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Therapeutic antibody expression technology 
Helen E Chadd and Steven M Chamow 
With the technological advances made during the past 
decade, antibodies now represent an important and growing 
class of biotherapeutics. With the potential new targets 
resulting from genomics and with methods now in place to 
make fully human antibodies, the potential of antibodies as 
valuable therapeutics in oncology, inflammation and 
cardiovascular disease can be fully realised. Systems to 
produce these antibodies as full-length molecules and as 
fragments include expression in both mammalian and bacterial 
cells grown in bioreactors and in transgenic organisms. 
Factors including molecular fidelity and the cost of goods are 
critical in evaluating expression systems. Mammalian cell 
culture and transgenic organisms show the greatest promise 
for the expression of full-length, recombinant human 
antibodies, and bacterial fermentation seems most favorable 
for the expression of antibody fragments. 
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Abbreviations 
cGMP current good manufacturing practice 
CHO Chinese hamster ovary 
GlcNAc N-acetylglucosamine 
scFv single-chain Fv fragment 

Introduction 
Antibody therapeutics can potentially treat diseases rang­
ing from autoimmune disorders to cancer and viral or 
bacterial infections. The number of monoclonal antibodies 
currently in development is higher than in any other ther­
apeutic category, except for vaccines [1]. The emergence 
of antibodies as an attractive therapy is the result of the 
evolution of monoclonal antibody technology over the past 
25 years from 100% mouse protein through chimeric and 
humanised proteins to fully human antibodies (Figure 1). 

Recombinant expression technology in mammalian cell 
culture is the principal means for the commercial produc­
tion of therapeutic antibodies; indeed, eight of the nine 
antibody products on the US market are recombinant mol­
ecules. These molecules are produced in mammalian cell 
culture using either Chinese hamster ovary (CHO) or 
mouse myeloma (NSO) cell lines. Although recombinant 
antibody fragments can also be produced in mammalian 
cell culture, other systems (e.g. bacterial fermentation) are 
preferred. Recently, antibody production in transgenic 
goats, chickens and various plant varieties has been devel­
oped to provide a high yield of product at a potentially 

lower cost of goods than that in mammalian cell culture. 
The major challenges to be overcome by these transgenic 
technologies involve the molecular fidelity of the 
expressed product (principally glycosylation) and the man­
ufacturing regulatory issues raised by the Food and Drug 
Administration (FDA). This review will discuss the appli­
cation of the different technologies for the production of 
therapeutic antibodies and antibody fragments. Focusing 
on progress made over the past year, our goal is to assess 
the value of each system with regard to molecular fidelity 
and cost of goods. 

Evolution of antibody technologies 
In 1975, Kohler and Milstein [2] established methods to 
make mouse monoclonal antibodies; however, the utility of 
these murine antibodies as human therapeutics was limited 
by their immunogenicity in humans [3,4""]. In the ensuing 
years, considerable effort was devoted to genetically engi­
neering monoclonal antibodies in order to make them less 
immunogenic. The evolution of monoclonal antibodies 
from 1975 to the present day is shown in Figure 1. In 1984, 
chimeric monoclonal antibodies containing 66% human and 
34% mouse sequences were engineered [5]. Approximately 
half of the therapeutic antibodies currently approved by the 
FDA are of this design. Between 1988 and 1991, techniques 
to successfully humanise murine antibodies using comple­
mentarity-determining region (CDR) grafting and 
veneering techniques were established [6,7], reducing the 
mouse proportion of the sequence to only 5-10%. An alter­
native approach for producing fully human antibodies is 
phage display [8]. The initial product is either a single-chain 
Fv fragment (scFv), in which a short polypeptide is used to 

directly link the variable heavy and variable light chains, or 
an Fab antibody fragment (Figure 2) from which a full­
length antibody must then be constructed and produced 
using suitable expression systems [9]. The mid 1990s saw 
the emergence of transgenic mice that had been genetically 
engineered to contain a human antibody repertoire [10-12]. 
This technology allows the use of standard hybridoma tech­
niques to generate fully human antibodies, obviating the 
need for humanisation altogether. The generation of fully 
human antibodies has now raised the standards for antibody 
manufacturing because the protein structure itself should 
not be immunogenic or have a short half-life. 

Factors to be considered during manufacture 
In considering a suitable method for antibody manufacture 
a variety of factors must be evaluated. These include anti­
body structure, the importance of carbohydrate, and 
expression, which includes productivity, ease of purifica­
tion and cost of goods. 

Many different antibody structures have been generated using 
standard expression technology. These include full-length 
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Figure 1 

Evolution of monoclonal antibodies from 
(a) mouse, through (b) chimeric (67% 
human), (c) humanized (90-95% human) and 
(d) human (100% human). Mouse-derived 
sequences (light shading) and human-derived 
sequences (dark shading) are shown. 

(a) 

(c) 

antibodies, antibody fragments (Fab or [Fab ]z), and scFv 
(Figure 2). If an antibody molecule of small size is preferred, 
for example, a fragment with no effector function or limited 
pharrnacokinetic activity, then scFvs or Fab fragments gener­
ated in a bacterial system may be sufficient. ScFvs are highly 
selective for in vivo tumours, show good tumour penetration 
and reduced immunogenicity, and are cleared rapidly from the 
blood [13]. The use of these molecules is currently being 
directed towards radioimmunodetection and in situ radiothera­
py (Table 1) [13,14]. Ifpharmacokinetic activity in the form of 
increased half-life is required for therapeutic purposes, how­
ever, then a full-length antibody is preferred. For 
immunoglobulin G (lgG), the molecule can be one of four 
subclasses: 1, 2, 3 or 4. If a full-length antibody with effec­
tor function is needed, a 1 subclass is preferred. The 1 and 
3 subclasses exhibit potent effector function, complement 

activation [15], and promote antibody-dependent cell-mediat­
ed cytotoxicity (ADCC) through interaction with specific Fe 
receptors [16,17]. 

Effector function in these subclasses requires the presence of 
an accessible carbohydrate structure atAsn297, within the Fe 
region of the antibody molecule. Unlike bacterial expression, 
animal cell culture and transgenic animal systems have the 
greatest potential to produce oligosaccharides similar to 
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those contained in human antibodies. A comprehensive 
analysis has been conducted on 12 IgGs from different ani­
mals showing varying patterns of glycosylation [18""]. The 
complex biantennary structure of the N-linked oligosaccha­
ride at Asn297 is constant across most animal species 
(Figure 3). Differences arise principally because of the pres­
ence or absence of fucose and bisecting N-acetylglucosamine 
(GlcNAc), and the presence or absence and type of sialic 
acid. Both human and chicken antibodies can contain 
oligosaccharides with only the sialic acid N-acetylneuraminic 
acid (NANA), whereas all other species can produce anti­
bodies containing only the sialic acid N-glycosylneuraminic 
acid (NGNA) or a mixture of NGNA and NANA. 
Additionally, human, rat and chicken antibodies contain 
bisecting GlcNAc oligosaccharides. This structure is 
required for optimal 1 effector function [19°0 ] . Although 
CHO cells do not normally contain the enzyme activity 
(N-acetylglucosaminyltransferase-111) that leads to the 
bisecting GlcNAc moiety, a CHO cell can be selected or 
genetically engineered to display this activity [18 .. ,19°0 ]. 

Expression systems 
There are various expression systems that can be used for 
the production of whole antibodies and antibody frag­
ments. These include bacterial or mammalian cell culture 
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Figure 2 

and transgenic animals or plants. As described above, the 
expression system of choice is partially dependent upon the 
intended use of the antibody, as well as the antibody yield 
derived from each system. This yield affects the cost of 
goods, which is comprised principally of two factors: the 
cost of the upstream process that generates the antibody, 
and the cost of the downstream process, that is, purification 
and final fill of the active pharmaceutical ingredient. For 
the sake of this review, only the cost associated with the 
upstream production process will be discussed. 

Bacterial fermentation 
Table 1 highlights the various expression systems used 
for the production of therapeutic antibodies. Bacterial 
systems are suitable for the expression of scFvs and Fahs 
(Figure 2). Because bacteria lack the cellular machinery 
to glycosylate proteins, only aglycosyl-antibody frag­
ments are produced from bacterial fermentation. 
Recombinant fragments can be localised intracellularly or 
within the periplasm. The yield of scFvs in bacterial 
expression systems is usually low, primarily as a result of 
incorrectly folded protein retained either at the inner cell 
membrane or as an insoluble aggregate in the periplasm. 
Sanchez et al. [20] described the generation of 
27-30 g/ml of active scFv expressed in bacterial cytosol. 
Although the insoluble periplasmic protein can be 
extracted and refolded, high periplasmic expression can 
cause toxicity and cell death [20,21]. 

ScFvs have also been expressed in insect cells [13,20-24] 
(see Table 1). Functional scFvs have been secreted into 
the growth medium of a stably transformed Drosophila 
expression system at 25 g/ml [23], and intracellularly in 
insect cells using the baculovirus expression system [23]. 

In contrast to bacterial and insect cells, there is some 
debate as to the ability of yeast cells to express functional 

Structural summary of antibodies and 
antibody-derived proteins that are clinically 
useful. (a) A full-length antibody of the lgG 
subclass contains both heavy (VH, CH1, CH2 
and CH3 domains) and light (VL and CL 
domains) chains. lnterchain disulfide bonds 
are indicated (dotted lines). The single 
oligosaccharide chain (shaded knob) is 
attached to Asn297 within the CH2 domain . 
(b} An Fab fragment contains VH, VL, CL and 
CH 1 domains, along with a portion of the 
hinge region. Single-site pegylation can 
occur via a hinge thiol. (c) A scFv contains 
VH and VL domains connected via a 
polypeptide linker. Increased stability of scFv 
can be achieved by the introduction of an 
additional engineered disulfide bond. Fusion 
constructs of these molecules with 
nonimmunoglobulin domains have also been 
reported (37]. 

antibodies; indeed, the glycosylation pattern in yeast is 
very different from that in mammalian systems [13,21]. 

Bacterial expression systems are cost-effective for the pro­
duction of antibody fragments where no effector function 
or extended pharmacokinetic activity is required. To take 
economic advantage of bacterial expression, pegylation of 
the antibody fragment can be performed to increase the 
half-life of the antibody fragments in humans [25]. 
Because the assembly and glycosylation of full-length 
antibodies is not possible in bacterial systems, mammalian 
cell culture or transgenic organisms are better suited for 
production of these molecules. 

Mammalian cell culture 
Any human antibody lgG subclass can be generated in 
mammalian cell culture systems using either CHO cells, 
requiring methotrexate amplification, or NS0 cells, requir­
ing methionine sulphoxime amplification (using glutamine 
synthetase selection in NS0 cells [26]). When expressing 1 
antibodies in a recombinant or transgenic system, the sys­
tem must be chosen to maintain antibody effector function. 
An optimal effector function is dependent upon the correct 
carbohydrate structure at Asn297, including the presence of 
bisecting GlcNAc [19""] (see Figure 3). It must be appreci­
ated that the structure and composition of oligosaccharides 
in immunoglobulins can vary considerably with the host 
cell or transgenic system chosen for expression. 

In general, productivity in mammalian cell culture contin­
ues to increase because of improved recombinant 
expression vectors, the identification of 'hot integration 
spots' within the genome and the enhancement of biomass 
accumulation. This has resulted in cell-culture processes 
achieving yields of 1-2 g/L of unpurified antibody [27] . 
Further increases in the productivity of mammalian cell 
culture could be achieved by enhancing cell growth and 



>
>

••
••

Therapeutic antibody expression technology Chadd and Chamow 191 

Table 1 

Summary of antibody expression systems. 

System Antibody form Source Use References 

Bio reactor 
Escherichia coli Mu scFv Cytosol, periplasm Diagnostic, therapeutic [20--22] 
Pichia pastoris Mu scFv Medium Diagnostic, therapeutic [13,21] 
Drosophila melanogaster Mu scFv Medium Diagnostic [23] 
Mammalian (CHO/NS0) Ch lgG1 Medium Therapeutic [38--41] 

Ch Fab 
HzlgG1 Medium Therapeutic [42--44] 

Hybridoma Mu lgG2 Medium Therapeutic [45,46] 
MulgM 
Hu lgG2 Medium Therapeutic [1,47] 

Transgenic organism 
Animals 

Mouse Ch lgG1 Milk Research [28 l 
Goat Ch lgG1 Milk Therapeutic [28 l 

Hu lgG2 
Plants 

Tobacco SlgA/G: Ch Leaf Therapeutic [35,36] 
Maize HzlgG Seed Therapeutic [33] 
Soy HzlgG Pod, seed, stem, leaf Therapeutic [34] 
Rice Mu scFv Seed Diagnostic, therapeutic [24] 
Wheat Mu scFv Seed Diagnostic, therapeutic [24] 

Ch, chimeric; Hu, human; Hz, humanized; Mu, murine; SlgA/G, secretory lgA/G. 

the inherent specific productivity of the manufacturing 
cell line. Increasing the yield of antibody from a manufac­
turing process is particularly important where the product 
is to be used chronically and therapeutic doses are high. 
For some high-dose indications, 200 kg of purified bulk 
material may be required annually at a cost of goods of 

$500/g. Assuming a productivity of 2 g/L with a 50% 
process yield, at least twenty 10 kL bioreactor runs per 
year would be required to meet this output. In order for 
the industry to maintain an acceptable margin on future 
production, the cost of goods must be reduced by 1-2 
orders of magnitude - to tens of dollars per gram. The 
future cost of goods target for mammalian cell culture is 
below $50/g of final purified material. 

Transgenic organisms 
An alternative method for the large-scale production (e.g. 
hundreds of kilograms) of antibody is expression in trans­
genic animals or plants. 

Goats 
The generation of a transgenic goat herd able to produce 
antibody for phase I clinical trials takes up to 24 months. 
Antibody DNA fused to a milk-specific regulatory element is 
inserted into a single cell embryo by microinjection. 
Transmission of the mammary gland-specific transgene is 
achieved using Mendelian genetics [28 .. ]. At this time, sev­
eral monoclonal antibodies expressed in transgenic goat milk 
are in early-to-late stage development and clinical testing 
(Table 1). There is, as yet, limited clinical data on the effica­
cy and safety of antibodies generated in goat milk [28 .. ]. 
Current figures suggest that, at 1000 kg/year, antibodies 

could be produced in goat milk for a cost of approximately 
$40/g [29], compared with mammalian cell culture in which 
the cost is $300-1000/g (at 100 kg/year assuming a titer of 
0.5 g of antibody/L) [30]. The cost-effective advantage of 
transgenic animals is realised only at higher production 
requirements in excess of75-100 kg/year; price model analy­
ses that include both upstream and downstream process 
costs have concluded that, for only 10 kg of material in milk, 
the cost would be $300/g [30]. At this scale, mammalian cell 
culture is the more cost-effective option. 

Chickens 
The transgenic production of antibodies in egg white has 
been reported to take approximately 18 months. This 
expression system has the potential to supply large quanti­
ties of material for clinical trials relatively inexpensively 
[31]. For example, a flock of 5000 chickens is estimated to 
produce 125 kg of unpurified antibody/year (100 mg anti­
body/egg and 250 eggs/chicken/year). The commercial 
cost of chicken eggs (produced under conditions that do 
not comply with current good manufacturing practice 
[cGMP]) is currently $0.05/egg [31]. Hence, the cost of 
generating unpurified material from transgenic chickens is 
calculated at $0.5/g. Although this cost appears low, it does 
not account for the production of material under cGMP 
conditions. There are, as yet, no clinical data to support the 
production of therapeutic antibodies using this system. 

Plants 
The generation of transgenic plants for preclinical and 
phase I studies takes approximately 20 months. Antibody 
DNA is introduced into the plant using either 
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Figure 3 

Representation of typical human Fe-associated oligosaccharide 
structures. A conserved oligosaccharide core, linked to asparagine, is 
composed of three man nose (Man) and two GlcNAc monosaccharide 
residues. Additional GlcNAcs are normally 1,2-linked to 6Man and 

3Man, whereas the monosaccharide residues N-acetylneuraminic 
acid, galactose, fucose and the bisecting GlcNAc (boxed) can be 
present or absent, depending on the heterologous expression system 
that is used. 

Agrobacterium infection or gene bombardment in the 
presence of a carrier molecule and gold particles. In the 
case of corn, antibody is produced in the seed; in tobacco 
plants, antibody is synthesised in the leaf. Recent 
advances with inducible promoters allow controlled 
expression only in harvested plant tissue so that antibody 
is generated in a GMP facility overnight and not out in the 
field [32"]. Although expression levels can be quite high, 
the carbohydrate structures generated in plants are quite 
distinct in composition and structure from human glyco­
proteins. To overcome this problem, aglycosyl-antibodies 
are typically produced in transgenic plants [33]. For IgGl 
subclasses requiring effector function, this type of expres­
sion has obvious limitations; however, an aglycosyl mutein 
of IgG2 or IgG4, both of which lack significant effector 
function, might be successful. 

The antibody huNR-LU-10 mAb, for example, generated in 
corn, has been genetically engineered to knockout the gly­
cosylation site. The aglycosyl molecule was comparable in 
function to its glycosylated counterpart, although in vitro 
antibody-dependent cell cytotoxicity was reduced [31,33]. In 
addition, a humanised aglycosyl IgG 1 to treat herpes simplex 
virus 2, produced in soybean, was compared with the glyco­
sylated molecule produced in murine cells. Both antibodies 
were similar in affinity, neutralising activity and stability [34]. 
Also, a monoclonal IgA for the oral treatment of tooth decay, 
produced in transgenic tobacco, demonstrated higher func­
tional activity and longer survival times than the murine IgG 
equivalent [31,33,35,36]. A rudimentary cost analysis con­
ducted for plant-produced antibodies gave a figure of $100/g 

[30]. Growth in the field versus the greenhouse makes a dif­
ference in production cost. For field crops, production costs 
of only $43/g have been reported, whereas the generation of 
the same material in plants cultivated in greenhouses rises to 
$500-600/g [32"]. 

Conclusions 
At this time, bacterial expression systems are only useful for 
the generation of antibody fragments. A full-length antibody 
molecule cannot yet be generated in this way; to make these, 
mammalian expression is the system of choice. Mammalian 
expression systems have been proven to generate safe and 
effective antibody molecules with serum half-lives equivalent 
to those observed for naturally occurring antibodies. Although 
there are differences in glycosylation patterns between anti­
bodies generated in CHO versus NS0 cell lines, no clinical 
data suggest these structural differences have any effect on 
antibody activity in vivo. The majority of approved therapeu­
tic antibodies are of subclass lgG 1 and are generated in either 
NS0 or CHO expression systems. Both systems produce anti­
bodies with acceptable effector function and serum half-life; 
moreover, human antihuman antibody (HAHA) responses 
owing to unusual carbohydrate structures have not been 
observed. Enhanced effector function can be obtained if an 
expression system is used that is able to generate antibodies 
featuring a bisecting GlcNAc structure. Transgenic produc­
tion can achieve a lower cost of goods for large-scale 
manufacturing. Recent advances in the expression of anti­
bodies in transgenic goats, chickens and plants - with 
respect to productivity, competitive timelines and cost of 
goods - suggest the need to seriously evaluate these recom­
binant systems as alternative platforms. If the productivity of 
mammalian cell culture continues to improve (e.g. to 
2-5 g/L), so that the cost of goods can be reduced to tens of 
dollars per gram, then transgenics cease to be advantageous 
from a cost of goods standpoint, even for large-scale produc­
tion. This assumes that there is no further reduction in the 
cost of goods for transgenic systems. 

Comparing cost of goods analyses between cell culture and 
the various transgenic production systems, expression in 
transgenic chickens appears to show great promise when 
compared with goats and plants. With a growing number of 
antibodies moving into clinical evaluation, the utility of trans­
genic production will be evaluated alongside mammalian cell 
culture for the production of therapeutic antibodies. 
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