy chains involves 
two generations of plants to generate an antibody-produc- 
ing plant (Hiatt et al., 1989; Ma et al., 1994). The yield of 
recombinant antibody is consistently high by this tech- 
nique, between 1 and 5% of total plant protein. Others have 
used double-transformation techniques to introduce both 
the heavy- and light-chain genes into the same plant cell 
simultaneously (De Neve et al., 1993). Although reducing 
the time required to produce an antibody-secreting plant, 
the transformation may be less than optimal and more 
screening may be required, since there can be individual 
variability of the expression of either gene. The yield of 
antibody was lower with this technique, amounting to only 
0.055% of total soluble protein, and the efficiency of assem- 
bly also appeared to be reduced. An alternative strategy is 
to introduce the light- and heavy-chain genes on a single 
T-DNA (During et al., 1990; van Engelen et al., 1994). This 
is a more rapid technique and avoids the problem of segre- 
gation in the progeny plants, but the promoter and terminator 
need to be chosen carefully to coordinate expression of 
the two transgenes. Expression levels of up to 1.1% of total 
protein have been reported (van Engelen et al., 1994). 

Expressing recombinant proteins in transgenic plants is 
not a rapid procedure, requiring 2 to 3 months in the case 
of tobacco. This does not compare at a11 favorably with 
other expression systems; therefore, if the recombinant an- 

Abbreviations: BiP, immunoglobulin heavy chain-binding pro- 
tein; J chain, joining chain; SC, secretory component; SIgA, secre- 
tory IgA. 
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tibody is being produced for uses such as human immu- 
notherapy rather than for modification of plant perfor- 
mance, there must be compelling reasons for the choice of 
plants as the expression system. 

ANTlBODlES IN PLANTS 

In designing therapeutic antibodies for production in 
recombinant expression systems, it is important to under- 
stand the mechanisms of action of the antibody. Although 
the primary function of antibodies is to bind antigen, this in 
itself is not necessarily a protective function. A proportion 
of antibodies have a direct neutralizing effect, for example 
in blocking bacterial or vira1 adherence or blocking active 
sites of virulence factors, such as enzymes. By mimicking 
critical epitopes, some antibodies such as the catalytic an- 
tibodies can enhance biochemical reactions. In these cases, 
it can be sufficient to produce the antigen-binding domain 
of the antibody molecule alone for the recombinant protein 
to be active. Examples are the single-chain Fv molecules, 
which consist of the variable domains of the light and 
heavy chains joined by a peptide linker (Fig. l), and Fab 
fragments. However, it is important to remember that these 
types of molecules have only single antigen-binding sites 
and therefore reduced binding avidity, as compared with 
the parenta1 whole molecule counterparts that bind antigen 
bivalently . 

In other examples, the therapeutic action of the antibody 
is dependent on aggregation of cells or bacteria, in which 
case the hinge region of the antibody molecule is required 
to link two antigen-binding domains [such as in the F(ab'), 
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Figure 1. Comparison between functions of single-chain Fv (scFv) 
antibody fragments and whole molecule IgG antibodies. Whereas 
scFv molecules can only bind antigen monovalently, IgG binds more 
avidly and bivalently because there are two antigen-binding sites. In 
addition, the constant region of the antibody contains function- 
al domains that have a number of important secondary effector 
mechanisms. 

fragmentl. However, in the majority of cases, the interac- 
tion between antigen and antibody in vivo would 'oe of 
little significance if secondary effector functions were not 
invoked (Fig. 1). These include the ability to activate com- 
plement and bind to phagocytes, functions that are 1ol:ated 
in the Fc region of antibody molecules. Other impo'rtant 
features of the Fc region are the hinge region and the s:ites 
involved in glycosylation, placental transfer, and ass,ocia- 
tion with J chain and SC (in IgA and IgM antibodies). The 
presence of the binding site for staphylococcal proteiri A is 
also a useful feature for purification purposes. 

For immunotherapy in mammals, consideration needs to 
be given to the potential benefits and harmful effects of the 
Fc in the recombinant antibody. Thus, in some cases it 
might be beneficia1 to retain the ability to activate the 
complement pathway and to enhance target killing, 
whereas in others, it may be detrimental to induce inflam- 
mation through complement activation. Similarly, as will 
be discussed later, the consequences of plant glycosylation 
of a mammalian protein may be harmful. Thus, by careful 
planning one can utilize one of the major benefits of iising 
a recombinant expression system to produce antibody: the 
ability to design antibody molecules with precise require- 
ments by genetic manipulation to incorporate or eliminate 
functional regions. 

An important advantage in plants is the ability to assem- 
ble full-length heavy chains with light chains to form full- 
length antibody with intact Fc regions. In contrast, in E .  
coli, the largest antibody fragment that can be reliably 
assembled is the monovalent Fab fragment. Severa1 groups 
have reported the production of full-length antibodies in 
plants (Hiatt et al., 1989; During et al., 1990; Ma et al., 1994; 
van Engelen et al., 1994). The antibodies are functional in 
terms of antigen recognition and binding, which is a critical 
and sensitive test for correct assembly. In mammalian 
plasma cells, the mechanism of assembly of these mole- 
cules is only partially understood. The immunoglobulin 
light and heavy chains are synthesized as precursor pro- 
teins, and the signal sequences direct translocation ints the 
lumen of the ER. Within the ER, the signal peptides are 
cleaved and at least two stress proteins, BiP/GRP78 and 
GRP94, function as chaperones, which bind to unas- 
sembled heavy and light chains and direct folding and 
assembly within the ER (Gething and Sambrook, l992; 
Melnick et al., 1992). In plants, the same pathway is uti- 
lized, and assembled antibody has been detected within the 
ER by electron microscopic immunogold labeling (During 
et al., 1990). The need for signal peptides to direct the 
nascent light and heavy chains to the ER has been dernon- 
strated, because assembly of antibody only occurred if both 
chains were synthesized with a signal sequence (Hiatt et 
al., 1989), although the origin of the signal sequence does 
not appear to be critical, since plant, mouse, and yeast 
sequences can be used (During et al., 1990; Hein et al., 
1991). Within the ER, the correct proteolytic processirig of 
the signal sequence was confirmed by N-terminal sequenc- 
ing of the light chain (Hein et al., 1991). 

ER resident chaperones homologous to BiP and GRP94 
have been described in plants (Fontes et al., 1991; Walther- 
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Larsen et al., 1993). BiP in tobacco is encoded by a multi- 
gene family and is closely related to mammalian BiP 
(Denecke et al., 1991). It is expressed abundantly in tissues 
with high proportions of dividing cells. Expression of the 
GRP94 homolog identified in barley was associated with 
stress induced by infection or heat shock. Although the 
mechanism of antibody assembly in plants has yet to be 
determined, in the presence of these homologous chaper- 
onins it would be surprising if the mechanisms controlling 
protein folding and assembly in plants and mammals were 
not broadly similar. Thus, it is consistent with the mam- 
malian model for light- and heavy-chain assembly that 
assembly of a complete tetrameric antibody in plants en- 
tails an increase in protein accumulation, indicating that 
the native conformation of immunoglobulin molecules is 
an important determinant of stability (Hiatt et al., 1989). 

As in mammalian cells, following assembly and post- 
translational processing, antibodies are secreted by plant 
cells (Hein et al., 1991). This has been demonstrated by 
pulse-chase-labeling experiments, using protoplasts iso- 
lated from regenerated transgenic plants to demonstrate 
the secretion of the antibody through the cell membrane, as 
well as callus cells to demonstrate that antibody secretion 
can occur across the plant cell wall. Accumulation of se- 
creted antibody into the apoplasm could be advantageous, 
since this is a large, stable, extracellular aqueous environ- 
ment in which there is minimal hydrolytic processing. For 
example, the accumulation levels of a single-chain Fv an- 
tibody fragment in plants were considerably higher when 
targeted for secretion rather than expressed within the 
cytoplasm (Firek et al., 1993). An additional advantage is 
that extraction of antibodies from apoplastic fluid is sim- 
pler and can be achieved under more mild conditions than 
those required for proteins located elsewhere. Extracellular 
secretion is not the only option for a full-length antibody. 
We have also found that by the addition of membrane- 
spanning and intracellular regions derived from the mu- 
rine membrane immunoglobulin receptor, recombinant 
full-length antibody can be retained within the cell mem- 
brane (J.K.-C. Ma, M.B. Hein, and C. van Dolleweerd, 
unpublished data). 

The ability of plant cells to produce full-length antibod- 
ies and to complement mammalian protein assembly can 
be used to produce antibody molecules with altered Fc- 
mediated properties. This is facilitated by the domain 
structure of immunoglobulin chains, which allows individ- 
ual domains to be "cut and spliced at the gene level. For 
example, the carboxyl-terminal domains of an IgG anti- 
body heavy chain have been modified by replacing the Cy2 
and Cy3 domains with Ca2 and Ca3 domains of an IgA 
antibody, while maintaining the correct assembly of the 
functional antibody in plants (Ma et al., 1994). These alter- 
ations have no effect on the antigen binding or specificity 
but may modify the protective functions of the antibody 
that are mediated through the Fc region discussed earlier. 
The number of constant region domains in the immuno- 
globulin molecule can also be changed. For example, a 
chimeric IgA/G heavy chain was constructed that consisted 
of var-Cyl-Cy2-Ca2-Ca3 domains, which increases the length 

of the heavy chain by one domain. Again, this has no effect 
on the ability of the heavy chains to interact with each other 
or with light chains, and it has no effect on antigen recogni- 
tion. However, this engineered plant antibody now incorpo- 
rates Fc functions of both IgG and IgA molecules, namely 
the Cy2 domain, which could bind complement, neutrophils, 
and staphylococcal protein A, and the Ca3 domain, which 
includes the binding site for J chain and SC. 

In extending these findings, we have recently described 
the assembly of an antibody molecule of therapeutic im- 
portance that has uniquely been produced in plants (Ma et 
al., 1995). This is the multimeric SIgA molecule that is the 
predominant form of immunoglobulin found in mucosal 
secretions, such as the gastrointestinal tract. Like serum 
antibody, SIgA is composed of heavy and light chains 
arranged in the usual manner, but there are two modifica- 
tions that enhance its activity in the mucosal environment 
(Fig. 2). First, two immunoglobulin units are dimerized by 
a small polypeptide J chain, which increases the avidity of 
binding and enhances the potential for bacterial aggrega- 
tion. Second, a fourth polypeptide SC is also associated 
with the dimeric antibody complex, which confers a degree 
of resistance against proteolysis, an important property for 
antibodies existing within the harsh environment of the 
gastrointestinal tract. Until now, attempts to produce 
monoclonal SIgA have been frustrated by the complexity of 
this molecule, which in mammals requires both a plasma 
cell, which secretes dimeric IgA, consisting of monomeric IgA 
antibody units associated with J chain, as well as epithelial 
cells expressing the SC precursor molecule. Normally, the 
SC precursor on the epithelial basolateral surface binds 
the dimeric IgA, initiating a process of endocytosis, transcy- 

Serum Antibody 

Seeretory Antibody 

Y u -  
compooent 

Joining 

Figure 2 .  Serum antibody (IgG) and secretory antibody (SlgA). Mo- 
nomeric forms of immunoglobulin have a basic structure consisting 
of two heavy chains and two light chains. SlgA consists of two 
monomeric immunoglobulin units, dimerized by a J chain and pro- 
tected from proteolysis by SC. 
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tosis, and proteolysis, which leads ultimately to release of 
the SIgA complex into the secretion. 

Four transgenic Nicotiana tabacum plants were generated 
to express a murine monoclonal antibody K chain, the 
hybrid IgA-G antibody heavy chain described above, mu- 
rine J chain, and rabbit SC. A series of sexual crosses was 
performed between these plants and filial recombinants to 
generate plants in which a11 four protein chains were ex- 
pressed simultaneously (Fig. 3). In the final SIgA plant, the 
four recombinant proteins were assembled into a func- 
tional, high molecular weight secretory immunoglobulin 
extremely efficiently. A major difference in plants was that 
single cells were able to assemble the secretory antibodies 
unlike in mammals. This approach demonstrates not only 
the fidelity of plant assembly mechanisms compared with 
those in mammals in constructing the dimeric IgA mole- 
cule but also the overall flexibility of plant cells, and it 
indicates that they might possess the requisite mechanisms 
for assembly and expression of other complex recombinant 
protein molecules. 

Other examples of the potential to cut and splice anti- 
body domains at the gene level are the development of 
chimeric immunoconjugates, which could be produced in 
plants, or of antibodies modified to contain sites for con- 
venient chemical cross-linking to chemotherapeutic drugs 
or diagnostic reagents. Considerable effort has been ex- 
pended in the development of immunoconjugates, and a 
variety of toxins has been evaluated as partners with anti- 
bodies and antibody-derived binding domains. In addition 
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Figure 3. Assembly of SlgA in plants. The genes encoding the four 
polypeptides of SlgA are accumulated in a single plant by successive 
cross-fertilization of single transgenic plants and their filial recombi- 
nants. Molecular structure of the antibody molecules in each gener- 
ation are depicted on the,left. Ig, Immunoglobulin; dlgA, dimeric IgA. 

to the microbial toxins, plants are themselves the source of 
a number of toxins, such as ricin, abrin, saporin, antl tri- 
chosanthrin, a11 of which have been used as chemical or 
genetic fusion partners in immunoconjugate preparations. 
Because of their ability to assemble antibody-derived mol- 
ecules efficiently, plants may provide an advantage in view 
of the relatively low efficiency of production for :some 
recombinant immunotoxins in other expression syst ems, 
such as E. coli (Choe et al., 1994). This, and the ability to 
produce plant antibodies at nearly any scale, should now 
provide impetus to evaluate immunoconjugate production 
in plant systems. 

Many other, smaller forms of engineered antibody mol- 
ecules have been described in the literature and most of 
these have also been produced in plants. These include a 
single-domain antibody in tobacco (Benvenuto et al., 1991), 
single-chain Fv molecules (Owen et al., 1992), and Fab 
production in tobacco and Arabidopsis (De Neve et al., 
1993). Compared with full-length antibody, these types of 
molecule have the advantage that requirements for assem- 
bly are thought to be less demanding. Since processing 
through the ER is not essential, the antibody fragments can 
be targeted intracellularly if required or, if secretion into 
the extracellular space is preferred, this can be achieved by 
the inclusion of a signal sequence. In either case, glycosy- 
lation does not occur because the normal antibody g iyco- 
sylation site is absent. 

IMMUNOTHERAPY 

The immunotherapeutic potential of antibodies for hu- 
mans has been appreciated for many years, and yet to date, 
only three antibodies are approved for clinical use by the 
U.S. Food and Drug Administration. Clearly, there are 
problems in developing therapeutic monoclonal anti bod- 
ies, irrespective of the expression system used for their 
production. Transgenic plants may help to overcome some 
of these problems, especially with regard to the require- 
ment for large quantities of antibody at low cost. Large 
amounts of monoclonal antibodies are required for in vivo 
passive immunization to administer sufficient amounts of 
antibody at the site of disease and to overcome the rapid 
rate of clearance from the body and because repeated t;reat- 
ments are usually required. It has been estimated that by 
expressing antibody in soybean at a level of 1% of total 
protein, 1 kg of antibody could be produced for approxi- 
mately $100 (Hiatt, 1990). This will certainly be further 
reduced as improved vectors and purification procedures 
are developed. 

Plant antibodies may be of particular benefit in the area 
of topical immunotherapy. A number of groups (Lehner et 
al., 1985; Bessen and Fischetti, 1988; Ma et al., 1990) have 
demonstrated that topically applied antibodies can prevent 
colonization by pathogenic bacteria, as well as modify the 
resident bacterial flora in a highly specific manner. For 
example, in the case of dental caries, topically applied 
monoclonal antibody that was raised against a cell surface 
adhesin of Streptococcus mutans prevented infection by the 
bacteria and reduced the levels of disease in animal models 
and humans (Lehner et al., 1985; Ma et al., 1990). Although 
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the optimal dose of monoclonal antibody was not deter- 
mined, to overcome the dilution effect of saliva in the 
human trial, approximately 2.5 mg of purified antibody 
was applied on six occasions per individual, which indi- 
cates the importance of a source of large quantities of 
antibody. 

SIgA is the predominant form of antibody in the oral 
cavity and at a11 mucosal sites in humans, and it is pre- 
dicted that SIgA would be more effective than IgG class 
monoclonal antibodies at these sites, by virtue of increased 
avidity of antigen binding, as well as the increased resis- 
tance to proteolysis. The normal protective role of SIgA in 
secretions has largely been ignored for many years, despite 
the fact that the majority of infectious agents are initially 
encountered at mucosal sites. This has partly been due to 
the difficulty in inducing high titer and long-lasting SIgA 
responses by active immunization (Russell and Wu, 1991). 
An alternative is passive immunization with monoclonal 
SIgA, whereby high concentrations of specific antibody 
could be administered regularly without the need to in- 
duce either mucosal or systemic immune responses. Until 
now, insufficient quantities of SIgA were available, because 
assembly of the antibody molecule could only be achieved 
with some difficulty (Winner et al., 1991), but with trans- 
genic plants this approach can now be contemplated. Be- 
cause of the increased stability of SIgA, treatment of a11 
mucosal sites, including the gastrointestinal tract, can be 
envisioned. The use of edible plants or of targeting anti- 
body expression to seeds, tubers, or fruit for oral delivery 
is also a compelling possibility. Antibody delivery through 
foodstuffs has been successful in the oral cavities of rats 
(Michalek et al., 1987; Hamada et al., 1991), and the avail- 
ability of functional antibody in palatable plant prepara- 
tions could reduce or possibly eliminate the need for pu- 
rification of the plant antibody prior to treatment. 

Immunotherapy can also be aimed at the plants them- 
selves. To this end, antibodies or antibody fragments can 
be targeted to the cytoplasm of plant cells, chloroplasts, cell 
membranes, or the apoplastic space, and these recombinant 
antibody molecules can be effective in insect or disease 
resistance. Tavladoraki et al. (1993) reported the cytoplas- 
mic expression of a single-chain Fv in transgenic tobacco 
that protected against infection by artichoke mottled crin- 
kle virus. Transgenic plants had significantly lower levels 
of virus accumulation, a reduced incidence of infection 
(approximately 50-60%), and a marked delay in the ap- 
pearance of symptoms compared with control plants. Voss 
et al. (1994) also reported the production of transgenic 
tobacco expressing a full-length antibody specific for to- 
bacco mosaic virus. These plants showed a reduction in 
their susceptibility to vira1 infection, and the reduction in 
symptoms was correlated with the amount of antibody 
produced in individual transgenic plants. It is important 
to remember that antibody-mediated protective mechanisms 
in plants are limited to those that rely directly on the binding 
to the antigen and no secondary effector functions can 
be elicited. Thus, the epitope specificity of the antibody is 
critical. Furthermore, the antibody fragments that have been 
expressed in these studies bind antigen monovalently and, 

as discussed earlier, the reduced binding energy of these 
types of molecules as compared with full-length antibodies 
may be an important consideration for future studies. 

Intracellular expression of antibody molecules can also 
be used to modulate the metabolism of the expressing cell 
(Tang et al., 1991). In plants it may be possible to alter plant 
metabolism by expressing appropriate catalytic antibodies 
or enzyme-/ hormone-inactivating antibodies. A good tar- 
get would be the plant hormones that control growth and 
development. This approach has been successfully carried 
out by Owen et al. (1992), who reported the production of 
transgenic tobacco plants transformed with gene sequences 
encoding an anti-phytochrome single-chain Fv antibody. 
Phytochrome is a family of cytoplasmic proteins that act as 
photoreceptors and are involved in the photocontrol of 
tobacco seed germination. Seeds from the transgenic plant 
line expressing antibody were reported to show aberrant 
light-mediated germination behavior, because levels of 
germination were reduced by approximately 40%. 

RECULATORY ISSUES 

Although the potential use of plants to manufacture 
functional antibodies in bulk was first demonstrated more 
than 6 years ago, plant antibody development has pro- 
ceeded at what can only be described as a slow pace, 
perhaps because the recombinant antibody industry was 
built on a foundation of large-scale cellular fermentation 
technology rather than an agricultura1 base. Given the ab- 
sence of plant-derived monoclonal antibodies from clinical 
trials for human or animal application, none of the issues 
related specifically to plant-derived antibodies have been 
formally addressed at the regulatory level and therefore 
few have been dealt with rigorously at the experimental 
level. 

However, plant-derived antibodies targeted for clinical 
uses are expected to meet the minimum standards of per- 
formance and safety of antibodies derived from other non- 
mammalian systems. An advantage is that plant-derived 
antibodies are not exposed to, or generated in, the presence 
of animal agents, products, or adventitious organisms. Be- 
cause the protein backbones, processing and assembly, are 
known to be preserved with high fidelity in plants, in a11 
likelihood, plant antibody evaluation will be focused in the 
direction of equivalency of function as compared to the 
parenta1 mammalian antibody source from which the 
genes are derived. 

Other concerns may be directed toward the glycosylation 
pattern, the one area of divergence shown to exist among 
mammalian, bacterial, yeast, and plant systems (Sturm et 
al., 1987; Faye et al., 1989). This is an important issue for a11 
production systems and not just for plants. Some carbohy- 
drate moieties may be unique to plants and the exposure to 
these carbohydrates, although unlikely to be nove1 for hu- 
mans, given the daily exposure to plant glycoproteins in 
food, personal care products, and pollen, needs to be con- 
sidered. Thus, in the context of large quantities of antibod- 
ies required for some therapies, sensitization to plant anti- 
gens may be an issue of concern for some future 
applications. Some plant secondary metabolites may also 
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pose a potential concern, since they possess recognized 
biological functions. Most of these molecules would not be  
co-purified with the recombinant proteins from plants but 
may require monitoring. The choice of plant material for 
the source of antibodies is relevant to  these issues, a n d  
precedents for other plant-derived medicinal compounds 
would therefore be useful i n  guiding the evaluation of 
plant antibodies for human or veterinary uses. 

SU M MARY 

The original report of Hiatt (1989) initiated a wave of 
excitement a t  the realization that a complex mammalian 
protein such as immunoglobulin could be assembled 
within a plant cell. The general reaction was one of amaze- 
ment, but interest i n  exploiting the possibilities arising 
from the discovery, for example to  make antibodies of 
therapeutic value, has taken a considerable time to de- 
velop. In the meantime, other recombinant expression sys- 
tems and traditional cell culture techniques have advanced 
a n d  overcome some of their problems, particularly those 
associated with yields. Plants, however, still offer unique 
advantages, especially in  their ability to match the protein 
assembly capabilities of mammalian cells (as demonstrated 
by  the assembly of SIgA molecules), as well as to provide 
antibodies i n  bulk a t  low cost. In addition, the area of 
"immunization" of plants holds great promise and will 
surely be a field of enormous growth for the future. 
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