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Preface

The essential and determining feature of an industrial bioprocess is the culturing of
cells that yield a desired product. Mammalian, microbial, and plant cells are traditionally
used for the manufacture of products derived directly or semisynthetically from cellular
metabolites. These cells are increasingly used as the cellular machinery to express recom-
binant proteins of considerable economic and therapeutic value. The choice of cell cul-
ture type determines the degree of success in obtaining a clinically useful product, as well
as in achieving an economical process, by facilitating acceptable yield and purity. Each
of the major classes of industrially relevant cultures is manipulated by a variety of means,
selected for desired phenotypes, and is exploited either in bioreactors or in the field by
functionally similar approaches.

The knowledge of how best to achieve this utility has its roots in empirical learning that
reaches back many thousands of years. Much later, Pasteur, Koch, and others dramati-
cally advanced our knowledge of the underlying cellular nature of bioprocesses during
classical studies in the 19th century using modern scientific methods. Following World
War II, the advent of modern industrial production methods, inspired by the discovery
and isolation of penicillin, brought the first boom in natural product biotechnology. More
recently, the dramatic acceleration in identifying protein biopharmaceutical candidates,
as well as the current rebirth in natural product discovery, have been driven by molecular
genetics. Likewise, plant cell culture and engineered crops have already impacted agri-
culture and are poised to revolutionize biotechnology.

The progression of transgenic animal and plant methodologies from laboratory to
industrial scale production has resulted in the most recent, and perhaps most dramatic,
step in using cells to make products. Supporting the production of novel therapeutics in
mammalian, microbial, and plant cells is an impressive array of new methodologies from
the fields of molecular genetics, proteomics, genomics, analytical biochemistry, and
screening. For an industrial bioprocess, manipulation and propagation of cells in order
to elicit expression of a product is followed by the recovery, analysis, and identification
of these products. The methodology for successfully developing a commercial process
is functionally similar across the spectrum of cell types.

Handbook of Industrial Cell Culture: Mammalian, Microbial, and Plant Cells attempts
to link these common approaches, while also delineating those specific aspects of cell
types, to give the reader not only an overview of the best current practices, but also of
today’s evolving technologies, with examples of both their practical applications and their
future potential. Many scientists currently in the field find their careers transitioning across
work with mammalian, microbial, and plant bioprocesses; thus they are very much in need
of a book linking these disciplines in a single format. Moreover, the next generation of
scientists and engineers will interface across these disciplines and likely see even more
dramatic enhancements in technology. Our hope is that this Handbook will prove espe-
cially useful not only to those involved in biotechnology as a broad discipline, but also
assist experienced practitioners in perfecting the special art of industrial cell culture.

Victor A. Vinci
Sarad R. Parekh
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Analysis and Manipulation of Recombinant
Glycoproteins Manufactured in Mammalian Cell Culture

Nigel Jenkins

1. Introduction

Mammalian cell culture has progressed in recent years from a lab-scale enterprise,
mainly used for in vitro testing of chemical agents, to a major source of therapeutic and
prophylactic agents. Industrial-scale cell culture had its origins in vaccine production
from adherent fibroblasts in roller bottles; however, the dominant technology employed
today uses suspension-adapted Chinese Hamster ovary (CHO) or hybridoma cells in
large-scale (up to 12,000 L) tanks.

Since microbial cells are easier to manipulate and have lower production costs than
mammalian cells, they are the method of choice for peptides and simple proteins such
as insulin and growth hormone. However, many therapeutic proteins require complex
post-translational modifications such as glycosylation, gamma-carboxylation, and site-
specific proteolysis, and mammalian cells are uniquely equipped to perform these
operations.

This chapter explores the methods and interpretation used to optimize the most
extensive post-translational protein modification: glycosylation.

Many animal-cell proteins are modified by the covalent additions of oligosaccha-
rides. These additions often result in significant mass increases and can cover a large
portion of their surfaces. There are two common classes of oligosaccharides: N- and O-
linked (Fig. 1). The oligosaccharides (also called glycans) usually contain high levels
of sialic acids, mannose, galactose, N-acetylglucosamine (GalNAc) and fucose resi-
dues. N-linked oligosaccharides are linked through an N-glycosidic bond between a
GlcNAc residue and an asparagine residue (/), and fall into two broad categories: high
mannose and complex types. In most cases, the core unit is composed of a pentasaccharide
core consisting of three branched mannose residues sequentially attached to two
GlcNAc residues via an amide linkage to asparagine. This common core structure is
formed from the same precursor (dolichol-linked oligosaccharide), which is respon-
sible for the glycan transfer to nascent peptides, and is then further processed to form a
wide variety of structures. In high and oligo-mannose glycans found in yeast and insect
cells no further glycan processing is observed. In proteins containing and the complex
glycans typically found in mammals and higher plants, further processing takes place

From: Handbook of Industrial Cell Culture: Mammalian, Microbial, and Plant Cells
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N-Glycosylation

Asn

O-Glycosylation

g—gThr/ Ser

Fig. 1. Carbohydrate structures associated with N- and O-glycosylation.

in cis, medial, and trans components of the Golgi apparatus. This processing adds
GlcNAc, fucose, galactose, and sialic acids to the core structure.

In addition to the bi-antennary structures containing two arms for each glycan, com-
plex triantennary and tetra-antennary structures are also found on some glycoproteins
such as erythropoetin (EPO) and blood-clotting factors. The O-linked oligosaccharide
is linked through an O-glycosidic bond between the GlcNAc residue and either serine
or threonine, and is not processed by the same enzymes as N-glycans. Multiple O-
glycosylation sites are found in mucin-type proteins. Individual glycosylation sites may
contain a mixture of oligosaccharides (microheterogeneity). This is believed to be
caused by competition between glycosyltransferase enzymes that add nucleotide-
monosaccharide units to the glycoprotein as it travels through the Golgi compartments.

Translation of both cytoplasmic and membrane proteins is initiated on the processed
mRNA in the cytoplasm. During and following protein translation in the endoplasmic
reticulum (ER), a number of modifications can occur such as proteolytic cleavage,
protein folding, and glycosylation. There is evidence that certain chaperone proteins
recognize different glycosylation modifications and act as a quality-control mecha-
nism for ER-Golgi and intra-Golgi translocations (2). The presence of cellular pro-
teases and exoglycosidases in the culture media—particularly those released by dead
and dying cells—can often result in product degradation toward the end of culture.

Glycosylation is believed to have several biological roles, including protein stability
(resistance to proteolysis and aggregation, improved protein folding), clearance in vivo,
antigenicity, and in some cases, biological activity. Both mannose and asialoglycoprotein
(ASG) receptors in the liver remove glycoproteins with terminal mannose or galactose
residues from the bloodstream (3) and influence the plasma half-life of a glycoprotein
in vivo. In the case of immunoglobulins, effector functions such as Fc-receptor binding and
complement activation can be influenced by the glycosylation state of the Fc region (4).

2. Glycoprotein Analysis

Increased availability and reliability of carbohydrate isolation and detection meth-
ods have led to major advances in our understanding of protein glycosylation and how
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it is controlled. In general, the level of carbohydrate analysis expected by the regula-
tory authorities increases as the glycoprotein drug passes from early- (IND) to late-
phase (BLA) clinical trials. A common theme is a requirement to demonstrate the
influences of oligosaccharide content on the glycoprotein’s biological efficacy in humans.

Basic information on the presence or absence of oligosaccharide (macroheterogeneity)
can be obtained by using polyacrylamide gel electrophoresis (PAGE), Western blotting
using carbohydrate-specific lectins, or fluorophore-labeled carbohydrates (5). Another
technique used for the rapid analysis of glycoproteins is capillary electrophoresis (CE),
involving the separation of glycoforms by electrophoretic flow through a narrow bore
capillary based on net charge, mol wt, and micellar association. Recent improvements on
the basic CE technique include microbore capillary isoelectric focusing (cIEF).

Common methods for the analysis of microheterogeneity include lectin-affinity chro-
matography, exoglycosidase digestion, mass spectrometry (MS), high-performance
anion-exchange chromatography, and nuclear magnetic resonance (NMR). Lectins are
carbohydrate-binding proteins, which are specific for oligosaccharide structures, and
when these are covalently immobilized in silica, individual oligosaccharides or glyco-
peptides can be separated from a heterogeneous population. Lectin-affinity HPLC
analysis can provide a basic fingerprint for most glycoproteins, although several lectin
columns would be needed to complete the structural analysis (6).

The availability of larger quantities (>1 g) of biopharmaceuticals allows analytical
methods to reach higher accuracy but with low sensitivity. NMR is a powerful tech-
nique that allows complete structural information to be recovered with the disadvan-
tage of requiring large amounts of protein. The interpretation of 1H NMR spectra
requires knowledge of uniquely known structures such as the H-2 and H-3 of mannose,
H-3 of sialic acid, the methyl protons of N-acetyl groups and specific glycan linkages.
In contrast, the most sensitive approach to glycosylation analysis involves various
forms of mass spectrometry. Fast-atom bombardment (FAB-MS) has the highest mass
accuracy of the spectrometric methods, yet it is also expensive and requires a large
amount of sample. Two other recently developed methods of ionization are particu-
larly suitable for glycoprotein and glycan analysis: matrix-assisted laser desorption/
ionization (MALDI-MS) and electrospray ionization (ES-MS). Both are relatively rapid
techniques used to study both the primary (peptide) structure and post-translation modi-
fications of recombinant proteins. For MALDI-MS, the sample is mixed with excess
matrix that strongly absorbs the laser light (e.g., sinapinic acid). When the mixture is
subjected to laser light, it is vaporized into ions which can be measured by a time-of-
flight (TOF) analyzer, with an effective mass range of approx 0.5-200 kDa. Several
laboratories have successfully used this technique to elucidate mol wt and structural
details of oligosaccharides in combination with an exoglycosidase array sequencing
(7,8). ES-MS detectors are often coupled to high-performance liquid chromatography
(HPLC), allowing in-line analysis of glycopeptides generated by the controlled digest
of glycoproteins. This method allows complete structural analysis of glycoproteins with
a very high mass accuracy.

3. Cell Type, Metabolism, and Environment

The cell line or tissue in which a glycoprotein is produced has dramatic effects on
the oligosaccharide attached to the glycoprotein. This is caused by the differences in
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relative activities and groups of glycosyltransferases and nucleotide-sugar donors that
differ between species and tissue type. The N-linked carbohydrate populations associ-
ated with both Asn25 and Asn97 glycosylation sites of interferon IFN-y have been
characterized by MALDI-MS in combination with exoglycosidase array sequencing
(9-11). Recombinant IFN-y produced by CHO cells showed that N-glycans were pre-
dominantly of the complex bi- and triantennary type at both N-glycosylation sites. In
the same recombinant glycoprotein produced by baculovirus-infected Sf9 insect cells,
glycans were mainly tri-mannosyl core structures, with no direct evidence of post-ER
glycan-processing events other than core fucosylation and de-mannosylation. Transgenic
mouse-derived IFN-y exhibited considerable site-specific variation in N-glycan struc-
tures with Asn25-linked carbohydrates of the complex, core fucosylated type and
Asn97-linked carbohydrates were mainly of the oligomannose type, with smaller pro-
portions of hybrid and complex N-glycans (/2). These data indicate that ER to cis-
Golgi transport is a predominant rate-limiting step in both expression systems.
However, both sialyltransferase activity and CMP-NeuAc substrate were found to be
absent in uninfected or baculovirus-infected Sf9, Sf21, and Ea4 insect cells. These data
demonstrate the profound influence of host-cell type and protein structure on the
N-glycosylation of recombinant proteins, and the considerable challenges faced in
re-engineering nonvertebrate cells to reproduce mammalian-type glycosylation.

4. Effects of Chemical Supplements on Protein Glycosylation

Changes in the cell culture environment can also lead to changes in the oligosaccha-
ride structures observed (/3). Some of the conditions studied include the age of the
batch culture, glucose limitation (/4), oxygen starvation (15), intracellular ammonium
ion accumulation (/6), and pH excursions (/7). In general, these batch and fed-batch
conditions have led to poorer glycosylation profiles of recombinant glycoproteins com-
pared to those produced in perfusion or chemostat cultures (/8). This is most probably
caused by a combination of nutrient depletion and waste metabolite accumulation in
batch and fed-batch systems.

The control of protein glycosylation is a major goal of the biotechnology industry,
since glycosylation is the most extensive post-translation modification made by ani-
mal cells. Protein structure, cell type, and cell-culture environment all affect the
N-glycosylation machinery and contribute to glycoprotein heterogeneity. Exogenous
chemicals that are not essential to maintain cell growth in defined media are some-
times added to improve recombinant protein production. Sodium butyrate has been
shown to unbind the chromatin structure, thus making it more accessible to RNA
polymerase and promoting mRNA replication (/9). As transfected genetic material
will integrate at the most accessible loci, it has been shown that these genes are most
likely to be transcribed during sodium butyrate treatment. It has also been shown that
sodium butyrate can increase the expression of certain chaperone-like proteins (i.e.,
GRP78 and 94) by preventing histone phosphorylation and increasing hyperacetylation.
Sodium butyrate can also cause a dilation of the ER and influence cell-cycle kinetics
by stabilizing a population in the G1 phase. Lamotte et al. (20) also studied the effects
of butyrate on the glycosylation pathway of CHO cells, and found a positive correla-
tion between both IFN-y production and N-glycan complexity with increasing doses
of sodium butyrate.
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Dichloroacetate (DCA) is known to inhibit cell growth, glutamine catabolism, and
the production of pyruvate and alanine. Little is known about the effect of this chemi-
cal on glycosylation, but the literature shows that recombinant antibody yields can be
increased by up to 60% (21). N-acetyl mannosamine, a sialic acid precursor capable of
entering the cell, has been shown to be effective in increasing the intracellular sialic
acid pool and sialic acid content of recombinant glycoproteins produced by CHO cells,
but its high cost may prohibit its utility in large-scale (22).

Lipids play an essential role in the glycosylation of many proteins. They act as sugar
carriers, and the dolichol donor is used for the block transfer of oligosaccharide units
from the cytosol to the ER. Both complex lipid supplements and dolichol derivatives
have been shown to improve glycosylation at Asn 97 of y-IFN (/3,23). Cholesterol can
also be an important growth supplement for CHO cells, and is required for optimal
NSO cell growth. Thus, cholesterol, phospholipids (i.e., phosphatidyl choline), and fatty
acids (linoleic and oleic acids) are usually included in serum-free formulations.

The following section provides a detailed description of two examples from our
laboratories using transfection of the 2,6-sialyltransferase (2,6-ST) gene to correct an
inherent defect in CHO cells and produce recombinant glycoproteins with modified
properties.

5. Transfection of 2,6-ST to Produce a Universal Host CHO Line
and its Effects on Recombinant IFN-y

CHO are widely used to produce glycosylated recombinant proteins, and are
equipped with a glycosylation machinery very similar to the human equivalent (24). A
notable difference concerns sialylation: N-linked glycans of human origin carry termi-
nal sialic acid residues in both a2,3- and a2,6-linkages, whereas only a2,3-terminal
sialic acids are found in glycoproteins from CHO and baby hamster kidney (BHK)
cells. Indeed, these cell lines lack a functional copy of the gene that codes for 2,6-ST
(EC2.4.99.1). Sialic acid residues confer important properties to glycoproteins because
of their negative charge and the terminal position. Specific receptors, such as the ASG
receptor, have evolved in the liver and in macrophages to bind and internalize glyco-
proteins devoid of terminal sialic acid molecules (4,25,26). Moreover, the binding of
various members of the sialoadhesin family (27) and CD22 ligand (28) to terminal
sialic acid residues is specific for either the 02,3 or 02,6 linkage.

Our group and others have demonstrated that the sialylation defect of CHO cells can
be corrected by transfecting the 2,6-ST cDNA. Glycoproteins produced by such CHO
cells display both 02,6- and a2,3-linked terminal sialic acid residues, similar to human
glycoproteins. Here, we have established a CHO cell line that stably expresses a.2,6-
ST, providing a universal host (UH) for further transfections of human genes. Several
relevant parameters of the UH cell line were studied, demonstrating that the a2,6-ST
transgene was stably integrated into the CHO cell genome, that transgene expression
was stable in the absence of selective pressure, that the recombinant sialyltransferase
was correctly localized in the Golgi, and finally, that the bioreactor growth parameters
of the UH were comparable to those of the parental cell line. A second step consisted in
the stable transfection into the UH of cDNAs for human glycoproteins of therapeutic
interest such as IFN-y (29).
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5.1. Materials and Methods

The availability of DNA sequences that code for glycosyltransferases (30) has raised
the possibility to genetically alter the glycosylation capabilities of a cell line. In par-
ticular, the cDNA for the rat liver a2,6-ST has been transiently or stably transfected
into BHK (/8) or CHO cells (30,24), and the sialylation of a target recombinant protein
has been confirmed to be in both a2,3- and a2,6-linkages. The plasmids pSfiSV-2,6-
ST, pSfiSVneo, pSfiSVdhfr and pCISfiT: a new vector for in vitro amplification (24)
carrying the human CMV promoter were built from plasmid pCI (Promega, Madison,
WI). First, one Sfil site was inserted into the unique Notl site and the resulting plasmid
(pCISfi) was further modified by introduction into the filled-in BamHI site of the oli-
gonucleotides containing the 41-basepair (bp) stretch corresponding to nucleotides
+189 to +229 of the human gastrin gene, reported to act as a transcription terminator
(29). The resulting vector was named pCISfiT, and contained the Sfil site necessary for
multimerization at the end of the multiple cloning site, plus a transcription terminator
sequence downstream of the polyadenylation signal, to improve transcription efficiency
from multimerized transcription units. Plasmid pCISfiT-IFN-y contained the 1-kb open
reading frame (ORF) coding for human IFN-y, excised from plasmid pSVL-IFN-y
(obtained from Glaxo Smith-Kline) by cleavage with BamHLI, filling in with the Klenow
fragment of T4-DNA polymerase and cleavage with Xhol.

The fragment was inserted between the Xhol and Smal sites of the vector pCISfiT.
DNA concatenamers for stable transfections were prepared according to the in vitro
amplification method (37) by mixing the Sfil-flanked expression units and the select-
able marker unit at the following ratios: a2,6-ST transfection into CHO Dux B11 cells:
pStiSV-2,6-ST / pStiSVneo = 10:1; and IFN-y into the UH: pCISfiT-IFN-y / pSfiSVdhfr
=20:1. Ligation products were confirmed to extend between 50 and at least 200 kb by
pulsed-field electrophoresis extracted sequentially with phenol/chloroform, according
to standard procedures and used for lipofection-mediated transfections.

For Southern blot analysis, CHO genomic DNA was extracted from cells by a salt-
ing-out procedure, and completely digested with Sfil. 10 ug of digested DNA were
separated on a 0.8% DNA gel, and adequate amounts of the Sfil-cleaved plasmids
pSfiSV-2,6-ST and pCISfiT-IFN-y were loaded along with the samples, to allow esti-
mation of band intensities. DNA was then blotted onto a HybondN* nylon membrane
(Amersham Pharmacia Biotech, Uppsala, Sweden) and hybridized to the **P-labeled,
607-bp Bg/Il fragment of the rat a2,6-ST cDNA, according to standard techniques.
The filter was then stripped and re-hybridized to the 3*P-labeled, 411-bp Sspl fragment
of the human IFN-y cDNA. Adjacent cassettes of the a2,6-ST cDNA integrated in
tandem into the genome were revealed as a single 3.5-kb band.

5.2. Results

Approximately ten copies of the 2,6-ST expression unit were detected in both in the
UH and clone 54 (IFN-y producing) cell lines, and were also maintained in clone 54
cells grown in 2 uM methotrexate (MTX). A similar analysis was performed on UH
cells grown without G418 for 2 mo, and a comparable number of integrated copies was
obtained indicating the stability of 2,6-ST expression in the absence of selection agent.
Conversely, less than 10 copies of the IFN-y cassette were integrated into the genome
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of clone 54, and as expected a dramatic increase in IFN-y copy number was observed in
clone 54 cells grown in 2 uM MTX amplification agent.

For transfection, 5 x 10> CHO-DxB11 cells were plated onto 60-mm dishes and
10 ug of DNA concatenamers, were mixed with 2 mM ethanolic solution of DOGS
(Transfectam®, Gibco-LTI). Two days after transfection, cells were exposed to selective
medium: either complete medium supplemented with 900 ug/mL G418 for neomycin
resistance, or MEM alpha medium without nucleosides and deoxynucleosides for dhfr
selection. Resistant colonies were obtained and individually grown in 96-well plates.

Amplification in MTX was performed by exposing individual clones to increasing
concentrations ranging from 10 nM to 2 uM. Cells were exposed to each MTX concen-
tration for at least 3 wk; resistant cells were pooled and expanded. Control UH cells
were maintained in the above medium, but containing 500 ug/mL G418 for neomycin
selection. Clone 54 cells, deriving from the stable transfection of the UH with IFN-y
cDNA, and CHO clone 43 cells, stably producing IFN-y were grown in MEM alpha
medium without nucleosides and deoxynucleosides, and 2 uM MTX, the medium for
clone 54 only also contained 500 ug/mL G418.

Flow cytometry using fluorescently labeled probes is a powerful method of search-
ing for rare clones expressing a particular phenotype from a mixed population of cells.
We used fluorescein-5-isothiocyanate (FITC)-labeled lectin from Sambucus nigra
(SNA) that recognizes the Gal-a2,6-sialic acid epitope to isolate cells expressing the
recombinant 2,6-ST enzyme transfected into CHO cells. The technique can be used in
two modes, either to correct the sialylation defect in cells that are already making a
recombinant protein of interest (in this case IFN-y) or to correct the defect in the parental
cell line, which can subsequently be used as a “universal host” for expressing recombi-
nant glycoproteins with both 2,3- and a2,6-sialylation. It could also be used to pick
clones that produce large amounts of the recombinant protein of interest (using a fluo-
rescent antibody) and simultaneously check for authentic product quality (sialylated
species using a different fluorophore covalently linked to SNA lectin).

In this experiment, the presence of a2,6-sialic acid linkages was examined in iso-
lated clones by flow cytometry analysis of cells incubated with fluorescein-5-
isothiocyante (FITC)-labeled SNA lectin (24,29). 2,6-ST enzyme activity was again
assayed in cell lysates from each clone by a lectin-based microtiter plate assay (32).

CHO Dux B11 cells were stably transfected with DNA concatenamers composed of an
average of 10 expression units of rat 2,6-ST per neomycin resistance expression unit, using
the in vitro amplification method. Twenty-seven G418-resistant colonies were screened by
exploiting the specific binding of 0.2,6-sialic acid residues on plasma-membrane glycopro-
teins to SNA lectin, using flow cytometry analysis. Fourteen (52%) colonies displayed a
positive binding of between 75 and 100% of each cell population. a2,6-ST enzyme activity
was assayed on these colonies by the specific solid-phase assay (32), and ranged between
12 and 68 IU of a2,6-ST/mg protein. Figure 2 shows the correlation between flow cytometry
positivity and a2,6-ST activity, and the clone that displays the highest indices of both
parameters was chosen for further characterization and named the UH. The stability of
expression of 02,6-ST in the UH was tested by growing the cells in the presence or in the
absence of G418 selective pressure for 2 mo, and binding to SNA lectin was again analyzed
by flow cytometry. Identical flow cytometry profiles were obtained in both cases, indicat-
ing a stable expression of the 2,6-ST enzyme in the UH.
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Fig. 2. a2,6-ST expression in individual CHO Dux B11 clones. Correlation between posi-
tive FITC-SNA-lectin binding by flow cytometry analysis and «2,6-ST enzyme activity in
clones of CHO Dux B11 cells stably transfected with «2,6-ST cDNA. The arrow indicates the
clone chosen as universal host (UH).

In order to demonstrate that the a2,6-ST introduced into UH cells can act on the
glycans of recombinant glycoproteins, the cDNA for human IFN-y (placed under
the hCMV promoter) was transfected into the UH, using dhfr as the second select-
able marker. Conditioned media from 200 individual clones were analyzed by an IFN-y-
specific enzyme-linked immunosorbent assay (ELISA), and displayed up to 1 pg IFN-y/
cell.d. To reach higher production levels, five of these clones were exposed to gradu-
ally increasing MTX concentrations, up to 2 uM. A steady increase in IFN-y levels was
observed, reaching a maximum of 37 pg/cell (18 mg/L) per 24 h in clone 54. To test for
expression stability, clone 54 cells were grown in the presence or in the absence of
MTX for 2 mo and assayed for IFN-y production and for a.2,6-ST activity. IFN-y levels
were completely abolished following removal of MTX, and full 2,6-ST activity was
maintained as determined by flow cytometry analysis, demonstrating that 2,6-ST
expression was not affected by MTX treatment. The fact that no variation in copy
number was observed after 2 mo in culture without selective pressure indicates that the
2,6-ST concatenamer was stably integrated into the UH genome, and that no signifi-
cant recombination events occurred during the observed time span. The copy number
of the ST transgene did not change even after transfection with IFN-y and MTX treat-
ment, indicating that the two transgenes had integrated independently.

Naturally occurring sialyltransferases have been localized to the Golgi by immun-
ofluorescence (33) and immunoelectron microscopy (34). We utilized a rabbit anti-
serum to rat 2,6-ST (a gift from Prof. E. Berger, Zurich) and tetramethylrhodamine B
isothiocyanate (TRITC)-conjugated polyclonal secondary antibody against rabbit Ig
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from DAKO to localize this enzyme. A trans-Golgi marker, NBD-Cg¢-ceramide from
Molecular Probes, was used to confirm the organelle location of 2,6-ST. Cells were
grown for 2 d on glass cover slips, fixed in 2% paraformaldehyde, washed in phos-
phate-buffered saline (PBS), saline, and fatty acid-free bovine serum albumin (BSA).
For 02,6-ST detection, cells were permeabilized with 0.1% Triton X-100 for 10 min
and incubated with the rat a2,6-ST antiserum for 1 h followed by the secondary anti-
body for 30 min. Negative control experiments were also performed, in which the pri-
mary antibody was omitted. For Golgi staining, the permeabilization step was omitted
and cells were incubated with 5 uM NBD-Cg-ceramide for 60 h. Cover slips were
mounted with a phenylenediamine-mounting medium and analyzed by the fluorescence
photomicroscope. The 2,6-ST antiserum strongly labeled vesicles in limited areas of
the cytoplasm near the nucleus, consistent with a localization in the trans-Golgi appa-
ratus, as demonstrated by the identical distribution of NBD-C¢-ceramide. The intracel-
lular distribution of the recombinant 2,6-ST in the UH line was similar to the one
observed for the natural enzyme in the human HepG2 cell line, known to express a2,6-ST.

The UH cell line was grown in a stirred-tank bioreactor to verify that the integration
of the exogenous gene coding for the a2,6-ST enzyme did not compromise the growth
and metabolism of the cell line in suspension culture. The culture conditions have been
described elsewhere (35), but medium was supplemented here with adenosine, cyti-
dine, guanosine, uridine, 2'-deoxyadenosine, 2'-deoxycytidine, 2'-deoxyguanosine, and
2'-deoxyuridine to achieve a final concentration of 1 mg/L. The cell-growth phase took
place over a period of 50 h, and cell viability remained higher than 95% during this
period, with a maximal viable cell concentration of 1. 2 3 10° cells/mL. The maximal
cell-specific growth rate (0. 04 h'') was high as compared with other CHO cell lines,
but the uptake of nutrients (glucose and glutamine) and the production of toxic sub-
stances (lactate and ammonium) were similar to those observed with the parental cell line.

For IFN-y purification, an IFN-y affinity column was generated by coupling 20B8
monoclonal anti-IFN-y antibody (Lonza Biologics) to CNBr-activated Sepharose. The
conformation of sialic acids in IFN-y purified from either UH cells (clone 54) or CHO
Dux B11 cells (clone 43) was determined in duplicate by reverse-phase HPLC utilizing
2,3-sialic acid specific sialidase from Newcastle Disease Virus and the non-discrimi-
nating sialidase from Arthrobacter ureafaciens. The total amount of sialic acid was
determined spectrophotometrically, following acid-catalyzed hydrolysis of duplicate
samples (36). The sialic acid conformation on IFN-y purified from clone 54 (2,6-ST™)
was 40.4% sialic acid in a.2,6-linkage and 59.6% in 02,3-linkage. Conversely, IFN-y
from clone 43 (control, nontransfected) exclusively displayed a2,3-linkages, as
expected. The sialic acid content was similar in both IFN-y preparations (1.16 and 1.12
moles sialic acid per mole of protein, respectively). The two IFN-y preparations were
therefore comparable in the of extent of sialylation, and differ only in the presence of
a-2,6-linked sialic acids in the protein produced in 2,6-ST+ (clone 54) cells. This indi-
cates that the stable expression of 2,6-ST did not hamper the sialylation capability of
the cells, and that the added sialyltransferase competes with the endogenous one for the
pool of donor CMP-sialic acid under these culture conditions.

In a pharmacokinetic study, female Sprague-Dawley rats (160-270 g) were anesthe-
tized with Hypnorn, and IFN-y was administered by intravenous (iv) infusion (0.3 mg/
kg). The tail was clipped, and blood (100 uL) was then collected via the tail vein at 3,
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Fig. 3. Clearance of IFN-vy glycoforms in rats. IFN-y from the universal host (l) and from
parental CHO () cell lines were injected into rats and serum concentration was determined at
the defined times.

5,7, 10, 15, 20, 25, 30, and 35 min post-administration. Blood samples were centri-
fuged, plasma IFN-y levels were determined by ELISA, and data was processed using
the S-Plus statistical package from MathSoft Inc. (Fig. 3). The difference of log-AUC
(Area Under Concentration curve) between the two groups was statistically significant
(p =0.013), and indicates that the recombinant IFN-y from UH cells persists longer in the
blood compartment as compared to the same protein made in control cells. The clearance
values obtained for the two groups were highly statistically significant (p < 0. 001).

To test whether the IFN-y produced in the UH line as well as in normal CHO cells
was biologically active, upregulation of the endogenous expression of major histocom-
patibility complex (MHC) class II (37) in human colon carcinoma LoVo cells was
assessed by flow cytometry analysis. 100 ng/mL each of IFN-y purified from either
clone 54 or clone 43 elicited an upregulation in MHC class II of 3.00 = 0.61-fold and
3.52 = 0.52-fold, respectively. In comparison, 100 ng/mL of purified, standard human
IFN-y at 10 IU/ng produced a 4.50 = 0.49-fold increase in MHC class II expression in
the same cell line (means = SE for two measurements, run in quadruplicate). The
observed differences between the two samples and between each sample and the stan-
dard were not statistically significant, as determined by analysis of variance (ANOVA)
analysis, indicating that the biological activity of all three IFN-y preparations was similar.

5.3. Conclusion

Our group and several others have successfully transfected mammalian cells with
the genes for various glycosyltransferases. Here, we have established and fully charac-
terized a CHO universal host line with improved glycosylation capabilities, thus pro-
viding a relevant tool for the production of recombinant proteins for human therapy.
Such a cell line is able to produce glycoproteins carrying both a.2,6- and a2,3-linked
terminal sialic acids, as found in human glycoproteins but not in products from normal
CHO cells. The in vitro amplification transfection method (37) was used. In keeping
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with our previous results (24), a high proportion (52%) of positive clones was obtained.
The average number of expression cassettes per DNA concatenamer was increased in
the present work from 5 to 10, in an attempt to enhance the expression of &2,6-ST, and
clones with high a2,6-ST activity were obtained. The best of these clones, named “uni-
versal host,” was studied to determine its suitability as a cellular host for the produc-
tion of recombinant proteins.

In theory, an alternative strategy to the two-step process requiring preparation of the
UH line first, followed by transfection of the target glycoprotein, could consist of the
co-expression of both the a2,6-ST and IFN-y in one step, by transfection of DNA
concatenamers, including both expression cassettes and the selectable marker gene.
However, preliminary transfections of CHO Dux B11 cells with IFN-y DNA concatenamers,
including the neomycin resistance gene as a selectable marker, had failed to yield stable
clones displaying satisfactory production levels. The use of the dhfr selectable marker
gene coupled to MTX treatment was therefore determined by the mandatory. The two-
step strategy discussed here was eventually selected, to allow more flexibility in indi-
vidually modulating the expression levels of the two genes. Indeed, continued selective
pressure was not needed to maintain satisfactory a2,6-ST activity in the UH cell line.
Conversely, high-level production of IFN-y in MTX-amplified cells proved unstable,
as is often the case in the CHO/dhfr expression system (38).

Recently, TNK-tPA, a variant of wild-type tissue plasminogen activator, was pro-
duced in CHO cells that over-expressed a-2,3-ST (39). The purified glycoprotein dis-
played increased sialylation levels, as compared to the control protein produced in
wild-type CHO cells; this imparted improved pharmacokinetic properties to the pro-
tein following iv injection into rabbits. The prolonged permanence of TNK-tPA in
circulation was attributed to decreased recognition of the highly sialylated product by
the ASG receptor. The differences in pharmacokinetics observed for IFN-y are caused
by subtle changes in the stereochemistry of the glycan structure. Although further work
is required to investigate other possible alterations in biological activity resulting from
the presence of a2,6-sialic acid residues, this is already a positive indication of the
effects of the linkage alteration we have introduced in the glycosylation properties of
CHO cells.

In conclusion, we have established a CHO UH cell line with improved sialylation
capabilities. The UH line can be further engineered to produce therapeutically relevant
glycoproteins, whose sialylation more closely resembles the pattern found in human
products. Correctly sialylated and biologically active IFN-y was produced by the UH
line, and displayed prolonged pharmacokinetics.

6. Sialylation of Human IgG-Fc Carbohydrate
by Transfecting Rat 0.2,6-sialyltransferase

The IgG molecule is composed of four structural and functional regions: two identi-
cal antigen-binding Fab regions linked through a flexible hinge to an Fc region that has
binding/activation sites for effector ligands, e.g., C1q and Fcy receptors (40,41). The
Fc region is comprised of part of the hinge with inter-heavy-chain disulfide bridges,
two unpaired glycosylated Cyy2 domains, and two noncovalently paired Cy;3 domains.
Glycosylation of the Cy2 domain at Asn-297 is essential to activation of effector func-
tions (4), and together with structure at or proximal to the N-terminus of the Cy2 domain,
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generates recognition sites for leukocyte Fcy receptors and complement (25). Secreted
IgG is a heterogeneous mixture of glycoforms that exhibit variable addition of the
sugar residues fucose, galactose, sialic acid, and bisecting N-acetylglucosamine. The
efficiency of effector function activation can vary between the glycoforms—e.g.,
galactosylation enhances recognition of IgG by complement or by human Fey receptors.

6.1. Materials and Methods

In an initial study, a recombinant IgG3 immunoglobulin against the hapten
nitroiodophenacetyl (NIP) with Phe-243 replaced by Ala (FA243) was expressed in a
CHO-K1 parental cell line. The resulting [gG-Fc-linked carbohydrate was significantly
a2,3-sialylated (53% of glycans), as indicated by normal and reverse-phase HPLC
analyses (42) in contrast to wild-type immunoglobulins, which are poorly (<5%)
sialylated. We transfected the rat 2,6-ST gene into this FA243 cell line, to investigate
the biological properties of this new IgG3 (43).

The vector used, pCISfiT containing an insert encoding for the rat 2,6-ST gene, was
a gift from Dr. Monaco. A Kpnl1/Xhol digested fragment of pCISfiT containing the
gene (1.7 Kb) was ligated into the single Kpnl/Xhol digested site of the pPBK-CMV
expression vector (Stratagene, UK) and transformed into E. coli (TG1) competent cells
by calcium shock. Plasmid DNA (pBK-CMV-a02,6-ST) was isolated from a number of
individual kanamycin-resistant colonies, and shown by restriction with Kpnl/Xhol to
contain the expression vector and the 1.7-Kb insert encoding the a2,6-ST gene. The
CHO-K1 cell line FA243 was transfected with pBK-CMV-2,6-ST by spheroplast
fusion. This cell line had previously been transfected with the genes encoding for
FA243 IgG3 and was selected on the basis of its resistance to mycophenolic acid (42).
A 24-well plate was seeded with the transfected cells and left for 48 h prior to selection
with the antibiotic G418. The adherent cell lines were incubated in RPMI-1640 medium
containing G418 (0.6 mM). After 2 wk in selection medium, transfected colonies were
visible in all the wells when limiting dilution was used to clone the transfectants. FA243
CHO-K1 cells that had not been transfected with the pBK-CMV-a2,6-ST vector con-
struct did not form colonies. Once the cloned cells reached confluence, they were
checked for maintained IgG; production by ELISA.

Clones that maintained levels of IgG production were assayed for 2,6-ST activity
using the SNA-ELISA method (32). The final FA243-ST clone was selected on the
basis of optimal a2,6-ST activity (60.8 = 6.6 mU/mg [n = 4]) relative to the FA243 cell
line (14.1 = 2.9 mU/mg [n = 4]), and amplified in roller-bottle culture in order to pro-
duce IgG3 antibody. Cells were grown to a final cell density of 2.5 3 10° cells/mL in 2-L
roller bottles. The supernatant was collected, and IgG3 antibodies were purified from
cell supernatant on a column of NIP-Sepharose 4B and eluted with 0.5 mM NIP. Sodium
dodecyl sulfate (SDS) PAGE was used to check the purity of the IgG3 proteins.

To release oligosaccharides from IgG3 antibodies, 3 nmoles of purified antibody was
incubated with protoeglycanase F and the reducing ends of the released N-linked oligosac-
charides were reductively aminated with the fluorophore 2-aminoacridone using sodium
cyanoborohydride. Labeled glycans were analyzed by normal-phase HPLC using a
GlycoSep N column (Oxford Glycosciences), and detected fluorescence using excitation
and emission wavelengths of 428 and 525 nm. The sialic acid content and the nature of its
linkage to the oligosaccharide were evaluated as described previously in this chapter.
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Table 1
Sialic Acid Composition and Linkage of Oligosaccharides Derived
from Anti-NIP IgG3 Wild-Type and Mutant Antibodies

Sialic Acid Wild- Std. Std. Std.
Linkage type Dev. FA243 Dev. FA243-ST+ Dev.
% 2,3 24 0.1 56.7 0.4 354 35
% 02,6 0.0 0.0 1.9 0.6 30.1 3.0

Total 2.4 0.1 58.6 0.4 65.5 0.4

The nmoles sialic acid per nmole of IgG were determined in each case from 3 nmoles IgG, so that a
theoretical yield of 100% corresponds to 6 nmoles sialic acid. Data are presented for three replicate deter-
minations. The a2,3 and total sialic acids were determined following release with sialidase from Newcastle
disease virus and A. ureafaciens, respectively, and the a2,6 values determined by subtraction of a2,3 from
the total value.

6.2. Results

All samples displayed a heterogeneous range of complex biantennary oligosaccha-
ride structures with a single N-glycosylation site on each heavy chain at Asn-297 within
the Cy2 domain of IgG, but the oligosaccharide profiles varied between the 1gG3
antibodies. The glycans released from the wild-type IgG3 showed low levels of galacto-
sylation as compared to those observed for the FA243 and FA243-ST IgG3 antibodies.
Similarly, there was a much higher degree of sialylation (mono-sialyl + di-sialyl) for
glycans from FA243 IgG3 and FA243-ST IgG3 than for the wild-type, which had mini-
mal levels of sialylation. Thus, galactosylation and sialylation are inhibited for the
nascent oligosaccharide chains of the wild-type IgG relative to its FA243 replacement.
IgG-Fe-linked glycans were sialylated (60% of glycans) such that the ratio of a2,6-
a2,3-linked sialic acids was almost equal (Table 1).

The FA243 replacement in IgG3 permits significant a2,6-sialylation, comparable to
the physiological level found for human polyclonal IgG, which has 27% + 7% of oli-
gosaccharide moieties that are a2,6 sialylated. One explanation for these findings is
that sialylation is inhibited by virtue of extensive noncovalent interactions of the Cy2
domain with the nascent oligosaccharide chain (44) interactions, which are reduced
in the case of the replacement FA243. We suggest that for wild-type IgG3 expressed
in CHO-K1 cells the extensive noncovalent interactions strongly inhibit galacto-
sylation and sialylation, which is overcome to some extent in the case of the FA243
replacement, but still sufficient to exert the predominant limiting influence on the extent
of sialylation. Thus, sialylation is controlled primarily by the protein structure local to
the carbohydrate, and the two sialyltransferases compete to sialylate the nascent oli-
gosaccharide.

Glycoproteins other than IgG have only minimal noncovalent interactions between
the carbohydrate and the protein. An increased level of total sialylation (95%) has been
reported (45) for recombinant human trace f-protein expressed by BHK cells relative
to the native protein (60%) isolated from human cerebrospinal fluid (CSF). Thus, it is
reasonable to conclude that various factors can limit 02,3-ST and a2,6-ST activity
associated with these different glycoprotein substrates.

It has previously been shown that outer-arm galactosylation enhances recognition of
IgG by FcyRI, Clq, and complement (46). We hypothesized that remodeling the gly-
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cans on the IgG3 would modulate its biological activities. The ability of the wild-type,
NA297, FA243, and FA243-ST IgG3 antibodies to trigger lysis mediated through
human complement was determined. Sheep red blood cells (RBC) were NIP-derivatized
and tested with various antibody preparations, followed by either Guinea pig or human
serum to quantify complement-mediated cell lysis. The FA243 1gG3 required a 1.8-
fold increased antibody concentration to yield 50% lysis compared to the wild-type
IgG3. However, FA243-ST+ [gG3 demonstrated a capacity to trigger complement-
mediated cell lysis similar to that of wild-type IgG3, indicating that the presence of the
02,6 sialylation linkage compensates for the effect of the replacement FA243. A simi-
lar trend was obtained using guinea pig complement, so that FA243-ST required only a
1.4-fold increased IgG concentration to yield 50% lysis relative to the wild-type 1gG3,
compared to 1.9-fold for the FA243 and sevenfold for NA297 IgG3.

Superoxide anion was measured as lucigenin-enhanced chemiluminescence, using
U937 cells treated with IFN-y, and IgG3-sensitized NIP-derivatized human RBC in the
presence of 0.25 mM lucigenin. This assay measures the ability to trigger a respiratory
burst mounted through FcyRI expressed on IFN-y stimulated U937 cells. FA243 1gG3
exhibited a reduced ability to trigger superoxide relative to the wild-type IgG3 (~ 70%
of the maximal response). However, the FA243-ST IgG3 triggered a maximal response
that was 1.3-fold greater than that observed for the wild-type protein. Thus, a2,6
sialylation contributes to recognition of IgG by human FcyRI.

Binding of antigen-complexed IgG3 to K562 cells via FcyRII receptors was deter-
mined by rosette formation (47) using human red cells were derivatized with NIP and
sensitized with anti-NIP IgG3. The aglycosylated IgG3 antibody NA297 showed a
greatly reduced capacity to rosette, confirming the requirement for carbohydrate to
support recognition of IgG by human FcyRII. FA243 IgG3 exhibited a twofold reduced
capacity to rosette, relative to the wild-type IgG3. However, FA243-ST IgG3 showed a
capacity to rosette that was similar to the wild-type 1gG3, indicating that a2,6
sialylation contributes to recognition of IgG by human FcyRIIL.

6.3. Conclusions

These results suggest that the nature of the sialylation linkage can influence recogni-
tion by Clg/complement, FcyRI and FcyRII. A plausible explanation is that the a2,6-
sialic acid linkage can affect the structural dynamics of the oligosaccharide moiety,
particularly the primary and secondary GlcNAc residues, which have a predominant
influence on the recognition of IgG by its effector ligands (48). The oligosaccharide
moieties may additionally affect the conformation of the lower hinge-binding site for
effector ligands on the IgG protein, stabilizing conformations that are more tightly
bound by the effector ligands.

7. Conclusion

This chapter review detailed examines the multiple sources of glycan heterogeneity
that can be found in both natural and recombinant glycoproteins. Advances in carbohy-
drate analysis have facilitated detailed, site-specific determinations of each glycoform,
and have paved the way to find methods by which glycans can be controlled and
manipulated. We have reviewed several chemical approaches used to improve protein
glycosylation, and have detailed two of our own case studies (using recombinant IFN-
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y and IgG3), in which genetic manipulation of sialyltransferase in the host CHO cell
line resulted in significant changes to the properties of each molecule. A similar
genetic strategy has also been used to incorporate bisecting GIcNAc residues into recom-
binant antibodies, which proved useful for enhancing antibody-dependent cytotoxicity
(49) using the enzyme Glycosyltransferase I1I.

In the future, these chemical and genetic methods will also be assessed against the
recently introduced technique of post-fermentation manipulation of recombinant gly-
coproteins—using cheap, microbial-derived sialyltransferases and sugar-nucleotide
precursors invented by J.C. Paulsen and commercialized by Neose Technologies.
Although these alternatives pose their own challenges in scale ability and enzyme elimi-
nation in the final product, time will reveal whether they provide more cost-effective
methods of manipulating recombinant glycoproteins.
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Genetic Approaches to Recombinant Protein Production
in Mammalian Cells

Peter P. Mueller, Dagmar Wirth, Jacqueline Unsinger, and Hansjorg Hauser

1. Control of Gene Expression

Genetically engineered mammalian cells play an essential role in many processes,
from basic research to high-throughput screening and pharmaceutical protein produc-
tion. In basic research, mammalian cells serve to study gene function and mechanisms
of regulation. Important health-related applications include drug screening and pro-
duction of secreted, pharmaceutically active proteins. The reason that mammalian cells
are preferred is the close relationship to cells and their products in the human body. In
particular, mammalian cells have the unique capability to authentically process, fold,
and modify secreted human proteins. The resulting products are free of microbial
contaminants, thereby minimizing the risk of immunogenic and inflammatory responses,
respectively. In addition, human-like modifications extend the in vivo lifetime of thera-
peutic proteins. This translates into therapeutic products that are safe and highly active.

However, compared to the alternative cell-culture systems, protein production in
mammalian cells is time-consuming and expensive. Multiple factors affect recombi-
nant protein production in mammalian cells, such as the specific cell line used and the
expression vector, chromosomal integration site, and copy number of the integrated
recombinant gene, selection procedures, cell-culture conditions, and medium employed (/).

A standard recombinant protein production strategy is to first choose a suitable pro-
ducer-cell line. Then, the DNA carrying the gene of interest and a selection marker
gene are transfected into the host cells. Only a small minority of the transfected cells
will integrate the recombinant DNA into the genome. Cells that express the selection
marker grow and form clones under appropriate conditions, whereas untransfected cells
are eliminated. However, there is little correlation between selection-marker gene
expression and the expression level of the gene of interest. The productivity of newly
isolated clones is unpredictable, variable, and usually modest. Since the optimal pro-
ducer clones are generally not those with the highest initial productivity, a large num-
ber of clones must be screened and characterized further. Limitations may occur at
various levels within a producer-cell clone, including transcriptional silencing, ineffi-
cient or aberrant mRNA processing, instability of the recombinant mRNA, low transla-
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tional efficiency, and bottlenecks in post-translational modifications and in secretion.
In addition, mammalian cells are fragile, they grow slowly, and require complex media
and sophisticated fermentation setups for the production process. Because of the lim-
ited maximal cell densities achieved, the overall production is one or more orders of
magnitude below values achieved with bacterial, fungal, or insect cell systems. For
these reasons, sophisticated vector design and elaborate producer-cell adaptation and
optimization procedures are used to improve process productivity.

Interestingly, in their native environment highly specialized cells represent the most
efficient mammalian expression systems known in the body, such as B-globin synthe-
sis in erythroblasts or immunoglobulin secretion by B-cells. Understanding the prin-
ciples of gene expression in such cells could lead to recombinant cell lines with superior
production properties.

1.1. Vector Design

Generally, mammalian expression vectors are circular shuttle plasmid vectors (Fig. 1).
Such plasmids usually carry a mammalian gene-expression cassette and an optional
mammalian selection-marker gene. Alternatively, a mammalian selection marker can
be provided on a second plasmid that is co-transfected with the expression construct.
Since standard transfection protocols result in the integration of multiple copies of the
transfected DNA into the mammalian genome, the frequent co-integration of the
expression construct and at least one copy of a drug-resistant gene results in the selec-
tion of mostly producer cells in the presence of the drug. To facilitate vector DNA
preparation, an origin of replication and a bacterial selection marker gene allow for the
propagation and selection of these plasmids in E. coli.

In most cases, the expression of the gene of interest is driven by strong constitu-
tive viral or cellular promoters, such as the cytomegalovirus (CMV) promoter or the
translation elongation factor EF2a gene promoter. Mammalian promoters are gener-
ally extremely complex, but contain two basic parts, enhancer sequences and a mini-
mal promoter sequence (Fig. 1). Enhancers often contain repeated sequences that are
binding sites for transcriptional activators, whose position relative to the transcrip-
tion start site can be surprisingly variable, and can even function downstream of the
transcribed region. The minimal promoter sequence binds factors of the basic RNA
polymerase II-dependent transcriptional machinery and determines the transcrip-
tional start site. In practice, natural promoters are much more complex, and the inter-
actions and contributions of the various transcriptional elements have rarely been
investigated in detail. However, the composite nature of mammalian promoters
allows construction or adaptation for special purposes. In particular, for regulated
gene expression, enhancer elements of the CMV promoter can be replaced by bind-
ing sites for recombinant or regulated transcription activators such as binding sites
for the tetracycline-regulated transactivator. In addition, cell-specific enhancers can
even be added downstream of the transcription unit to increase expression in the cell
line of interest. Immediately downstream of the promoter, multiple unique restric-
tion endonuclease recognition sequences (multiple cloning site) allow the insertion
of the reading frame of interest.

Most mammalian genes contain introns. For recombinant gene expression, the much
shorter minimal protein coding sequences that are derived from reverse transcription of
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Fig. 1. Typical components of a basic expression vector. An enhancer (E) consisting of
multiple transcriptional activator binding sites is a major determinant of the transcriptional
activity. The minimal promoter element (P) frequently contains a conserved sequence element
(TATA box) that constitutes a binding site for the RNA polymerase II transcription factor TBP
and determines the transcription initiation site (arrow). Transcription of the reading frame of
the gene of interest (GOI) is terminated by an mRNA precursor cleavage site and poly(A)
addition signal (T) that defines the 3' end of the mRNA. Optionally, the vector may carry a
second transcription unit encoding a mammalian selection gene. A bacterial origin of replica-
tion and an antibiotic resistance selection gene facilitate DNA manipulations, cloning, and
plasmid DNA preparation in E. coli.

mature intronless mRNA (cDNA) are often used. However, introns and splice sites are
also recognition sites for proteins that facilitate the mRNA export from the nucleus.
Therefore, some expression constructs that contain a natural or artificial intron are
more efficiently expressed than an intronless version of the same gene. Further
improvement of gene expression can sometimes be achieved by replacing unfavorable
secondary RNA structures and upstream initiation codons in the 5' noncoding region
with a favorable unstructured 5' mRNA with an optimal consensus initiation sequence
(2), or by removing mRNA destabilizing sequences downstream of the protein coding
region that are present in many relevant cytokine mRNAs. To avoid the generation of
unstable transcripts, the protein-coding region must be followed by a cleavage and
poly(A) tail addition site. This appears to be a somewhat less critical choice than pro-
moter selection, and there are various efficient poly(A) addition sites available that are
currently used.

1.2. Regulated Gene Expression

Regulated promoters can be used to restrict recombinant gene expression of toxic or
growth-inhibitory products to the final production phase, in which further cell growth
is no longer essential. Many such regulatory systems are available that respond to spe-
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cific medium additives or to growth conditions. One major goal is to achieve efficient
expression under inducing conditions while keeping basal expression low in the
noninduced state. Presently, the most popular system for this purpose consists of two
elements, a chimeric transactivator protein and a DNA construct containing an induc-
ible promoter with multiple transactivator binding sites (3). The transactivator tTA
comprises the DNA-binding domain of the prokaryotic tetracycline repressor protein
fused to a eukaryotic transcriptional-activating domain. In the original construct, DNA-
binding of the tTA transactivator is prevented in the presence of tetracycline. When
tetracycline is omitted, the tTA protein binds to the cognate promoter and efficiently
activates transcription. The system has been developed to such a high degree of sophis-
tication that it is the method of choice for regulated expression. In some cell lines, very
high transcription rates have been achieved, as well as ranges of expression spanning
five orders of magnitude (3). In addition to the tetracycline-repressed transactivator, an
inverse system that is tetracycline-inducible has been developed (4). The level of the
transactivator protein present in the cell plays a major role in the transcriptional activ-
ity of the tetracycline-dependent promoter. A number of such cell lines expressing
tetracycline-regulated transactivators as well as the tTA-dependent promoter system
are commercially available (Tet-On™/Tet-Off™; Clontech).

Another development of the tTA system are autoregulatory expression systems in
which both, the gene of interest and the transactivator are expressed from the tTA-
dependent promoter. Low basal levels of transactivator gene expression allow self-
amplified activation upon withdrawal of tetracycline. In addition, tTA overexpression
can negatively affect the cell growth rate or even reduce cell viability. An advantage of
autoregulation is that tTA-expression and its potentially toxic side effects are restricted
to the time of induction. Furthermore, the autoregulatory cassettes can be expressed in
a tissue-independent manner (5). Because of the necessary minimal basal expression
level in the repressed state, autoregulatory expression units cannot be applied for
expression of highly toxic proteins, which are lethal even if expressed in minimal
amounts. Autoregulatory expression cassettes based on modified bidirectional tTA-
dependent promoters have been established (6-8).

A related streptogramin-regulated system is available, which can be used as an
alternative to the tetracycline system or in tandem with the same cells to regulate
the expression of two different products independently (9). Another type of regu-
lated expression system that is widely used is steroid hormone-receptor-responsive
transactivators. Hormone-dependent transcription activators have been constructed
by fusing hormone-binding domains of steroid receptors to DNA-binding domains
of unrelated heterologous proteins (/0). DNA-binding domains from the yeast Sac-
charomyces cerevisiae Gal4 protein have been used in combination with the hor-
mone-binding domain of the mammalian estrogen receptor, which can be induced
by estradiol (/7). Analogously, a progesterone-receptor fusion protein that can be
activated by RU 486 at concentrations much lower than those required for
antiprogesterone activity (/2,13) and a system based on the heterodimeric insect
ecdyson receptor can be induced by the synthetic ecdysteroid compound known as
ponasterone A (/4). In the absence of hormone, the receptors form an inactive com-
plex with heat-shock proteins. Ligand addition induces DNA-binding and transcrip-
tional activation of the target promoters.



Recombinant Protein Production 25

2. Dominant Role of the Chromosomal State in Gene Expression

2.1. Influence of Position and Gene Copy Number
on Number on Transcription Levels

Transcription is the first step of recombinant gene expression, and has remained a
focal point of interest. Most current applications make use of cell lines with recombi-
nant genes stably integrated into the genome of a host cell under the control of a strong
cellular or viral promoter (/5). Some of these viral promoters, including the CMV
promoter (16), can be used in different cell lines for high-level protein expression, but
their transcriptional activity varies depending on the cellular levels of the relevant
transcription factors, on the copy number of the integrated DNA, and on the integration site.

DNA in the cell nucleus is organized in chromatin that determines the transcrip-
tional capacity of a particular chromosomal region to a large degree. Chromatin con-
sists of DNA that is wrapped around histones, forming the so-called nucleosomes.
Chromatin can condense into higher-order structures, resulting in tightly packed DNA-
histone complexes that prevent access to transcription factors, producing inactive genes.
The accessibility of chromatin to transcription factors is determined to a large degree
by its acetylation status. Histone acetylation leads to a net increase in negative charges
and is believed to loosen the histone-DNA interactions, thereby facilitating access to
activating transcription factors. The acetylation status is determined by the antago-
nistic activities of histone acetyltransferases (acetylases) and histone deacetylases.
Sequence-specific DNA-binding transcriptional activating proteins frequently recruit
histone acetylases, whereas transcriptional repressors and silencers recruit histone
deacetylases. The effects of these enzymes can be localized to a few nucleosomes, and
can be specific for a given promoter. However, the acetylation status can spread from
so-called locus control regions (LCR) over an entire chromatin domain and can affect
multiple genes simultaneously. Further spreading is believed to be prevented by spe-
cialized DNA regions, such as insulator sequences (/7) or AT-rich nuclear scaffold/
matrix attachment regions, (S/MAR) elements (/8) (compare Table 1).

Several strategies to maximize gene expression at the transcriptional level aim to
increase histone acetylation. Expression vectors have been constructed that carry S/MAR
elements to specifically protect the insert from negative influences of the surrounding
chromatin at the integration site (/8). Alternatively, cell-culture medium additions of
deacetylase inhibitors such as butyrate can increase recombinant gene expression by
enhancing the overall level of histone acetylation (24).

Aside from the chromosomal integration site, the copy number of the inserted gene
can have a significant influence on the expression characteristics. On average, higher
gene copy numbers correlate with higher expression levels. However, when individual
clones are compared, this correlation breaks down, because of the drastic differences in
the expression level of individual clones. Also, there appear to be cellular mechanisms
that recognize repeated sequences and preferentially inactivate them transcriptionally
in the absence of selection pressure, resulting in a gradual decrease in specific produc-
tivity. Thus, in some applications, stable expression from single or low gene copy num-
bers is preferred. Alternatively, recombinant protein overexpression in the most widely
used Chinese Hamster Ovary cells (CHO) is achieved by gene amplification. To obtain
such cell lines, an amplification marker—usually the dihydrofolate reductase gene
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Table 1

DNA Elements That Can Affect Promoter Activity

Epigenetic

element Description Reference

Enhancer Increases transcription of nearby promoters (19)

Silencer Reduces transcription of nearby promoters (20)

Scaffold/matrix Anchoring of DNA to the nuclear scaffold; structural (18,21)
attached region boundaries of chromatin

Insulator Boundary element, blocks enhancer and silencer action (17, 22)

Locus control Dominant activating sequence that confers position (23)
region (LCR) and copy number-dependent expression on a

linked gene

(DHFR)—is cotransfected together with the gene of interest. Resistant cell clones that
first have low expression levels of both the gene of interest and DHFR are successively
selected for increasing resistance to the amplification drug (methotrexate). This is often
caused by an increase in the copy number (amplification) of a chromosomal domain
containing the amplification marker gene and the gene of interest (25,26). The expres-
sion level of both heterologous genes increases with the domain copy number present
in the genome. This procedure to isolate high copy number clones is extremely time-
consuming. The initial expression level is not meaningful, and amplifiable clones can-
not be identified in any other way. Therefore, a large number of clones must be handled
initially, and the entire procedure to obtain a final producer strain may involve a period
of several months to years. Because of the unstable expression characteristics, the cells
must be cultivated under constant selection pressure. However, the presence of toxic
substances in the final production process is generally omitted because of difficulties
with the disposal of large volumes of toxic waste. Therefore, gene amplification using
methotrexate is preferentially used in limited batch processes. Selection marker genes
such as glutamine synthetase are used for continuous production processes by using
nontoxic glutamine-free selection medium instead of methionine sulphoximine-con-
taining medium. Depending on the particular product, final expression levels in CHO
cells in the range of 10-100 pg/cell/d are generally considered satisfactory, although
higher titers have been reported (27).

A major drawback of isolating stable, inducible, or constitutive high-level producer-
cell lines is usually a time-consuming selection procedure. In order to facilitate isola-
tion of high-producing cell clones with desirable characteristics, a number of alternative
techniques have been developed.

2.2. Controlled and Targeted Chromosomal
Integration Expression Strategies

Although producer cells with multiple copies of the transgene often yield large
amounts of the protein, the genetic instability of these multimeric cassettes requires
continuous growth in the presence of the respective selection drug. Selected cell clones
carrying a single copy of the transgene can overcome the problem of instability without
a loss in productivity. However, high screening efforts usually must be made in order
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to isolate appropriate clones. The novel strategies discussed in the following section
provide a means to overcome this problem.

Generally, transgenes expressed from ectopic chromosomal sites are subjected to
position-dependent expression phenomena. Such epigenetic features usually arise
through local modifications by chromatin structure that generally result from interac-
tions between the transgene and chromatin at the site of integration. In some circum-
stances, this process can be bidirectional, so that the transgene changes expression
from the endogenous gene at the site of integration. Numerous experiments using
transgenic animals have confirmed the complexity of this epigenetic influence on gene
expression, and have shown that some genomic sites develop very complex interac-
tions and others are essentially neutral, allowing a transgene to be expressed according
to patterns seen at the natural chromosomal locus. In recent years, a number of chro-
mosomal elements have been identified that are capable of influencing the expression
of a transduced gene (Table 1). However, currently no efficient protocols exist to use
these elements for efficient protection of a transduced gene from influences mediated
by the nature of the integration site.

Nevertheless, many examples from practical applications show that single-copy
integration of a transgene can lead to high and stable expression. This proves that
favorable chromosomal sites exist in the genome of currently used production cell lines.
However, to identify such high-expressing cell clones, a substantial effort is required.
The major recurring task for every gene of interest is the time-consuming screening for
appropriate levels of expression and stability followed by validation procedures.

Consequently, in recent years, efforts have been made in order to reuse one of the
rare sites on the chromosome that allow high and stable gene expression from a single
integrated gene copy. Classically, the specific targeting of a transgene to a predeter-
mined chromosomal site can be achieved by homologous recombination. However,
this method requires a detailed characterization of the bordering fragments and long
stretches (~5 kb) of flanking DNA must be available to construct the recombination
vector. In addition, the frequency of recombination also varies with the accessibility of
the integration site, and appropriate selection strategies are required. Although this
technique is routinely applied in murine ES cells for the establishment of transgenic
mice, the method is hardly feasible for transformed cell lines used for biotechnological
purposes. This is because in the latter cells, homologous recombination is masked by
the more frequently occurring illegitimate recombination events that result in a random
integration of the respective transgene (28).

New perspectives have been reached by application of the sequence-specific
recombinases Cre or Flp in mammalian cell lines (29,30). These enzymes are derived
from bacteriophage P1 and yeast, respectively, and mediate site-specific recombina-
tion between short recombination targets, so-called loxP (for Cre) and FRT sites (for
Flp). These recombination targets consist of two inverted 13-basepair (bp) repeats
flanking an 8-bp spacer element. In the FRT sites, a third inverted repeat is present.
The recombinases bind to the inverted repeat elements and perform cleavage and
religation of the spacer region. Elements flanked by two correspondingly orientated
loxP or FRT sites are efficiently excised by the respective recombinase (Fig. 2A). Gen-
erally, these enzymes are also capable of catalyzing the backward reaction, which cor-
responds to a site-specific integration into a loxP or FRT tagged chromosomal
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integration site. However, in this simple design, this method has not found a broad
application. This is because the excision reaction is much more favored over specific
integration both for thermodynamic and kinetic reasons: as soon as the integrated state
is formed, it will be readily excised again in the presence of residual amounts of the
recombinase. As a result, the intermediate integrated state cannot be fixed. Certain
strategies restrict the action of the recombinase, either by expressing it in a timely
restricted fashion (37,32) and/or by using (hormone-) activatable fusions (33,34), yet
could not significantly improve this application.

To overcome these limitations, a sophisticated version of this site-specific recombi-
nation strategy has been developed. This advanced strategy is based on sets of two
heterospecific recombination target sites (spacer mutants). These target sites can recom-
bine efficiently with homologous counterparts, but do not recombine heterospecifically.
Such mutants have been developed for the Flp/FRT system (35). Corresponding mutants
for loxP have been developed, yet have not been shown to provide similar specificity
(36). Thus, an expression cassette flanked with a set of heterospecific mutants cannot
be excised, and is stable even in the presence of the recombinase (Fig. 2B). However,
such a cassette can be precisely exchanged for a novel cassette flanked with corre-
sponding recombination target sites. Through application of a negative selection strategy
(e.g., thymidine kinase) to eliminate cells which have not undergone recombination,
cells with successful targeted exchange can be isolated (37,38).

The efficiency of this approach can be further improved by combining the
heterospecific FRT sites with a highly effective selection procedure for correct cassette
replacement (39). Thereby, the efficiency of targeted exchange is 90-100%, which
reduces screening to a minimum. This strategy is based on an initiation codon-deficient
drug-resistance marker, which can only be complemented by site-specific in-frame inte-
gration of the initiator codon (Fig. 2C). Only cells that have recombined precisely
become drug-resistant. Most importantly, this technique has shown that the prediction
of expression levels of a targeted transgene is feasible as long as the basic structure of
the expression cassette is maintained (40,41).

In summary, these advanced recombination-based techniques should now allow for
a more rapid production of a new product. Integration sites with the desired expression
properties are first screened using a reporter cassette flanked by heterospecific recom-
bination target sites. Selected integration sites of choice are then efficiently targeted
with the expression cassette of choice through a standardized process. The cultivation
procedures developed for one such cell line could be applied to diverse products. Since
all parameters except for the product gene are conserved, this would also greatly facili-
tate the approval of novel producer-cell lines by the regulatory authorities.

3. Co-Expression of Multiple Genes

Current applications in mammalian cell culture increasingly require the defined
co-expression of different genes (42). Four typical applications are described here:
(i) Co-expression of a selectable marker together with the protein of interest, which is
routinely used to establish stable cell lines. For industrial applications, overexpression
of a recombinant protein in Chinese Hamster Ovary (CHO) cells is achieved by gene
amplification (see Subheading 2.1.). (ii) Defined but unequal expression. Some appli-
cations require that the protein of interest is expressed at a much higher level than the
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selectable marker. If a defined relationship of co-expression of both genes can be
adjusted, cells that are resistant to the respective selective drug will produce the protein
of interest at levels which cannot be below a critical threshold required for survival in
the presence of the respective drug concentrations. (iii) Equivalent expression: expres-
sion of genes at a one-to-one ratio. Subunits of heteromultimeric protein complexes
need to be synthesized in equal amounts. Examples are cytokine receptors, antibodies,
or other di- or trimeric proteins. An additional application involves the co-expression
at similar amounts of several enzymes that form a metabolic pathway. (iv) Quantitation
of a protein for which no satisfactory assay method is available. If a strict coupling of
expression of a reporter gene and the gene of interest is achieved [compare (ii)], a
calibration for reporter and product level can indirectly determine the quantity of the
protein of interest.

In nature, multiple levels of regulatory mechanisms ensure stoichiometric expres-
sion of genes in mammalian cells. Transcription, post-transcriptional processing,
mRNA transport, stability, and translational efficiency adjust the correct levels of the
synthesized proteins. A simulation of these events for genetic manipulation of cells
would imply coordinated engineering efforts of all crucial steps. With the current tech-
niques, this type of co-expression is nearly impossible to achieve. The currently
applied methods for co-expression are summarized in Fig. 3.

3.1. IRES-Mediated Initiation of Translation

Although reinitiation of ribosomes is generally inefficient, internal ribosomal entry
sites (IRES)-mediated internal initiation can be as efficient, or in rare cases even more
efficient than cap-dependent initiation. Therefore, IRES elements are the method of
choice to co-express multiple reading frames (43).

IRES have been identified in viral and cellular eukaryotic mRNAs. Most currently
well defined IRES elements are present in the 5' untranslated regions (5' UTR) of
mRNAs and range from about 200—1300 nucleotides.

The type of IRES element used and its efficiency are of major importance for appli-
cations in expression vectors. The currently used classification of IRES elements is
based on the picornaviral IRES classification (44,45), which relies on the position of
the initiation codon relative to the IRES element and additional downstream sequence
requirements. Type I IRES elements include the Polio virus IRES element (46) and all
cellular IRES elements characterized thus far. Type I IRES elements can be located at
a variable distance from the downstream reading frame, and can be as far as 50-100
nucleotides upstream of the initiation codon. Type II IRES elements are characterized
by the strict position requirements for the initiation codon at the 3' boundary of the
IRES (47). Encephalomyocarditis virus (EMCV) (48) is regarded as a prototype for
class Il elements. In type III IRES elements, the initiation codon position requirements
are similar to type II IRES. However, additional sequences that are important for IRES
function are located in the downstream coding sequence. The prototype of type III
IRES is represented by the Hepatitis C virus (HCV) IRES.

A highly efficient cellular type I IRES element has been identified that shows a
higher relative activity in various cell lines than picornaviral IRES elements (49). Cel-
lular elements were discovered much later than the viral IRES, and presumably for this
reason they are currently not used in such a broad range of applications as the viral
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Fig. 3. Strategies for construction of polyvalent vectors (adapted from ref. 42). Cassettes for
the expression of two different genes (open and black boxes) under the control of unidirectional
or bidirectional promoters (striped boxes) are shown. Arrows symbolize transcription starts,
and filled circles depict polyadenylation sites. The filled oval symbolizes an IRES element.
Vector sequences are drawn as black lines. A simple way to obtain co-expression of two pro-
teins is to transfect cells with two independent constructs (A) or by introducing a single vector
harboring two discrete expression cassettes (B). The first approach is often limited by the inef-
ficiency and unpredictability of cotransfection. Another method relies on bidirectional promot-
ers (C). Although this method is currently not in common use, it opens a new level of
co-expression technology. The methods depicted from A to C suffer from the fact that even
if the same promoter strength is given, the two transcripts may significantly differ because of
variations in processing, half-life time, and translational efficiency of the mRNA. Di- and poly-
cistronic mRNAS can be constructed by using internal ribosomal entry sites (IRES) that allow
the co-expression from a single mRNA (D). In this way, variable expression ratios resulting
from unpredictable transcription efficiencies of separate expression cassettes are circumvented.
Finally, for special applications, fusion proteins provide the strictest coupling of two protein
functions (E). However, for various reasons, this is often not possible.

ones. The use of various IRES elements facilitates the construction of multicistronic
vectors with more than two reading frames by avoiding the potential for genetically
unstable repeated insertion of identical IRES sequences.

Artificial IRES elements have been developed. A 9-nt segment of a cellular mRNA
functions as an IRES, and when present in linked multiple copies, efficiently directs
internal initiation (50).

3.2. Polycistronic Vectors

Many commercially available dicistronic expression cassettes harbor a selectable
marker or a reporter gene 3' of an IRES element and a multiple cloning site (MCS) for
the insertion of the gene of interest. These cassettes are transcriptionally initiated by a
promoter/enhancer for cap-dependent expression of the first cistron, followed by an
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IRES element to permit translation of the second cistron and also provide a polyadenylation
site at the 3' end. The insertion of genes into such vectors is straightforward but it is
difficult to replace the second cistron by other genes needed.

Vectors or vector systems that allow the construction of di-, tri-, or multicistronic
expression cassettes have been developed. Translation of mRNA that encodes the read-
ing frames occurs upon cap-dependent initiation for the first cistron, and translation
reinitiation of the second and all other downstream cistrons mediated by IRES ele-
ments. In most cases, IRES elements from Polio virus or EMCYV are used (51-57).

Compared to monocistronic mRNAs, dicistronic mRNAs are considerably longer
and more complex. To achieve optimal expression, care must be taken to avoid the
unintentional inclusion of special regulatory sequences such as polyadenylation sig-
nals or mRNA destabilizing elements. The expression level depends not only on the
particular IRES element used, but also on both the sequence and on the order of the
reading frames.

IRES-mediated translation efficiency is highly context-dependent, requiring experi-
mental confirmation of the expression characteristics of each individual vector con-
struct (58). A systematic study of dicistronic vectors expressing two unrelated luciferase
genes from Renilla and firefly, respectively, showed that the presence of the firefly
luciferase in the first cistron has a surprisingly drastic inhibitory effect on internal
initiation. This effect is independent of the promoter and IRES element used, and is ob-
served in several cell lines (59). Therefore the nature of the cistrons and their position-
ing is of key importance for their expression.

Overall, the efficiency of IRES elements can vary considerably, depending on the
particular construct, on the experimental setup, or on the host cell used, and in some cases
is even dependent on the physiological status of the cells. Despite the unquestionable
advantages of multicistronic expression vectors, each individual construct must be tested,
and if necessary, expression levels must be optimized to achieve satisfactory results.

3.3. Bidirectional Promoters

Coordinate expression of two transcription units can be obtained by using bidirec-
tional promoters. Although for viral bidirectional promoters (e.g., SV40 and adenovi-
rus) expression of the divergent transcription units is temporarily controlled in the
course of infection mammalian bidirectional promoters allow simultaneous transcrip-
tion in both directions. Most of the known mammalian bidirectional promoters are
TATA box-deficient, and mediate low-level transcription of housekeeping genes. Gen-
erally, they are asymmetric, and one direction is preferentially transcribed.

The general potential of artificial bidirectional promoters for simultaneous expres-
sion of two genes has been recently shown for the artificial promoter Py;_; (60). This
promoter is derived from a unidirectional tetracycline promoter (3). The promoter is
regulated by a tetracycline-dependent transactivator (see Subheading 1.2.).

The potential of the bidirectional promoter can be substantially extended if it is
combined with polycistronic expression cassettes. Although simple cloning vectors
are not yet available, the advantages of such a vector design are obvious: two coordi-
nately transcribed mRNAs encoding several cistrons can be achieved. Thereby, cer-
tain problems or limitations arising from IRES-mediated translation of certain genes
can be bypassed.
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Applications of IRES elements and bidirectional promoters as outlined here are not
restricted to DNA vectors. The expression cassettes described may be used to construct
viral vectors and by this method, gene-transfer recombinant cells or organisms can be
obtained with much higher efficiency.

4. Viral Vectors

One alternative to the transfection of DNA is the use of viral vector systems. Apart
from an efficient transduction of different cell lines, viral systems offer high-level tran-
sient or stable gene expression, respectively.

A wide variety of viral vectors are used to deliver recombinant genes into mamma-
lian cells, either in vitro (in established immortalized cell culture) for basic and applied
research and particularly in vivo (in animals) and ex vivo (in primary cell cultures) for
gene-therapy purposes. Viruses have developed highly efficient strategies to enter host
cells and to alter the physiology of the host in order to achieve optimal conditions for
viral gene expression.

In general, these viral properties can be used for the expression of a desired recom-
binant gene. For this purpose, certain viral sequences are replaced by the gene of inter-
est. To allow packaging, the deleted viral proteins are offered in trans. Therefore,
so-called packaging or helper cell lines have been constructed that express the missing
viral proteins. The transfer of the recombinant viral vector into a helper-cell line results
in the packaging of the vector into infectious viral particles. The particles are released
from the cell, and can be used for infection. This strategy restricts the amplification of
the virus to the packaging cells. Once the virus has entered the target cell, viral ampli-
fication is not possible because of the lack of viral proteins.

Since the virus species differ within their specific properties, the selection of the
viral system depends on the experimental requirements. One of the major selection
criteria is the requirement of transient or stable expression of the transgene.

4.1. Viral Vectors for Transient Expression

Viral vectors are used for transient gene expression in mammalian cells as an alter-
native to the cumbersome and time-consuming selection procedure of stable cell lines,
because they are more efficient than nonviral transfection strategies for rapid and effi-
cient but limited production of small quantities of recombinant product protein.
Alphaviruses and adenoviruses, the most commonly used systems for transient protein
production, will be discussed in the following section.

4.1.1. Alphaviruses

Alphavirus-derived vectors have been developed for protein production (61), since
they have a broad host range and can even efficiently infect nondividing cells. Semliki
Forest virus (SFV), Sindbis virus (SIN), and several pathogenic encephalitis-produc-
ing viruses are all members of the alpha virus genus (62), which replicates in a large
number of animal hosts ranging from mosquitoes to avian and mammalian species (63).

The typical alphavirus consists of an enveloped nucleocapsid containing a single-
stranded, positive-polarity RNA genome of approx 12,000 nucleotides that is capped at
the 5' end and polyadenylated at the 3' end. The RNA consists of two expression units
with an internal promoter that mediates transcription of a subgenomic mRNA. The



34 Mueller et al.

viral structural genes encoded by the subgenomic transcription unit can be replaced by
the gene of interest. The alphaviral genomic mRNA encodes its own replicase. The
replicase mediates the replication of the plus-strand genome into full-length minus
strands, which efficiently produce both new genomic and subgenomic RNAs that
encode for viral proteins. Natural alphavirus gene expression and replication results in
cell lysis caused by the avalanche-like amplification of the genomic mRNA. Replica-
tion of alphavirus-based systems is extremely efficient, leading to approx 10° new viri-
ons per cell. In this manner, the host’s own translational machinery is used.

This replication efficiency has been utilized for the development of RNA- and DNA-
based expression systems for the production of recombinant proteins in eukaryotic cells.
(61,62,64-68).

Expression vectors have been developed from SFV, SIN, and Venezuelan Equine
Encephalitis virus (VEE). Since the alphaviral genome consists of a positive single-
stranded RNA, the alphaviral RNA vector can be delivered directly either as naked
RNA, as naked DNA, or as viral particles (Fig. 4). In all cases, high-level expression of
the heterologous proteins is obtained. For virus production, the alphaviral recombinant
RNA is cotransfected with a helper vector. High viral titers of approx 10°~10'° per mL
can be produced.

Since the large-scale production of RNA in vitro is expensive, a strategy where DNA
as vector is used have been developed (Fig. 4c) (69-71). In this system, the full-length
recombinant alphaviral cDNA under control of an eukaryotic promoter is delivered
directly to the cell by conventional DNA transfection. In the cell nucleus, the complete
transferred unit is transcribed into RNA and transported to the cytoplasm. Translation
of the RNA results in the production of the viral replicase, which initiates the replica-
tion of the entire molecule (see ref. 65).

Alphavirus vectors have been used to express proteins for many different purposes,
including large-scale production, protein characterization, and functional studies. In
addition, alphavirus vectors can also be used for gene delivery in vivo with potential
applications in vaccination and gene therapy (72). One disadvantage is that for every
production cycle of the gene of interest, DNA or viruses must be newly transferred.

4.1.2. Adenoviruses

Adenoviral transfer systems allow easy production and concentration to high viral
titers (up to 10'? colony-forming units [CFU]/mL), a high level of transgene expres-
sion and a broad host range. Various cell types, including nondividing cells, can be
infected. However, because of the lack of stable integration of the DNA, expression is
only transient in proliferating cells, whereas in nonproliferating cells the genome per-
sists as an episome and continues to express for a longer period of time.

Adenoviruses are nonenveloped viruses with a double-stranded DNA genome of
36 kb. Viral replication occurs within the nucleus of the cell, without integration into
the host DNA. Immediately after infection, the early viral genes (E1 to E4) are
expressed, producing polypeptides that are important for regulation of gene expres-
sion, replication, and the inhibition of cellular apoptosis. Activation of the late genes
results in expression of polypeptides required for encapsidation of the virus. At the end
of the replication cycle, viruses are released by cell lysis (see ref. 73).

Of many strains of adenoviruses, only strains 5 and 2 from the subgroup C (74) have
been predominantly used to make vectors.
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Fig. 4. Strategies of recombinant protein production using alphaviral vectors (adapted from
ref. 72). (A) Recombinant gene transferred by infection. The virus infects the cell by receptor-
mediated endocytosis and the recombinant RNA that serves as mRNA is released and trans-
lated into the viral replicase. The replicase produces new full-length RNAs via a negative-strand
template, which in turn serves as a template for the translation of the recombinant gene. (B)
Plasmid DNA can be used for in vitro transcription of the viral mRNA, which is then trans-
ported directly to the cells. (C) An alternative is the transduction of a plasmid vector containing
the viral replicase (REP) and the gene of interest. After transcription, recombinant viral RNA is
transferred to the cytoplasm and amplified by the viral replicase and the gene product is translated.

Within the first-generation adenoviral vector, the E1 and E3 genes important for
the activation of the viral early genes and for modulation of the immune response are
replaced by the gene of interest. This leads to an insertion capacity of up to 8 kb. The
E1/E3 replication-defective virus can be propagated in a cell line that complements E1,
such as the human embryonic kidney-cell line 293 (Fig. 5). The transgene can be cloned
into an adenoviral vector by recombination of a shuttle plasmid that contains the gene
of interest and a second plasmid containing essentially the entire adenoviral genome in
a circular form (75), or by using a cosmid system.

More recently, defective adenovirus vectors were constructed in which all viral cod-
ing regions were removed, leaving only the inverted terminal repeats (ITR), the
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Fig. 5. Recombinant adenoviral vector production. The recombinant adenoviral vector is
transferred to the complementing helper cell by conventional DNA transfection. In the course
of viral amplification, the helper cells (often human embryonic kidney cell line 293) are lysed
and the recombinant virus is harvested. After infection of a specific target cell, the linear DNA
is transported to the nucleus and associated with the nuclear matrix. Because of the lack of
chromosomal integration, expression of the transgene is only transient and decreases with the
proliferation of the target cells.

transgene and the psi packaging sequences in these “gutless” vectors. Approximately
28 kb can be inserted. Such adenoviral vectors were successfully utilized for the expres-
sion of full-length genes such as the dystrophin gene and the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene (76,77). Since the production of gutless
vectors depends on the co-expression of a helpervirus, strategies must be employed to
separate both the helper and the recombinant virus carrying the transgene.

4.2. Viral Vectors for Stable Expression

A cell line that stably expresses a particular protein of interest is required in order to
study the function of a given gene product or to continuously produce huge amounts of
a biologically active protein. For this purpose, the retroviral transfer is a powerful tool.
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4.2.1. Retroviruses

Retroviral vectors are effective transfer systems whenever stable introduction of
foreign genes into target cells is needed. Recombinant retroviruses are efficiently used
for the analysis of cDNA libraries (78). Expression cloning is a powerful tool to isolate
a cDNA of interest. Alternative techniques are based on transient expression of cDNA
libraries in CHO cells which has obvious limitation in searches for proteins with vari-
ous functions in specialized cell types, since the function of some proteins only become
obvious during long-term expression. In contrast, retroviral gene transfer offers long
term expression in a wide range of target cells, since the delivered transgene stably
integrates into the host genome. This characteristic is also useful for fast and efficient
establishment of target cells for high-throughput screening, and for validation of spe-
cific protein functions.

Retroviruses are RNA viruses that reverse-transcribe their diploid positive-stranded
RNA genome into a double-stranded viral DNA, which is then stably inserted into the
host DNA. Members of this class of RNA viruses are the murine leukemia viruses
(MuLV) and the lentiviruses, which are extensively used for virus vector engineering.
The advantage of the retroviral transfer system is its property of stable integration into
the host genome, which leads to a stable expression of the gene of interest. Addition-
ally, retroviruses possess the ability to infect a broad range of different cell types.
Viral titers of up to 107 infectious particle per mL can be produced for efficient in
vitro gene transfer. Moreover, single integration events can be easily established by
using an appropriate ratio of virus particles and cells to be infected—multiplicity of
infection (MOI). However, MLV-based vectors can only infect proliferating cells,
because they need the breakdown of the nuclear membrane to deliver the preintegra-
tion complex into the cell nucleus.

The retroviral vectors currently mostly used for gene transfer are derived from the
Moloney murine leukemia virus (MoMulV) (see ref. 79). These viruses possess a rela-
tively simple genome consisting of three structural genes—gag, pol, and env—respon-
sible for replication, encapsidation, and infection. They are flanked by the viral
long-terminal repeats (LTR), which are responsible for expression of the viral genome.
By deleting the structural genes, but maintaining the cis-acting elements (LTR and
packaging signal Psi) a space of 8 kb can be replaced by the gene of interest. For the
production of virus, the recombinant vector is transduced into a packaging cell line that
provides the viral proteins in trans. The recombinant viral RNA is packaged into viral
particles and released from the helper cell. Packaging cell lines that yield titers of
greater than 107 infectious viral particles per mL have been developed (80) (Fig. 6).

Because of the design of retroviral vectors and packaging cell lines, the formation of
replication-competent retroviruses (RCRs) is avoided, thereby making this transfer
applicable for various purposes including gene therapy (87,82).

Typically, a selectable marker is co-inserted to isolate stably infected cells. A wide
variety of vector constructions have been described that differ in size, orientation of the
gene, and in the promoters used. In many retroviral vectors, the gene of interest is
controlled by the viral LTR (LTR-based vectors). Additional internal promoters are
used to express a second gene (internal promoter vectors). However, these vectors often
suffer from reduced expression levels as a consequence of promoter interference (83).
An alternative to internal promoters offer the IRES leading to the co-expression of two
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Fig. 6. Recombinant retroviral vector production. The recombinant retroviral DNA vector
carrying the gene of interest is transferred into a helper cell that stably expresses the viral
proteins. The transcribed genomic viral RNA is packaged into viral particles, which are released
from the cell by a budding mechanism. After infection of the target cells the viral RNA genome
is reverse-transcribed into DNA and integrated into the genome of the cell, leading to a stable
expression of the protein.

genes from the LTR (see Chapter 3). A second possibility to circumvent promoter
interferences is the use of retroviral self-inactivating vectors (SIN-vectors). In these
vectors, the viral enhancer elements of the LTRs are deleted in infected cells (84). SIN
vectors are often used for transduction of regulated expression cassettes in order to
reduce activating influences on the regulation properties of the transgene.

4.2.2. Stable Expression from Episomal Vectors

Some efforts have been made to construct vectors that replicate episomally in higher
eukaryotic cells concomitant with the cell cycle. Although the expression of a stable
integrated gene of interest is always influenced by the site of chromosomal integration,
episomal expression offers a more predictable expression behavior (85). A number of
DNA viruses, such as SV40, BPV, or Epstein-Barr virus (EBV) replicate episomally in
mammalian cells. This process depends on both viral transacting factors and accessory
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activities recruited from the host-cell replication machinery. The viruses acquire
centromer function by associating with the host chromosomes. Responsible for the
episomal maintenance is a viral protein (EBNA-1 for EBV; large T-antigen for SV-40)
that serves as replication and transcriptional enhancer.

EBV, as a herpesvirus with a double-stranded DNA genome (165 kb) is engineered
to express large DNA fragments or entire authentic genes, including the native regula-
tory sequences of these genes for efficient gene expression in target cells (86). The
properties of EBNA-1 and oriP were successfully combined with the high and efficient
adenoviral transfer system in order to extend the stability of expression of adenovirally
transduced DNA. Therefore, the efficient adenoviral transfer system is used to deliver
an EBV-based episome. After transduction, the episome is excised, circularized and
thereby activated by the sequence-specific recombinase system Cre-loxP (87). This
technique extends expression time in proliferating cells; a loss of 2-5 % of vector
copies occurs per cell division (88,89)

Another approach to achieve stable expression upon adenoviral gene transfer is the
construction of chimeric adeno-retroviral vectors. The adenoviral part enables the effi-
cient infection of proliferating and nonproliferating cells, whereas the retroviral part
enhances the integration frequency of recombinant chimeric vectors into the genome
of the target cells (90,91). The adenoviral transfer of both the retroviral helper genes
and a recombinant retroviral vector allows effective establishment of virus producers
in situ. Recent developments could show that efficient integration does not require the
retroviral helper genes (97). Adeno-retroviral vectors free of any retroviral helper func-
tion are potent vectors for transduction and integration of regulatable expression cas-
settes (Unsinger, J., unpublished).

5. Metabolic Engineering of Mammalian Cells

The currently available cell lines for biotechnological use do not meet all criteria for
optimal production of the protein of interest. The limitations may be essential for the
quality of the protein or for the production process, yet the latter in turn often influ-
ences product quality. For this chapter, we have selected examples of metabolic engi-
neering to demonstrate the problems and the principles of the current approaches.

5.1. Glycosylation Engineering

Post-translational processes were recognized as metabolic bottlenecks and potential
targets to improve the quality of the products. This modification of a product protein
includes various potentially rate-limiting interactions with proteins in the cytoplasm,
the endoplasmatic reticulum (ER), and in the compartments of the Golgi apparatus. In
many studies of mammalian cells the protein productivity and quality were improved
by augmenting the post-translational capabilities. The major reason for using mamma-
lian cell cultures for pharmaceutical protein production is the human-like
post-translational modifications. Aside from protein processing, protein glycosylation
is of central importance. Complex oligosaccharide side chains are covalently attached
to newly synthesized peptide chains. The majority of secreted protein is glycosylated.
Glycosylation can affect protein solubility, activity, and in vivo lifetime. The immune
system recognizes nonhuman oligosaccharides as foreign, causing inflammatory
and immune responses. For biopharmaceutical manufacture, the absence of sialic
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(neuraminic) acid on the termini of complex carbohydrate structures—which results in
more rapid clearance, as does the presence of high-mannose oligosaccharides—is of
key importance.

N-linked oligosaccharides are transferred initially as a preformed core oligosaccha-
ride from a dolichol lipid to the amide nitrogen of asparagine. In contrast, O-linked
oligosaccharides are built starting with the attachment of N-acetylgalactosamine to the
hydroxyl side chain of a serine or threonine residue. These initial steps are followed by
a series of trimming or addition reactions in the ER and in the Golgi compartments.
Glycoproteins are built up in a complex cascade of sequential, enzyme-catalyzed reac-
tions and intracompartmental transport processes, often with multiple enzymes acting
on common substrates to yield alternative oligosaccharide products (92). The resulting
glycosylation pattern of a protein is heterogeneous, and is highly dependent on mul-
tiple parameters such as primary amino acid sequence and protein conformation.

The glycosylation pattern can be partially altered by changing the culture medium
composition, or by adding precursors, intermediates, or inhibitors of glycosylation
(93). Many of these reagents are toxic, and some alter glycosylation patterns ineffi-
ciently. For optimal glycosylation of therapeutic proteins, the choice of cell line plays
a key role (94). The human cell lines such as the 293 HEK line may be preferred, but
may not be ideal. Producer-cell lines most widely used for pharmaceutical protein
production, e.g., CHO and BHK cells, glycosylate recombinant proteins in a
human-compatible way.

Recombinant-DNA technology for the metabolic engineering of glycosylation of
mammalian cells aims to extend the host’s oligosaccharide-biosynthesis capabilities
by introducing genes that encode heterologous carbohydrate-synthesis enzymes.
Glycosylation engineering strategies predominantly consider enzymes to be respon-
sible for the terminal steps of complex oligosaccharide biosynthesis (95-98). The fol-
lowing strategies are followed for this type of engineering: (i) glycosylation activities
can be increased based either on gene activation or by expression of recombinant
glycosylation genes; (ii) conversely, anti-sense RNA, ribozymes, or and other methods
can be used to block undesirable glycosylation. Several glycosylation enzymes have
been cloned and are available for metabolic engineering. Apart from analytical
approaches, genetic engineering of cell lines aim to achieve more human-like
glycosylation patterns and to improve the degree of terminal sialylation. Thus, CHO
cells do not express a2,6-sialyltransferase (2,6 ST) (99). Recombinant expression of a
2,6-ST gene results in a more human-like glycosylation profile, including both, «2,3-
and a2,6-linked sialic acids (96). Similarly, the glycosylation pattern in BHK cells has
been successfully rendered more human-like by expression of «2,6-sialyltransferase
and 1,3-fucosyltransferase-III genes.

Our understanding of the potential of glycosylation is incomplete. Although some
general concepts have been clarified, important questions remain concerning activity
and other relevant in vivo characteristics of individual glycoforms of a particular pro-
tein. Secreted protein products are a mixture of a number of different yet related
isoforms. For clarification, these are purified and analyzed separately. These data serve
as a basis for a rational engineering approach. Genes for enzymes involved in the
important steps were identified, and are used for directed cell engineering. This pro-
cess is intended to achieve pharmaceutical products with optimal in vivo characteris-
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tics and to understand the involvement of glycoslyation in protein secretion and in the
function of certain glycosylated forms of proteins.

5.2. Controlled Proliferation Technology

The control of cell growth and division is of fundamental importance for multicellu-
lar organisms. In the first developmental phase, cell proliferation is essential for growth
of the organism. After terminal differentiation, the major growth phase is completed.
Then, control of proliferation becomes the dominant aspect of the genetic stability of
higher organisms. Nevertheless, the growth-arrested cells produce and secrete proteins
continuously during their lifetime. This type of regulation is preferable in standard
biotechnological production processes. However, for transformation of these processes,
permanently proliferating animal cells are used. An ideal production process would
include proliferation control to first allow cells to rapidly grow to high cell densities,
followed by a proliferation-inhibited production phase in which the cells devote their
metabolic capability to the formation of a product. Higher productivity of
proliferation-inhibited cells was indeed observed with antibody-producing hybri-
doma cells (100-102).

The first attempt to control cell proliferation by genetic engineering of the BHK cell
line was based on an estrogen-regulated interferon-responsive factor 1 (IRF-1)-estrogen-
receptor fusion (/03-107). IRF-1 is a DNA-binding transcription activator that accumu-
lates in cells in response to interferons and has antiviral, antiproliferative, and anti-tumor
activities (/08—112). Its function as a proliferation inhibitor relies on the induction of
downstream genes (/04,109). Recombinant protein production can be strongly
enhanced in IRF-1-arrested cells, by placing the transcription of the corresponding
gene under the control of an IRF-1-responsive promoter (//3). In addition, expression
of estrogen-responsive IRF-1 in a dicistronic configuration concomitant with the selec-
tion marker stabilizes the growth control in a way that allows several cycles of growth
and growth-arrested states to be performed with the same culture (107,114). Condi-
tions to control cell growth and improve recombinant gene expression were exten-
sively studied in BHK cells (175,117). It was shown that the glycoslyation properties
of the cells are not altered during the growth-inhibition phase (//8).

This genetic growth-control system can be used to facilitate the handling of helper
cell lines in co-culture for cell and tissue engineering.To demonstrate this, the growth-
control system was established in a human stroma feeder cell line. Transient estrogen
exposure was sufficient to reduce cell growth for more than 1 wk. The proliferation-
controlled cells could therefore be co-cultured with hematopoietic stem cells under
conditions that are identical to those used with conventionally irradiation-arrested
stroma cells. Analysis of the proliferation-controlled stroma cells revealed that the rel-
evant characteristics of the parental L88/5 cells have been preserved in the regulated
cell clone (119).

The cyclin-dependent-kinase (cdk) inhibitors p21 and p27, and the tumor-suppressor
gene p53 were used to reversibly arrest CHO cells at the G1-phase of the cell cycle
(120). Overexpression of these genes leads to a prevention of S-phase entry (/20). In
the G1-phase of the cell cycle, cells check their physiological state and can arrest to
repair genetic defects. In CHO cells p217, p27, and p53 were expressed under tetracy-
cline control. Transient expression of p27 leads to growth arrest and gives rise to higher
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specific protein productivity (/20). In contrast, continuous overexpression of p53 leads
to rapid cell death. Because the permanent expression of p2/ is not possible,
tetracycline-regulated expression technology, in which the reporter SEAP and p27 are
co-expressed, was used. With this construct, growth arrest for several weeks and a
significantly higher specific productivity was achieved when compared to control cells
(120). In other examples for controlled proliferation technology based on a p27-encoded
expression unit, CHO cells were blocked in proliferation and reporter-gene expression
was stimulated (/21).

5.3. Apoptosis Engineering

Apoptosis plays a fundamental role in multicellular life. In biotechnological produc-
tion processes, apoptosis is an undesirable phenomenon, Processes are often limited by
rapid cell death in the decline phase of a culture. Some commercially important pro-
duction cell lines are sensitive to apoptosis, particularly hybridoma and myeloma cell
lines (122,123). In other cell lines, proliferation in response to nutrient limitations or
genotoxic stress is blocked and no apoptosis is found. This allows the cells to replenish
their metabolic precursors or repair DNA damage (/24).

Apart from the elimination of nutrient deprivation by feeding strategies, chemical-
medium additives are used to block apoptosis pathways. Suppression of apoptosis in
cell-culture processes is applied to engineer the cells using antiapoptotic genes. Mam-
malian cells were shown to be successfully protected against stress-induced apoptosis
by overexpression survival genes from the bcl-2 (125).

The level of protection varies between different cell types and cell lines and, in most
cases, Bcl-2 overexpression cannot prevent cell death, but it can extend cellular life-
time and lead to increased production (/02,125-127). Attempts to complement the
action of Bcl-2 using concomitant overexpression of the anti-apoptotic genes bag-1,
bel-x; or the adenoviral E1B-19K gene were encouraging and showed that the protec-
tive effects of individual genes were equal or even additive when, for example, Bag-1
and Bcl-2 were co-expressed (/28-131). More recent strategies to prevent apoptosis
concern the inhibition of caspases. These are downstream actors of the programmed
cell death cascade. Using peptide inhibitors and the expression of genes encoding domi-
nant negative caspases, effective inhibition of apoptosis could be observed (/32).
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Protein Expression Using Transgenic Animals

William H. Velander and Kevin E. van Cott

1. Introduction

In general, the need for more economical, abundant, safe, and efficacious supplies
of therapeutic proteins has motivated research and development into the use of
transgenic animals as bioreactors since about 1987. These proteins have traditionally
been derived from human plasma where supply and safety issues have inspired the
development of recombinant versions from mammalian cells. However, a lack of
development and production capacity for recombinant mammalian cell culture has pro-
vided added impetus to use transgenic livestock as sources of these proteins (/). The
use of transgenic animals as bioreactors for human wild-type or genetically engineered
variants of human proteins is one of the most advanced examples of recombinant biol-
ogy because it must achieve the biosynthesis of a protein both in a temporal and tissue-
specific manner without harming the host animal. The preferred tissue for expression
of the recombinant protein is one that naturally produces and exports high concentra-
tions of protein to enable easy harvesting. In particular, the expression of recombinant
proteins into the milk of transgenic rabbits and livestock has been a central focus of the
transgenic animal bioreactor theme, although expression in urine and blood has been
also studied (2a,b).

Research experience from the last decade has helped to delineate the molecular biol-
ogy needed to obtain tissue-specific and temporal control of expression as well as con-
trol over the level of expression. Progress also has been made toward understanding
the species and tissue-specific limitations of producing biologically active, complex
mammalian proteins at the highest rates of biosynthesis possible in transgenic animals.
As a result of this progress, in 1997 the United States Food and Drug Administration
(USFDA) established a Points to Consider document for production of therapeutics by
transgenic animals (3). These guidelines parallel those concerning safety and efficacy
associated with therapeutics produced from cultured mammalian cells. These issues
revolve around the maintenance of genotypic and phenotypic stability as well as the
specific pathogen-free pedigree of the transgenic animal lineages used for production.
Cell storage banks for semen, embryos, and other tissues that can regenerate a per-
petual supply of the production animals are also addressed. Although no therapeutic
products made by transgenic livestock have yet been approved by the USFDA, several
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products made in the milk of sheep (4), goats (5), and rabbits (6) have advanced to a
phase III stage of human clinical trials. Thus, the initial issues of safety and dose-
dependent response have been favorably established for these particular examples.

The combination of high expression levels that are naturally exported in volumes
that are easily harvested gives milk the potential for dramatically better balance of
economics and abundance than production from mammalian cell culture. This is largely
because of the fact that process purification costs are logarithmically decreased as the
concentration of the target protein is increased. Transgenic livestock can typically make
complex mammalian proteins at over 200-fold higher concentration per time in milk
because of the high epithelial-cell density of the mammary gland, at a rate of synthesis
that is similar to the higher-producing cell types used in recombinant mammalian cell
culture. In addition, the ability to rapidly and cost-effectively add more animals to an
already established milking herd circumvents scale-up lag times associated with add-
ing new mammalian cell-culture production facilities. Although the initial production
of founder transgenic animals can be limiting and expensive, a combination of tech-
niques used for gene delivery in vitro with embryonic-cell cloning has been developed
for livestock to improve the efficiency of making founder transgenic animal lineages.

Post-translational processing leads to the biochemical alteration of a specific amino
acid within the polypeptide backbone, and this intracellular derivatization is termed a
post-translational modification (PTM) (7). Examples of these PTMs include y-carboxy-
lation of glutamic acid, N-linked glycosylation at asparagines (Asn), O-linked
glycosylation at serine or threonine (Ser, Thr), sulfation of tyrosine, phosphorylation
of serine, and proteolytic processing. Many of these modifications are required for
secretion and biological activity of human proteins. Most human therapeutic proteins
have complex PTMs, and therefore cannot be made in genetically engineered bacteria
or yeast because of the primitive post-translational (PT) processing that is present in
these microorganisms (8). More advanced cells types, such as those found in plants and
insects, are also unable to make fully functional recombinant forms of many human
proteins because they lack the appropriate enzymes to make the necessary PTMs of the
recombinant protein (9). Even mammalian cells can vary in their capability to post-
translationally process proteins (/0). Therefore, the choice of a particular animal for
protein production at large scale is then typically evaluated on the optimal combination
of volume needed to satisfy clinical demand and also on the PT processing capability
of the host animal for that protein.

2. Techniques for the Production of Transgenic Animals

Transgenic animals can be made using several different techniques that introduce
the foreign gene (here termed “transgene’) into cells at an early embryonic stage. The
transgene that dictates the primary structure of protein can consist of cDNA, genomic,
or hybrid combinations of cDNA, and genomic sequences called minigenes. In gen-
eral, these DNA constructions can be made using classical gene-cloning techniques,
and are usually excised from the cloning vector, purified, reconstituted in low ionic-
strength buffers, and introduced as linearized instead of circular DNA sequences. The
natural biochemistry of chromosomal maintenance is believed to be the key mecha-
nism for the insertion of foreign DNA. The goal of most DNA delivery techniques is to
be compatible or to encourage chromosomal integration events that produce animals
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with the properties of Mendelian inheritance with respect to the transgene. Outbreed-
ing with nontransgenic animals enables genotypic stability to be more easily studied,
such as detecting transgene insertions on multiple chromosomes as well as unstable
insertions that result in whole or partial transgene deletion from generation to generation.

2.1. Microinjection as a Technique for Producing Transgenic Animals

There are several techniques designed to deliver the transgene and ultimately pro-
duce a viable transgenic embryo. The simplest technique is the introduction of DNA
into the nucleus of a one- or two-celled embryo by microinjection, and then surgically
transfer the embryos to a hormonally synchronized recipient surrogate mother (117).
Microinjection into the pronucleus of a newly fertilized embryo is most often used in
mice, rabbits, pigs, goats, and sheep. The pregnancy frequency resulting from surgi-
cally transferred, microinjected embryos is typically less than 50%, and about 10-30%
of the animals born in mice, rabbits, and pigs are transgenic. Pronuclear microinjection
is most efficient in mice, rabbits and pigs, which have short gestation periods and five
or more offspring per pregnancy. For example, the pig has a gestation of less than 4 mo
and typically has up tol2 piglets in a litter. Thus, there is a good chance of making
transgenic piglets in every litter. In contrast to the pig, microinjection is very ineffi-
cient for species such as the cow, which typically have only one healthy offspring per
pregnancy and have gestation periods of 10 mo (/2).

Common to all gene delivery techniques is the need to have an ample source of
embryos and then to identify the most viable transgenic embryos after gene delivery.
The greatest inefficiency of gene transfer is related to physical damage as well as
developmental asynchrony and retardation that are created from manipulation in vitro.
After gene delivery, the embryo is cultured for a short time to determine viability from
the physical damage caused by the injection needle. For example, about 50% of the
embryos survive microinjection until the two-cell stage (/3). However, at this stage it
is not possible to reliably detect which embryos are transgenic without destroying the
embryo (/4). Further culture to past the morula stage of development (about 8 cells)
decreases embryonic viability. Therefore, one- to four-cell-stage embryos are most
often transferred into a recipient surrogate mother that is hormonally synchronized to
become pregnant without knowledge of which embryos are transgenic. Because the
viability of manipulated embryos is lower than that of unmanipulated embryos, about
threefold more embryos are transferred into the reproductive tract than the number that
would normally occur in vivo during the natural fertilization and uterine impregnation
process. The chief inefficiency of microinjection and other embryonic gene transfer
techniques is the number of viable embryos that must be surgically harvested from
synchronized, and naturally or artificially inseminated donor animals. In addition, it is
estimated that the transgene integration event occurs at a two-cell or later stage in
about 30-60% of all embryos (/4). This results in a nonuniform distribution between
cells of the integrated transgene known as mosaicism. Mosaicism can mask the true
potential expression-level of the transgene and decrease the chance of Mendelian trans-
mission of the transgene to offspring. For example, if only half of the mammary cells
have the integrated transgene, then the expression level will be lower than if the mam-
mary gland were totally uniform in its transgene distribution.
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2.2. Animal Cloning Techniques Used to Produce Transgenic Animals

With respect to the production of transgenic animals for use as bioreactors, the
development of animal cloning techniques has been partly inspired by the low
transgenesis efficiencies (/7). This is further exacerbated in animals such as cows and
sheep that have a small number of offspring per pregnancy. In addition, the desire to
knock-out genes that code for certain endogenous enzymes associated with post-trans-
lational processing and then replace them with genes that code for enzymes that would
exact a more efficient and perhaps more humanized PTM upon the target recombinant
protein. The applications for animal cloning also extend to general livestock improve-
ment (/5) and to humanizing the tissue of pigs for xenograft transplantation (/6). Examples
of replacement genes include those that code for propeptide cleavage enzymes and
certain glycan processing enzymes.

All cloning methods used to achieve transgenesis rely on the establishment of pri-
mary cell lines from embryos, fetal, or somatic tissue with nuclei that have retained the
potential for subsequent progeneration of an animal (/7). Most cloning methods first
screen for transgenesis from tens of thousands of primary cell lineages derived from
embryonic or fetal cells that have been transfected in culture. These primary culture
methods typically yield cell passages of about thirty to forty generations before senes-
cence occurs. Secondary cloning is frequently done from transgenic fetuses to estab-
lish a developmental synchrony, and thus more viable fetuses and born animals as well
as a more stable transgenic genotype from the first clonal lineage. This second-pass
transgenic progenitor cell line is then expanded to provide multiple clones that can be
stored frozen. Electroporation and/or calcium phosphate precipitation is most often
used to introduce DNA into the primary embryonic cell lines used in cloning. How-
ever, a transgenic primary cell line can be established from an existing transgenic ani-
mal made first by microinjection (/8a,b). Retroviral transfection can also be achieved
with reasonable efficiency on cultured cells, but it poses a potential risk because of the
incorporation of viral DNA elements (/7). This method involves limitations in the size
of the transgene that can be packaged into virion particles. Once the transgenic primary
cell lineage is established, the detection and characterization of the transgene can be
easily done in vitro from a sample of the cultured lineage.

Nuclear transfer from genetically stable and outgrown transgenic cells into enucleated
oocytes is then performed to establish a transgenic embryo (/7). Thus, the transfer of
nuclei taken from these established transgenic cell lineages into enucleated oocytes results
in 100% transgenic frequency at the embryonic level. The abundance of recipient oocytes
harvested from slaughterhouse cattle or pigs makes cloning efficient from a donor-cell
perspective. Viable embryos are then selected after further culture, and are usually trans-
ferred at the morula to blastocyst stage into a hormonally synchronized, recipient surro-
gate mother. It is important to note that the animals produced by cloning will be uniformly
transgenic, and the resulting genotype will not be complicated by transgene mosaicism.
In summary, cloning strategies have been combined with DNA delivery techniques so
that virtually 100% of all born animals are stable transgenic lineages.

2.3. Disease Transmission Issues

In an analogous manner to that of classical mammalian cell-culture methods,
transgenic livestock represent a mammalian cell source that can be maintained with a
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specific pathogen-free (SPF) pedigree in the same context as any other mammalian-
cell source for therapeutic proteins. A summary criterion for maintaining any mamma-
lian-cell source with a SPF-pedigree is that the source must be both reliable and safe
from known zoonotically transmissible diseases. In the case of transgenic livestock, a
SPF-pedigree can be maintained by simple restricted access procedures already used in
many high-volume commercial swine facilities. The main concern is contamination of
the SPF herd and facilities with animal diseases carried by visitors who have recently
visited ordinary farms. Thus, a post-farm-visitor quarantine, shower-in only facilities,
and post-shower uniformed employees are recommended operating procedures for
maintaining indoor SPF-conditions. In the case of sheep and cattle, an immunologi-
cally stronger and disease resistant animal may result from outside pasturing, and pigs
have been domesticated for continuous indoor housing. An indefinitely stable and renew-
able supply of these SPF-animals can be insured by frozen storage of embryo and semen.
Embryos and semen provide additional barriers to the transmission of disease, as low
levels of infectivity of most pathogens occur in these cell types.

The presence of pathogens that integrate into the genome of the host mammalian
cell is also of concern in transgenic animals as in cultured mammalian cells (3,19). For
example, the presence of endogenous retroviruses that have integrated into chromo-
somes of the host cell is a risk in the context of all mammalian cells, whether in culture
or in the transgenic tissue of an animal. In particular, porcine retroviruses have been
zoonotically transmitted to cultured human cells (20). However, there are no docu-
mented cases of zoonosis from therapeutics procured from slaughterhouse livestock
such as insulin from bovine or porcine pancreas, Factor VIII from porcine plasma, or
porcine cells and tissues (27). The threat of zoonosis of pathogens with unknown etiol-
ogy—such as with spongiform encephalopathies—has gained worldwide attention, and
some strains of Creutzfeldt-Jakob disease are believed to be closely related and trans-
mitted from eating infected animal tissue (22). This appears to be a species-specific
pathogen, and pigs have been shown to be resistant to infection through dietary chal-
lenge (23). Although the risk of zoonosis is a serious concern for xenograft transplan-
tation of live cells and tissue, there are multiple pathogen inactivation barriers that can
be installed into purification processing, which can yield acceptable pathogen reduc-
tion and inactivation for therapeutic protein products (24).

The effects of expression of recombinant proteins on the health of the host animal
have also been detailed, and in some cases these effects can be adverse. For example,
the expression of high levels of human growth hormone in the mammary gland and
promiscuous expression in other tissues has been shown to cause sterility in females
(25). However, in most cases, expression of recombinant protein has produced no sig-
nificant physiologically adverse effects, even at g/L. levels that noticeably change the
composition of milk. The physiological effects of the expression of high levels of recom-
binant protein are usually studied in transgenic mice before moving on to larger ani-
mals such as livestock.

2.4. Bioreactor Efficiency

Analysis of the main throughput issues of classical mammalian cell-culture
bioreactors reveals that cell densities are too low and there are rate limitations in post-
translational processing and secretory pathways in most cell types. The productivity of
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transgenic livestock bioreactors lies in the secretion of protein by cells at a high density
in the mammary gland tissue into the harvested milk. Annual milk volume that can be
harvested from the pig, sheep, goat, and cow are approx 300, 500, 800, and 8000 L/yr,
respectively (26). The mammary epithelia are at about 10° cells/mL, whereas most
large-scale mammalian cell reactors are about 10° to 107 cells/L. By design, the mam-
mary gland is a tissue that has less restrictive limitations in intracellular secretory path-
ways in terms of proteins secreted into milk. For example, caseins constitute as much
as 30—40 g/L and are the major milk proteins. Most mammalian cell lines secrete com-
plex proteins such as y-carboxylated vitamin K-dependent proteins at less than 1 pg/
cell/d (27). Complex proteins such as recombinant human protein C and fibrinogen
have been made in the 1-5 g/L range, which translates to greater than 10 pg/cell/d (28).
Thus, the mammary gland is also frequently higher in its rate of synthesis on a per-cell
basis than most secretory cells grown in culture.

3. Post-Translational Processing of Complex Proteins
in Transgenic Animals

Transgenic animals can provide a unique source of recombinant proteins with the
equivalent or improved bioactivities relative to native proteins in either replacement or
other therapeutic applications. As is the case for synthesis recombinant proteins in cell
culture, the bioactivities and also in vivo half-life can be highly dependent upon the PT
signature left by the host livestock cell. The heterogeneity of recombinant proteins
produced in transgenic animal bioreactors can be the result of species-specific differ-
ences between the animal’s endogenous PT processing enzymes and the exogenous
human protein substrate, and rate limitations in PTMs as protein secretion rates over-
whelm the cellular PT processing capabilities in the endoplasmic reticulum (ER) and
Golgi. The resultant isoforms may have bioactivities that are equally diverse. Optimi-
zation of any bioreactor requires a thorough knowledge of rate-limiting steps and, in
the case of the transgenic bioreactor, species-specific differences in PT processing in
the mammary gland. Improving the efficiency of PTMs made in the transgenic animal
bioreactors must be accomplished before their potential can be fully realized. By
improving the efficiency of upstream biosynthesis, downstream purification and pro-
cessing will also be greatly facilitated because isoforms may have very different physi-
cal-chemical characteristics that complicate product recovery, and inactive or harmful
(e.g., immunogenic) isoforms will not have to be removed.

The majority of efforts in the field of transgenic animal bioreactors have been dedi-
cated to understanding the molecular biology of inducing high protein-expression lev-
els. Relatively little effort has been dedicated to understanding how the biochemistry
of the mammary epithelial cells impacts PTM processing of an exogenous protein, or
what animal species has the best ability for performing particular PTMs. Here we review
the production of several recombinant proteins in different transgenic animal species,
and comment on two important PTMs—glycosylation and y-carboxylation—which can
dramatically affect biological activity and pharmacokinetics.

3.1. Glycosylation of Recombinant Proteins

Glycosylation affects three-dimensional protein structure, solubility, biological
activity, and circulation half-life (29). The complexity of oligosaccharide composition
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and structure is evident even in native plasma proteins made by the liver that circulate
as a collection of subpopulations of several glycoforms (30). Two glycan linkages
occur: N-linked and O-linked. The consensus peptide sequence for the attachment of
N-linked oligosaccharides is Asn-X-Ser/Thr. There is no consensus sequence for the
attachment of O-linked oligosaccharides at Ser or Thr residues. The formation of
glycosylated structures results from a complex sequence of enzymatic steps in the ER
and Golgi. Briefly, N-linked glycans are generated by initial transfer of a lipid-linked
oligosaccharide (GlesMangGlcNAc,-P-P-Doli) in the ER (317). The oligosaccharides
are trimmed by exoglycosidases in the ER, and further modified in the Golgi by
exoglycosidases and glycosyltransferases. N-linked oligosaccharides are classified as
(1) high mannose; (ii) complex; and (iii) hybrid (Fig. 1). O-linked glycans are generated
by the initial attachment of Gal-NAc to a Ser or Thr residue. Nucleotide sugars are the
substrates for stepwise addition to O-linked glycans. However, unlike the human liver,
recombinant cells such as human kidney 293 cells and mammary epithelial cells tend
to substitute GalNAc for Gal (10).

Proteins with high mannose glycans or with desialylated glycans with terminal Gal
or GalNAc moieties are rapidly cleared from circulation by hepatic cells (3/), and so
the presence of desialylated or high-mannose glycans will result in much higher doses
needed to achieve a therapeutic affect. Thus the biochemistry of PTMs in the mam-
mary epithelial cells can play an equally important role as the overall expression level
in determining the productivity of the transgenic animal. Complicating factors in the
glycosylation of recombinant proteins made in transgenic animals are (i) the species-
specific glycosylation pattern inherent to the animal (37); (ii) the tissue-specific
glycosylation pattern in the mammary epithelial cells, which may differ from hepatic
cells (31); (iii) the potential rate limitations in either the transfer of the core oligosac-
charide in the ER or modifications of the core oligosaccharide made in the ER and
Golgi; and (iv) the potential for changing glycosylation patterns as lactation progresses (32).

There is growing evidence that the species-specific nature of the glycosylation pat-
tern made by mammary epithelial cells on endogenous milk proteins is also imparted
on recombinant proteins. Unfortunately, published reports with detailed glycan struc-
ture and composition data of either recombinant or endogenous milk proteins from
transgenic livestock animal species are still sparse. However, lactoferrin (LF) is an
endogenous milk protein that ubiquitous to the goat, cow, and pig, and its glycosylation
pattern has been characterized across these species (Table 1). The number of potential
glycosylation sites and structures in LF has been shown to be species-specific. The
human contains two sites, the pig contains one site, the cow contains five, and the goat
contains four (33,34). Both goat and bovine LF contained two sites with high-mannose
oligosaccharides only. Human and porcine LF did not contain high-mannose glycans.
Evidence thus far indicates that the mammary epithelial cells of ruminants tend to
incorporate more high mannose glycans on recombinant proteins than the pig. For
example, recombinant protein C made in the milk of transgenic pigs contained only
low-mannose stuctures that were similar to the human plasma-derived protein C
(35a,b). More work is needed to establish whether or not species-specific differences
in glycosylation are significant issues in determining which animal would be the best
bioreactor for a given protein. Thus, the challenge in producing a recombinant glyco-
protein in transgenic animals is to determine whether or not the glycan heterogeneity is
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Fig. 1. Three classes of N-linked oligosaccharides: (a) high-mannose, (b) complex, (¢) hybrid.

Table 1
Summary of Published Glycan Structure and Composition for Recombinant
and Endogenous Milk Proteins from Transgenic Livestock Animals

Source Protein Glycan structure Glycan composition information
Goat Recombinant
ATIII
Asn 96 Complex Fucosylation, monosialylated,
NGNA substitution for NANA
Asn 192 Complex Fucosylation, monosialylated,
NGNA substitution for NANA
Asn 155 High mannose
Recombinant Low NANA, low Gal, GalNAc
LATPA present
Human Endogenous 2 Complex a-1,6 and a-1,3 fucosylation
lactoferrin (no high mannose) no GalNAc
Cow Endogenous 2 High mannose a-1,6 fucosylation
lactoferrin 3 Complex GalNAc substitution for Gal
Pig Endogenous Complex a-1,6 fucosylation
lactoferrin (no high mannose) GalNAc substitution for Gal
Goat Endogenous 2 High-mannose a-1,6 fucosylation
lactoferrin 2 Complex no GalNAc

within satisfactory limits that ensure overall product consistency, safety, and efficacy.
We now present two case studies in which recombinant human plasma glycoproteins
have undergone human clinical trials. These proteins were produced in the milk of
transgenic ruminants (goat and sheep), and we will comment on the glycosylation sig-
nature reported.

3.2. Antithrombin Il

Antithrombin III (ATIII) is a 58-kDa serine protease inhibitor that is synthesized in
the liver and circulates in plasma at a concentration of 170-290 ug/mL (36). ATIII acts
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as an anticoagulant by inhibiting the proteolytic activities of thrombin and Factor Xa.
The activation of ATIII requires interaction with heparin, which causes a conforma-
tional change in ATIII and increases the binding affinity with thrombin. ATIII replace-
ment therapy is indicated for patients with congenital deficiency or transient deficiencies
such as during cardiopulmonary bypass (CPB) surgery (37a,b). Recent reports have
also studied rATIII as an anti-sepsis therapeutic (38). The estimated clinical demand
for ATIII is 75 kg/yr (26). PTMs made to ATIII include three disulfide bridges and the
attachment of four N-linked glycans.

GTC Biotherapeutics is producing rATIII in the milk of transgenic goats using a 3-
casein promoter system. The rATIII expression levels achieved in goats and used for
producing material for clinical trials range between 1.5 and 3.5 g/L over a 300-d lacta-
tion. With an average milk yield of about 2 L/d, and a reported purification yield of
~50%, a single goat can produce about 1.2 kg rATII/yr. GTC was granted orphan drug
status for using rATIII, and it was the first transgenic animal-derived therapeutic that
successfully entered and completed a Phase III clinical trial study (for treating heparin
resistance during CPB surgery). However, before a second Phase III study was com-
pletely finished, GTC decided to stop further rATIII development for economic rea-
sons, and is now pursuing the production of monoclonal antibodies (MAbs) and fusion
proteins (39). Although rATIII may never come to market, one of the most important
results from these trials is that a transgenic animal-derived protein was determined to
be safe and efficacious (40). These results should pave the way for future approval of
therapeutics with larger market demands, such as MAbs.

Edmunds et al. have characterized the glycosylation of rATII produced in goat milk
(41). ATIII is glycosylated at four Asn residues: Asn-96, Asn-135, Asn 155, and Asn
192. In human plasma-derived ATIII (pd-ATIII), the glycans are all complex, and
biantennary, contain no fucoseor GalNAc, and are disialylated (42). Edmunds et al.
found that rATIII produced in goats had a higher level of heterogeneity in glycan struc-
ture than plasma-derived ATIII (Table 1). The major glycans at Asn-96 and Asn-192
were fucosylated, biantennary, and monosialylated. Minor glycans at Asn-96 and Asn-
192 were found to be disialylated, and have NGNA substitution for NANA and GalNAc
substitution for Gal. Glycans at Asn-155 were high mannose, and glycans at Asn-135
could not be characterized. For comparison, monosaccharide composition was reported
for recombinant long-acting tissue plasminogen activator made in goat milk (43).
GalNAc was found in rLA-TPA from goat milk, and NANA content was lower than
expected. Several studies have indicated that ATIII Asn-155 glycan composition and
structure determine heparin affinity (44a,b). The rATIII had a fourfold higher affinity
for heparin than pd-ATIII, which was attributed to lower sialic acid content, especially
at Asn-155. The pharmacokinetics of rATIII was acceptable, with a half-life of about
43 h, which was comparable to some formulations of pd-ATIII (45).

3.3. Alpha-1-Antitrypsin

Alpha-1-antitrypsin (AAT) is a serine protease inhibitor (52 kDa) synthesized in the
liver, which circulates in plasma at a concentration of 1-2.5 mg/mL. The primary tar-
get of AAT is neutrophil elastase, a serine protease stored in neutrophils. Deficiencies
in functional AAT result in liver disease in children and emphysema in adults (46).
Estimated clinical demand for AAT is 5000 kg/yr (26). Plasma-derived AAT (pd-AAT)
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has three N-linked glycans at Asn-46, Asn-83, and Asn-247 (47). Six major glycoforms
of pd-AAT have been recently identified, all containing a heterogeneous mixture of
complex sialylated bi- and tri-antennary sialylated oligosaccharides with varying
degree of fucosylation. Native glycosylation of AAT is required for an adequate circu-
lation half-life (48), but does not appear to affect its anti-elastase activity. Ungly-
cosylated rAAT produced in prokaryotes and hypermannosylated rAAT produced in
yeast retain anti-elastase activity (49a,b).

PPL Therapeutics has generated lines of transgenic sheep that secrete high levels
(up to 35 g/L) of rAAT in milk (50a,b). PPL completed phase II clinical trials for
transgenic-derived rAAT as a treatment for cystic fibrosis (5/). The safety of rAAT
was established, and PPL and Bayer have now joined to enter into Phase III clinical
trials with an aerosol formulation of rAAT. The published data on biochemical char-
acterization of rAAT produced in sheep milk are not as detailed as data for rATIIL.
Details on glycan structure are not reported—only results that demonstrate that all three
N-linked sites are occupied, are removed by treatment with PNGase F (indicating com-
plex glycan structure), and probably have lower sialic acid content than pd-AAT (as
deduced from isoelectric focusing experiments) (52). Carver et al. did report that
approx 10% of rAAT had a post-translational proteolytic cleavage of the first five
amino acids, similar to minor subpopulations of pd-AAT (53).

3.4. Production of Recombinant VKD Proteins in Transgenic Animals

The Vitamin K-dependent (VKD) family of proteins made by the human liver are
important members of the coagulation cascade. VKD proteins are distinguished by
y-carboxylation of glutamate to y-carboxyglutamate (Gla), an enzymatic process
that requires vitamin K as a cofactor (54). Vitamin K-dependent proteins in plasma
include Protein C (PC), Factor IX (FIX), Factor X (FX), Factor VII (FVII), prothrombin
(PT), and Protein S (PS). Protein C is a central anticoagulant, and its annual clinical
demand in the United States to treat sepsis and disseminated intravascular coagulation is
estimated at 100 kg/yr. Factor IX is an important procoagulant and its deficiency causes
Hemophilia B. The worldwide clinical demand for FIX is estimated at 1-2 kg/yr (35b).

A functional Gla domain is required for biological activity-binding of calcium ions
to the Gla domain results in a conformational change that facilitates the VKD protein’s
interaction with the phospholipid membrane of the endothelial cells and platelets (55).
The salient feature of the enzyme system that modifies Glu to Gla is its complex
sequence of redox reactions, which make it difficult to simply add the enzymes to
prokaryotic and lower-order eukaryotic cells. VKD carboxylase is an integral mem-
brane protein in the endoplasmic reticulum (ER) that adds CO, to the y-carbon of
glutamate to convert it to y-carboxyglutamate. Oxygen and reduced vitamin K are
required cofactors for this process. Reduced vitamin K is oxidized to the alkoxide ion
form by the epoxidase domain of the carboxylase enzyme, which is a strong base that
extracts the hydrogen from the y-carbon of glutamate (56). After carboxylation of the
glutamate, the vitamin K epoxide is subsequently reduced by the vitamin K epoxide
reductase system (VKOR) (57). The propeptide is required for y-carboxylation of
plasma proteins, and functions as a binding domain to “dock” the VKD protein with
the carboxylase (58a,b). Subsequent removal of the propeptide is also required prior to
secretion for biological activity (59). The protease PACE/furin, which recognizes pairs
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of basic amino acids, can accomplish this proteolytic cleavage in recombinant produc-
tion systems (60a,b). Carboxylase is a processive enzyme, capable of modifying a num-
ber of glutamates in a single enzyme-substrate-binding event (6/). The clinical demand
for PC and FIX has inspired extensive research into the production of these proteins in
transgenic animals. It appears that the pig is more efficient at y-carboxylation than
other species.

3.5. Protein C and Factor IX—Rate Limitations in y-Carboxylation

Although endogenous milk proteins do not require y-carboxylation of Glu, endog-
enous y-glutamyl carboxylase is expressed in the mammary epithelial cells during lac-
tation, and has avidity for the substrate. However, production of rFIX and rPC in
transgenic animals indicates the existence of rate limitations and species-specific dif-
ferences in y-carboxylation capabilities. By using variations of the mouse WAP pro-
moter and the Protein C transgene (cDNA and genomic), we generated transgenic
mouse and pig lines with daily expression levels ranging from 1 ug/mL to 2 mg/mL
(62a,b,c). In both pigs and mice, the percentage of y-carboxylated rPC was measured
as the percentage of protein that bound to a conformational metal-dependent MAb
directed against the Gla domain (7D7B10) (63). We found that the amount of y-car-
boxylated rPC was inversely proportional to the expression level (Table 2).

Published data also indicate species-specific and substrate-specific differences in
the activity of the animal’s endogenous y-glutamyl carboxylase system for recombi-
nant human VKD proteins. Approximately 44% of rFIX produced in transgenic mouse
milk was recoverable by purification using a Gla-domain specific MAb (Table 1) (64).
We have found that transgenic pigs appear to have greater y-carboxylation efficiency
for rFIX at moderate expression levels (< 200 ug/mL) (65). Transgenic sheep produced
rFIX at very low levels (25 ng/mL), and only 2% of the rFIX was recovered by affinity
chromatography (66). Although the very small amounts of rFIX recovered were bio-
logically active, the overall efficiency of y-carboxylation of sheep cannot be deter-
mined from these data. For comparison, CHO cells were reported to produce 1.5%
fully carboxylated rFIX (67), along with partially and un-carboxylated forms (68).
Thus, porcine mammary epithelial cells appear to have a higher carboxylase activity vs
murine and ovine epithelial cells, and rFIX may be a better substrate for porcine and
murine carboxylase than rPC.

4, Conclusion

Transgenic animal bioreactors have been used to produce many therapeutic recom-
binant proteins in the mammary epithelial cells and to secrete the product into milk.
Mammary epithelial cells are by nature designed for high protein synthesis rates during
lactation, and milk is easily harvested. The combination of efficient mammary-specific
transgene promoters and a high cell density in the mammary gland (~10° cells/mL)
results in high protein production rates, with g/L/h recombinant protein concentrations
now routine. Transgenic animal production also offers the advantage of safety when
compared with donor tissue- or plasma-derived sources. In addition, scale-up of pro-
duction is less expensive than for mammalian cell culture. These characteristics have
made transgenic animals a viable alternative to production of proteins, particularly
plasma proteins and humanized MAbs. Rate limitations and species-specific differ-
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Table 2

Estimated y-Carboxylation Efficiency of Recombinant VKD Proteins Produced in
Transgenic Animals. y-Carboxylation Efficiency is Measured by the Percentage
of Protein that Either Bound to Conformation-Dependent Monoclonal
Antibodies or that was Biologically Active in In Vitro Coagulation Assays

Protein Recombinant source Expression level y-Carboxylation efficiency
Protein C Mouse > 20 ug/mL 0-5%
Pig 50-400 ng/mL 20-35%
900-1000 pg/mL 10%
Factor IX Mouse 60 ug/mL ~44%
Sheep 25 ng/mL Not determined
Pig 100-200 ug/mL ~100%
CHO cells 100 ug/mL ~2%

ences in PTMs made to complex proteins point to the next level of engineering the
mammary gland for more efficient PT processing. Re-engineering the mammary gland
will require detailed knowledge of endogenous PT processing enzymes and their inter-
action with human protein substrates.
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Mammalian Cell Culture

Process Development Considerations

Steven Rose, Thomas Black, and Divakar Ramakrishnan

1. Introduction

As discussed in the previous chapters of this book, mammalian cell-culture technol-
ogy facilitates the production of complex therapeutic proteins (biopharmaceutical
drugs). The mammalian cell-culture process is performed with a host cell line that has
been transfected with DNA plasmids encoding for the protein of interest. The host cell
line is selected based on the post-translational modifications necessary for protein effi-
cacy. The most common production host-cell lines reported are Chinese hamster ovary
(CHO) cell lines or murine myeloma lines (SP2/0, NSO). The site and number of plas-
mids inserted into the host cell line during transfection is somewhat of a random event
and generates multiple variations in the initial population pool. Single-cell clones are
isolated from the initial population pool of transfected cells. A single-cell clone for
production is then selected based on performance in screening studies, and is expanded,
dispensed into 1-2-mL vials, and then stored in a quiescent state (generally frozen or
freeze dried). These vials are the master cell bank (MCB) that supplies the cells neces-
sary to produce the development, clinical, launch, and commercial supplies.

Figure 1 shows a schematic diagram of a typical mammalian cell culture process to
produce a protein such as a monoclonal antibody (MAb). The manufacturing process
begins with a vial from the MCB. To extend the life of the MCB, a vial from the MCB
is expanded, dispensed into 1-2-mL vials, and then stored in a quiescent state (gener-
ally frozen or freeze-dried) as the manufacturer’s working cell bank (MWCB). MWCB
are created as needed from the MCB. For each production lot, a MWCB vial is broken
out and expanded in shaker flasks and/ or spinners and then in controlled bioreactors to
provide sufficient inoculum or seed culture for the production-scale bioreactor step.
The production-scale bioreactor can range from 1000-20,000 L in volume and may be
operated as batch, fed-batch, or continuous perfusion mode. The protein is harvested
from the production reactor either continuously (perfusion mode), semi-continuously,
or at the end of the production run. At the time of harvest, the cells are removed from
the culture broth, and the clarified and conditioned broth is then purified through a
series of two to four chromatography steps along with unit operations to inactivate/
remove potential viral contaminants, host-cell protein, and DNA. The purified product
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Fig. 1. Schematic of a typical cell culture based protein-manufacturing process.

is then typically formulated into vials containing the final product. Final formulation is
impacted by many factors associated with the pharmaceutical delivery method (i.e.,
injectable vs inhaled) and anticipated storage and use conditions.

For each process step described here, there are validated operating ranges and crite-
ria that need to be met for succession to the proceeding step. This is to ensure consis-
tency in Safety, Identity, Strength, Purity and Quality (SISPQ) of the product. Failure
to maintain the process within the specified operating ranges or failure to pass criteria
prompts an investigation to evaluate the impact that the deviation has on the SISPQ of
the product and to determine whether the relevant lot is suitable for release. The task of
the process developer is to determine the appropriate operating conditions that produce
a robust, cost-effective process without impacting the safety, identity, strength, purity,
or quality of the protein product.

This chapter also provides an industrial perspective on some commonly discussed
but important topics that impact mammalian cell-culture process development strategy
and methodology (which have not been discussed in the previous three chapters on
mammalian cell-culture technology). These topics include:

. Business Drivers and Process Development Strategy

. Science and Techniques of Cell-Culture Process Development

. Choice of Bioreactor Processes and Engineering/Scale-Up Considerations

. Cell Removal and Downstream Issues

2. Business Drivers and Process Development Strategy

The development of biopharmaceutical products is an expensive process, which can
easily take about 6 yr (/) from preclinical process development work to product launch
for a typical protein therapeutic, with a significant risk that the product will not be
shown to be efficacious in clinical studies. For instance, it has been reported (2) that
average success values for new biopharmaceutical drug products range as follows:

Clinic Phase I ~15%

Clinic Phase II ~40%

Clinic Phase 111 ~ 80%

Considering these success rates and timelines, it should not be surprising that the
cost of developing a new drug can be quite high. In fact, a recent press report (Nov
30th, 2001) by the Tufts Center for the Study of Drug Development (http://
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www.tufts.edu/med/csdd) estimates the average development cost of a new drug to be
as high as $802 million. This is an increase from $231 million in 1987 (equivalent to
$318 million in 2000 dollars). The increased cost is attributed primarily to higher clini-
cal trial and associated R&D costs. In addition, an outpacing of development costs
compared to the growth in sales (3) has resulted in pressure to reduce cycle times and
development costs for drugs in general. Of the total drug development costs, (/) up to
40-60 % of costs are associated with Process Development and clinical manufacturing
costs for biopharmaceuticals (such as those produced using mammalian cell-culture
technology). Contrary to popular belief, process development and clinical manufactur-
ing costs can equal or exceed the costs of clinical trials. Moreover, process develop-
ment and clinical manufacturing costs increase as a drug advances through clinical
development, where it is estimated that up to 50-60% of costs are incurred during
Phase III. More recently, the demands on mammalian cell-culture-based biopharmaceutical
manufacturing have increased thanks in part to the “tsunami” wave of potential thera-
peutics arising from the likes of the Human Genome project and also in part because of
improved safety and efficacy through protein engineering and expression technologies (4).

As a result of these trends in R&D costs and the probability of success of drug
candidates in the different stages of drug development, process development efforts in
the early stages of drug development, such as Phase I trials, have primarily focused on
the use of platform/‘““assembly line” type processes to minimize the timelines for devel-
opment and reduce development costs. When a drug moves from Phase I to Phase 11
clinical trials and beyond, process development efforts then shift the focus to factors
such as yield improvement and process robustness and ability to meet estimated mar-
ket demand with existing/planned manufacturing capabilities and capacities (5).

3. Science and Techniques of Process Development

The challenge with process optimization is to achieve a robust process that meets
business needs in a timely fashion. The business needs are dependent on the stage that
the developing process is in relative to pre-clinical and clinical trials. For processes in
early phase development, it is more cost effective to produce material for testing as
quickly as possible, rather than to define the optimal process. For the later phase pro-
cesses, speed in producing material is less critical compared to defining a high-yield,
robust process.

Although not necessary, it is ideal for the early-phase process to represent the later-
phase process. This could be achieved by performing systematic screening studies of
the factors that tend to significantly affect cell-culture productivity. These studies will
identify critical factors and ranges that could improve process productivity, from which
designed studies could identify acceptable operating set points.

Cell-culture productivity is affected by the cell-specific productivity and the viable
cell concentration. In many cases, the cell-specific productivity is dependent on
the cell-specific growth rate (6). The optimal productivity may not exist at the-

operating conditions that maximize the specific productivity, the specific growth
rate, or the maximum cell concentration (or the time-integral area of the viable cell-
mass profile). However, an understanding of how process conditions affect the specific
growth rate or specific productivity may lead to improved performance. The variability
in characteristics between cell lines and between cell clones leads to unique optimal
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conditions that must be demonstrated by experimentation. The following subsections
provide an overview of how some of the key process parameters affect productivity
and culture growth. This is followed by an overview of experimental design methods
that could minimize the time and resources needed to successfully develop a process.

3.1. Science of Cell-Culture Media Design

Cell-culture medium contains glucose, amino acids, vitamins, trace metals, buffer,
inorganic salts, and proteins to meet the nutrient demands and process-control demands
of the mammalian cell culture. The composition of these components can affect cell
growth, protein production, protein quality, and downstream protein purification. Medium
formulations may be prone to depletion of critical nutrients that could lead to cell death,
reduced productivity, or reduced post-transcription protein processing. Alternatively,
the medium could contain too high a concentration of nutrients that could shift metabo-
lism, causing the toxic accumulation of byproducts such as lactate and ammonia. There-
fore, the cell-culture medium offers opportunities for optimization in commercial
cell-culture processes. The following sections provide a review of the major functions
of cell-culture medium with a focus on process optimization.

In 1955, Eagle characterized the basic nutrient requirements for mammalian cells.
Eagle showed that mammalian cells can survive on glucose, amino acids, vitamins, and
inorganic salts (7). To support cell proliferation, the defined medium required animal
serum or animal extract supplements. Variations of the serum-containing medium
(complex medium) have been developed. Typically for a new process, using one of
these complex media would require less development time for achieving adequate cell-
culture performance. However, removing the animal additives reduces the risk of viral
contamination, increases process robustness (by reducing exposure to lot-to-lot vari-
ability of animal-sourced ingredients), reduces medium costs, and simplifies down-
stream purification (8-10). Also, serum and/or animal source material (ASM) free
processes are becoming an expectation for new processes filed to the regulatory agen-
cies. Moreover, there are even examples of synthetic media (serum-free) demonstrat-
ing improved process performance compared to complex medium (/7).

3.1.1. Serum Properties

Serum provides sterols, fatty acids, growth factors, protein stability, protein trans-
porters, trace metals, vitamins, and shear protection to mammalian cell cultures.
Removing serum without addressing these functions could result in poor cell growth
and performance. However, not all of these functions are critical for every cell line.
Successful serum replacements reported in the literature should be explored in statisti-
cally design experiments to determine the main or interacting factors that are required
for the process medium. Literature reports cite successful development of serum-free
medium by supplementing the medium with sterols and/or fatty acids. Cholesterol with
methyl 3-cyclodextrin (11), cis-unsaturated fatty acids (1/2,13), ethanolamine and yeast
extracts (13) have been shown to result in increased growth and productivity in serum-
free medium. Another method to increase the fatty acids for cells in serum-free
medium is to supply insulin, which stimulates the biosynthesis of fatty acids (/4).
Insulin also stimulates the biosynthesis of nucleic acids, the GLUT-4 glucose trans-
porter, and glucose metabolism (/4). Serum may stimulate transporters other than the
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GLUT-4 glucose transporter; therefore, the removal of serum may reduce the cellular
uptake rate of these other nutrients. If these other nutrients are diffusion-limited (which
is known to happen mostly in aggregated and microcarrier-based systems), the uptake
rate can be improved by increasing the concentrations of these nutrients in the medium.
Diffusion-limited nutrients are those that cannot pass through the cell membrane as
quickly as the cell demands, and the diffusion rate limits the consumption rate of that
nutrient. The contributions of trace metals by serum (/5) may also need to be supple-
mented to the serum-free medium. In addition to metabolic effects, serum is also known
to provide shear protection to the cells, thereby significantly reducing cell death in
sparged systems. However, the use of synthetic block copolymer surfactants such as
Pluronic F-68 is known to provide equivalent protection in serum-free systems (16,17).

3.1.2. TCA Cycle: Glucose, Glutamine, and Amino Acids

Glucose, glutamine, and amino acids are required for producing energy, cellular
proteins, and the protein product. Inefficient use of these nutrients leads to toxic accu-
mulation of byproducts such as lactate and ammonia. The consumption rates of these
nutrients and the formation rates of byproducts are interrelated through the TCA cycle
(Fig. 2). This section reviews the effect that the concentrations of glucose, glutamine,
and the amino acids have on the metabolic network to provide some insight into meth-
ods of optimizing the nutrient concentrations.

Glucose is the primary source of energy in mammalian cell-culture medium. It is
also used for the synthesis of nonessential amino acids (Table 1), nucleic acids, carbo-
hydrates, and fatty acids. Glucose is transported into the cell through five glucose trans-
porters: GLUT -1, 2, 3,4, and 5 (18). The GLUT4 glucose transporter is stimulated by
insulin (/9) to increase the transport of glucose into the cell.

Once in the cytoplasm, glucose is metabolized to generate two NADPH and pyru-
vate, or is used for the synthesis of nucleic acids, carbohydrates, or serine and glycine.
Pyruvate can enter the TCA cycle to generate more energy or generate nonessential
amino acids, synthesize fatty acids and sterols, or form lactate or alanine byproducts. A
significant amount of pyruvate is directed to fatty acids and sterols (20), or lactate and
alanine (217). Increased glucose concentrations lead to higher accumulations of lactate
(22) and alanine (meta-analysis from published data [23-26]). Lactate accumulation
has been shown to adversely affect cell-culture productivity when it exceeds 22-55
mM (27-32). Ammonia is concurrently produced with alanine. Ammonia inhibits cell
growth and productivity when it exceeds 1.8-33 mM (27-30,32-35). Reducing the
flux of glucose into the cells can reduce the lactate and alanine formulation. The flux
could be reduced by reducing the glucose concentration (36,37), reducing the medium
pH (38), substituting galactose for glucose (39), or reducing the insulin concentration.
For batch cultures, reducing the glucose concentration may make glucose the limiting
nutrient (40) to the point where glucose starvation may shorten the culture time before
lactate toxicity would occur. In fed-batch cultures, robust adaptive control strategies
must be implemented to maintain low glucose concentrations with minimal risk of
glucose depletion. Reducing the glucose concentration results in an increased glutamine
consumption (41 ), which could increase byproduct formation from glutaminolysis.

Glutamine is used to synthesize proteins, and can enter the TCA cycle to produce
energy (42) or nonessential amino acids (7). Glutamine affects the consumption rate of
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Fig. 2. The TCA cycle.

Table 1
The Essential and Nonessential Amino Acids
for Mammalian Cell Systems

Essential amino acids Nonessential amino acids
glutamine alanine
isoleucine arginine
leuceine asparagine
lysine aspartic acid
methionine cystine
phenylalanine glutamic acid
threonine glycine
tryptophan histidine
valine proline
serine
tyrosine

glucose (41). Higher glutamine concentrations reduce the glucose consumption rate.
However, the increased glutamine concentrations increase the production of proline,
alanine, and ammonium byproducts ([see ref. 40], and meta analysis from published
data [refs. 23—26]). The production of proline requires energy; therefore, the accumu-
lation of proline suggests inefficient glutamine metabolism (43). Alanine is produced
from the reaction with pyruvate and glutamate. An accumulation of alanine minimizes
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the amount of pyruvate directed to fatty acids and sterols synthesis, which is also
undesirable. Ammonia is produced concurrently with alanine, from the spontaneous
degradation of glutamine in the medium and from glutaminolysis as well. Accumula-
tion or build-up of ammonia inhibits cell growth and productivity at levels exceeding
1.8-33 mM (27-30,32-35). The byproducts from glutaminolysis can be minimized
by using a glutamate-based medium for cells containing glutamine synthetase
(39,44), using glutamine dipeptides (45), or by maintaining a low concentration of
glutamine. For batch cultures, reducing the glutamine concentration may make
glutamine the limiting nutrient (40) to the point where glutamine starvation may
shorten the culture time before ammonium toxicity would occur. In fed-batch cul-
tures, robust and adaptive control strategies must be implemented to maintain low
glutamine concentrations with minimal risk of glucose depletion. Reducing the
glutamine concentration can also result in an increased glucose consumption (47),
which could increase byproduct formation from glycolysis.

Aside from glucose and glutamine, amino acids also comprise a critical part of cell
culture media. There are 20 amino acids used for protein synthesis. Nine of these amino
acids are essential amino acids (Table 1). Depletion of any of essential amino acids
induces apoptosis of the culture. The other eleven amino acids (nonessential amino
acids) can be synthesized from glycolysis, glutaminolysis, or the TCA cycle (Fig. 2).
However, supplying the nonessential amino acids to the culture reduces the amount of
glucose and glutamine that needs to be supplied in the medium (46-51), and the lower
glucose and glutamine concentrations can lead to reduced byproduct formation
(36,37,52). Depletion of any of the nonessential amino acids results in a drop in the
cell-culture viability (53) possibly because of the increased burden on the glycolysis,
glutaminolysis, or the TCA cycle to produce the nonessential amino acid, resulting in
the depletion of any of the essential amino acids or glucose. Supplying the medium
with higher concentrations of amino acids improves culture performance (37,36,54,55).
However, the consumption or production rates of the amino acids are dependent on the
amino acid concentrations (24,56,57). Increasing or decreasing the concentration of
the amino acids independently can change the TCA cycle flux and may possibly cause
a depletion of an essential amino acid or accumulation of a metabolic byproduct. An
optimal amino acid concentration would maximize productivity and robustness, with
low medium costs.

3.1.3. Medium Osmolality

Medium osmolality significantly affects cell-culture productivity. Increased medium
osmolality has demonstrated decreased specific cell-growth rate and increased specific
production rate (3/,38,58). The medium osmolality can be predicted from the medium
formulation. The amount of interaction between medium components typically does
not make the osmolality significantly different from the sum of each component’s con-
tribution. The osmotic contributions of selected medium components are tabulated here
(Table 2). Note that the effect of medium component(s) concentration and medium
osmolality can be decoupled in experimental studies by adjusting the potassium chlo-
ride and/or sodium chloride concentration(s) to achieve the desired medium osmolal-
ity. The shift in the metabolic rates in response to variations in osmolality may cause
some nutrients in the medium formulation to become limiting or overabundant. Ide-
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Table 2
Osmotic Contributions
of Medium Components*

Medium components mOsm/g/L
CaCl, 19.42
CuSo,-5H,0 7.23
KCl 25.15
MgCl 15.00
MgSO, 5.62
NaCl 34.74
NaH2P04 18.23
NaHCO4 23.27
ZnS,-7H, 8.63
Glucose 6.49
L-glutamine 6.84
Amino acid pools 8.59
NaOH 50.00
Pluronic F-68 0.00
FBS 2.64

“Note that the amino acid pool is an estimate of
osmotic contribution from a typical amino acid compo-
sition and would differ depending on the composition of
the pool.

ally, the interaction between medium formulation, osmolality, pH, and temperature
should be incorporate in a statistically designed experiment.

3.2. Culture pH

The pH setpoint can significantly affect the cell-culture performance. Medium pH
affects the intracellular enzymes’ activities (59). Lowering the pH reduces the specific
glucose consumption rate and reduces the specific lactate production rate (29,38,60),
reducing the risk of glucose depletion or toxic levels of lactate. Medium pH also
affects the specific growth rate (38,60) and the specific production rate (60), which
ultimately affects the overall culture productivity. The pH can be optimized to mini-
mize lactate accumulation or maximum volumetric productivity. The shift in metabolic
rates in response to different pH set points may cause some nutrients in the medium
formulation to become limiting. Ideally, the interaction between medium formulation,
osmolality, pH, and temperature should be captured in a designed experiment.

3.3. Culture Temperature

Lower temperatures reduce metabolic demand, reduce culture growth and death
rates, and can result in an overall increase in culture productivity (61,62). In growth-
dependent producing systems, an optimal temperature modifies the specific growth
rate and specific production rate in such a way as to maximize volumetric productivity.
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The lower temperature probably affects the enzyme activities in the cell as modeled by
the Arrhenius equation (63) and as demonstrated in the oxygen uptake rate (64). In
growth-independent producing systems, a temperature-shift methodology is often
employed to maximize the culture productivity (65). This suggests that culture tem-
perature, pH, osmolality, and medium formulation will have high-order interacting
effects on the culture performance. Ideally, the interaction between medium formula-
tion, osmolality, pH, and temperature should be determined and described.

3.4. Process Operation Methods

There are four types of processes that can deliver the nutrient requirements to the
cell culture: batch, fed-batch, chemostat, and perfusion. The process methods are listed
in the order of operational complexity, with the batch process the simplest and the
perfusion process the most complex. The increased operational complexity enables
greater control of the nutrient and byproduct concentrations in the bioreactor, and
potentially results in improved productivity. The increased operational complexity usu-
ally requires a greater number of experiments to develop, and increases the complexity
of performing the experiments in scale-down models.

3.4.1. Batch

The batch process is the simplest to operate and develop in scale-down systems. In
the batch process, after the cells are inoculated into fresh medium, nothing is added or
removed from the culture except gasses and alkali (for pH control). The nutrient con-
centration in batch medium must be sufficiently high to extend culture life without
leading to the toxic accumulation of byproducts (see preceding sections) (40,54). At
the end of the run, the reactor is harvested for the protein of interest. The concentration
of nutrients, byproducts, cells, and product varies over time. Although the batch cul-
ture is simple to operate, there are limited opportunities (i.e., initial medium formula-
tion, operating temperature, and operating pH) to improve the metabolic rate through
rational medium design.

3.4.2. Fed Batch

The fed-batch process is more difficult to operate and scale-down than the batch
process. In the fed-batch process, once the cells are inoculated into fresh medium,
medium is added at defined intervals, or continuously to prevent nutrient depletion or
maintain a desired nutrient concentration (26). Nothing is removed from the batch-fed
culture. At the end of the run, the reactor is harvested for the protein of interest. The
concentration of byproducts, cells, and product, and possibly nutrients, varies over time.
The byproduct concentration tends to be significantly less than the batch culture
because the nutrients are delivered over time and do not need to be at high initial con-
centrations. This leads to increased cell mass and productivity.

The rate of medium feed can be determined empirically (37,36) or in proportion to
the oxygen uptake rate (66-68), cell density, or nutrient measurements (26,52,69,70).
The medium feed formulation can be determined empirically (3/) or rationally, based
on stoichiometric balances (46-51,71,72), metabolic flux analysis (MFA) (20,21,23,56,73—
76), or cybernetic modeling (77-81). The models used for determining feed require-
ments in the fed-batch process use assumptions to reduce the rank of the mathematical
model (and thus the complexity of the calculations), an activity that may be inappropri-
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ate for some systems. Intermediate component concentrations are assumed to be con-
stant in the stoichiometric and MFA models. This may be an inappropriate assumption
in dynamic systems. Metabolic pathways are grouped together. The stoichiometric
requirements for some of the components are estimated. One study has demonstrated
that there was a depletion of phosphate because of incorrect assumptions in the phos-
phate requirements (68). The models improve as more metabolic intermediates and
pathways can be measured. However, empirical studies may need to be done to con-
firm or better define the current assumptions.

3.4.3. Chemostat

The chemostat process is more difficult to operate and scale-down than the fed-
batch process. In the chemostat process, once the cells are inoculated into fresh medium,
feed medium is continuously added, and spent medium containing cells is continu-
ously removed at the same rate as the feed. The concentration of nutrients, byproducts,
cells, and product remain constant over time and are dependent on the cell concentra-
tion and dilution rate. The chemostat is not a commercial process. However, the
chemostat is a valuable research tool because the steady-state system allows mass bal-
ance analysis of the metabolic fluxes. The metabolic-flux analysis can then be used to
define fed-batch or perfusion-feeding protocols.

3.4.4. Perfusion

The perfusion process is more sophisticated to operate and scale-down than the other
processes. However, it is used for industrial recombinant protein manufacture because
of the ability to achieve significantly high volumetric production rates compared to
other methods of culture. In the perfusion process, once the cells are inoculated into
fresh medium, feed medium is continuously added and spent medium is continuously
removed at the same rate as the feed. The cells are selectively retained in the perfusion
vessel by cell-retention devices. This system typically permits the accumulation of
higher biomass concentrations than fed-batch systems because of the ability to feed
nutrients and remove (potentially toxic) metabolites/by-products continuously (35,82).

3.5. Techniques for Process Optimization

The challenge with process optimization is in identifying the critical factors that
have an effect on the process outcome in the presence of complex factor interactions
and process noise (variance). A number of techniques have been developed to enable a
comparison of the measured effect to the system noise (83). From the numerous factors
that define an operating condition (i.e., medium formulation, temperature, pH, seeding
density, dissolved CO, [pCO,], and dissolved oxygen [DO]), only the factors that have
measured effects that are significantly greater than the system noise are considered to
significantly affect the process outcome. The level of these significant factors is
adjusted to optimize the process outcome. The sensitivity of this test improves with the
number of replicate runs or measurements performed, or as the system noise is
decreased by reducing sources of variability within the studies.

The large number of factors that are involved in defining a cell-culture process and
the high level of interaction between these factors lead to an iterative procedure for
process development. There are several available process optimization strategies which
are described in Table 3. The strategies that tend to become overused—borrowing and



Table 3

Process Optimization Strategies

Strategy

Concept

Advantages

Disadvantages

Borrowing

Obtain process from literature

Simple and easy -
Good place to start -

May not apply to your situation
Many to choose from

Lab media may not have
industrial rebalance

Not necessarily good
performance process

Component swapping

Swap one for another at same
usage level

Not limited to predefined -
components

Can try large numbers of -
components easily

No study of concentration
effects
No interactions

Biological mimicry

Mass balance used to determine
composition of medium

Medium not short of any -
ingredient
Good check of composition

Accurate composition data
needed

Complex ingredients can vary in
batch-to-batch concentrations

One at a time

Statistical Experimental Design
Full factorial

Adjust one factor at a time,
maintaining the others

All interactions quantifiable

Simple and easy to perform -

Best research space coverage —

No interactions investigated
Optimum can be missed
Large number of experiments
required

Large number of experiments

Partial factorial

Subset of factorial design; some
interactions quantifiable

Compromise in coverage to -
reduce number of experiments

Some interactions not
investigated

Plackett-Burman

Design in measuring N-1 main
effects in N runs

Good first screening tool to
identify important factors

No interactions

Central composite

Partial factorial of 3n used to
estimate 2nd order response
model

Estimates curvature of effects —
Prediction anywhere in research
space -

Moderate number of
experiments

Nonsequential experiment
Less coverage than factorial

(continued)
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Table 3 (continued)

Strategy

Concept

Advantages

Disadvantages

Box-Behnken

Optimization Techniques
Response surface methodology

Partial factorial of 3n used to
estimate 2nd order response
model

Systematic coverage to map
research space

— Prediction anywhere
in research space
— Spherical construction

— Through 3D map of research
space

Nonsequential experiment
Less coverage than central
composite

Moderate number of
experiments

Steepest ascent

Follow steepest gradient to find
maxima / minima

— Quick way to find local
max/min

Requires iterative
experimental approach

Multiple linear regression

Computational Methods
Neural networks

Making polynomial fit to data

Mimics the learning ability
of the brain

— Widely used and available

— Handles large amounts of data

— Good at recognizing patterns

— No mechanistic knowledge
needed

Computational needs high

Incomplete coverage of space
Correlation between variables
(little interaction information)

Requires computational
expertise

Does not handle duplicate data
well

Not tolerant of missing data

Fuzzy logic

Series of “rules”

— Tolerant of noisy or missing
data

Needs process experts to define
rules

Requires computational
expertise

Genetic algorithms

Uses evolutionary selection
process

— Process steadily improves
— Not biased by preconceived
notions

No insight from process experts
used

Improvement may be slightly
incremental

Adapted from Kennedy and Krouse (83).
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“one factor at a time”—do not enable the process developer to characterize the interac-
tions that can exist between the cell-culture operating parameters. Statistically designed
experiments have a much greater utility for cell-culture process development. Its
sequential and predictive nature allows a process developer to identify and optimize
the factors that have the greatest impact on process performance with a minimal num-
ber of experiments (see Fig. 3).

3.5.1. Initial Process Development Platform

The first step in performing the process development is to identify an appropriate
medium platform that sustains growth and productivity. Several commercial or in-
house media may be available as an initial medium to use for process development.
Any of these media will be an acceptable starting point if they support growth and
productivity. An initial screening study of the available media (and possibly operating
parameters such as temperature or pH) is often performed to select the better medium
for growth and productivity. The medium and operating parameters that are identified
as having acceptable performance are selected as an initial starting point

3.5.2. Experimental Factors and Responses

Experimental factors are the process inputs, and the responses are the measured
outputs. There are two different strategies for selecting the factors that will be exam-
ined in the studies. The closed strategy examines factors in the initial process platform
(i.e., initial medium ingredients). The open strategy examines factors that are not included
in the initial process platform (i.e., additional medium ingredients). The advantage of
the closed strategy is that the optimization path is fairly straightforward, because the
possible factors are fixed. However, open strategies could identify cost-effective
medium formulations, simpler process operations, materials with improved lot-to-lot
consistencies, or more readily available materials.

The responses that can be optimized are any measurable process parameter, includ-
ing growth rate, titer, cell mass, specific productivity, protein quality, or operational
cost. Depending on the development stage, different responses may be optimized. For
early development processes, process yield and availability of resources for quick
implementation are important. For later development processes, the volumetric pro-
ductivity, process robustness, and product quality are more important.

3.5.3. Process Development Scale

The large number of factors that are involved in defining a cell-culture process and
the high level of interaction between these factors lead to an iterative procedure for
identifying critical factors and optimizing these factors to improve process perfor-
mance. Typically, the objective of the first few studies performed is to identify which
of the numerous factors can significantly affect the process outcome. This is normally
done by a series of main-effect screening studies performed at small-scale (i.e., flasks).
There is more value in identifying factors that have a greater impact on process perfor-
mance than having a complete data package on fewer factors. Therefore, only the most
critical responses should be measured (for example, final volumetric productivity).
More responses that characterize the process are measured when the number of factors
(and experimental runs) decreases. Once the number of factors being examined has
been reduced, studies are performed to characterize the response surface generated by
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the significant factors and to locate operating ranges that improve process performance.
These studies are typically performed in flasks or small-scale reactors, depending on
the factors being examined (pH or DO is not controlled in flasks). The final step is to
identify the critical-process parameters that affect process robustness or product qual-
ity, and to specify ranges that will keep the process in control. These studies are typi-
cally performed in larger-scale or production-scale bioreactors.

The impact of process scale on the measured responses should be understood to
minimize scale effects. The scale effect is usually an offset in the measured responses.
In this case, the experimental outcome may demonstrate a rank order of the conditions
that impact the process outcome. In some cases, the relative differences in process
outcome scale well. However, it is important to consider the risk of the scale effect
interacting with factors in the experimental design that could lead to an inaccurate
estimate of the process outcome at scale. Because it is impractical to perform the screen-
ing studies at scale, these risks must be accepted, or the scale-down model would need
to be evaluated to minimize this risk.

3.5.4. Experimental Design and Analysis For Process Optimization

Process optimization strategies are numerous and varied (Table 3). They run the
gamut from the classical strategy of optimizing the level of one ingredient at a time to
the heavy use of computing power and mathematics to design and model complicated
searches such as genetic algorithms. A review of the various strategies can be found in
Kennedy and Krouse (83). A discussion of some of the methods currently explored in
the literature follows. For more depth and detail, see refs. 84,85, 104.

3.5.4.1. ONE FacTOR AT A TIME

“One factor at a time” optimization is frequently used (86—91) and may be the most
common method used for process optimization (92). Using this method, the process
developer determines the optimal level of a single factor at a time by holding all others
constant and manipulating the level of that one factor (Fig. 4). Significant differences
are observed when changes in the factor level result in a difference in the response that
is significantly greater than the noise demonstrated in replicate runs. This is a straight-
forward, easy-to-design, and easy-to-interpret method. However, it provides no under-
standing of the possible effects that interactions may have on the process outcome, and
does not offer the most efficient use of resources.

3.5.4.2. StaTISTICAL DESIGNS: ANALYSIS OF VARIANCE

Designed experiments for analysis of variance (ANOVA) provide a greater under-
standing of factor interactions and require fewer experiments to identify improved
operating conditions than the one factor at a time approach. The designed experiment
differs from the one factor at a time approach in that all the factors that are studied are
examined simultaneously by testing different combinations of high and low levels of
the factors. It is important to balance the design space so that for every factor there are
an equal number of conditions run at the low level and at the high level. It is also
important to randomize the runs, minimize random noise by closely controlling the
conditions under which the runs are performed, and avoid the introduction of con-
founding factors. For example, if all the low levels of factor A are run by one scientist
and all of the high levels of factor A are performed by another scientist, then the effect
that factor A has on the process outcome is confounded with scientist techniques. All
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Fig. 4. Outcome of the “One Factor at a Time” approach. With two experiments, the inves-
tigator has identified an ingredient combination that yields an outcome of 50, but several more
productive combinations still exist in the research space. The second contour area in this figure
shows that more than one “optimum” space can exist in a given process.

Factorial design: outcome

Ingredient #2

Ingredient #1

Fig. 5. Outcome of a factorial (statistical) design. The investigator has used the same num-
ber of flasks, but has identified a higher-producing region (75) and has shown that “curvature”

exists in the research space (an example of the value and importance of the center point). This
suggests further experimentation.

possible sources of variance (analyst, time of day, equipment) must be identified and
minimized. To avoid a source of variance confounding with the effect a factor has on
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Factorial design: outcome

Ingredient #2

Ingredient #1

Fig. 6. Results of further statistical experimentation design. The investigator has added sev-
eral flasks to his previous design (replicating two of the previous flasks and adding those shown
in gray) and identified a “peak” in the research space. He has run two iterations of experiments,
using 10 flasks, and has doubled his productivity compared to the “one at a time”” approach.

the process outcome, the order in which the experiment is conducted should be ran-
domized. Examples of designed experiments can be found in the literature (/3,93—
102). The two-level factorial design is the most commonly used designed experiment
(Fig. 5).

The minimum number of runs necessary to characterize all the main and interacting
effects within the design space of a two-level factorial study is 2", where 7 is the num-
ber of factors to be tested. One advantage of the balanced arrangement of this experi-
mental design technique is that it is easy to add replicates to the design to further clarify
the measured effects (Fig. 6).

When evaluating a large number of factors, the minimum number of studies needed
to perform a full factorial design becomes overwhelming. Two techniques can be used
to manage the number of experiments in a study: fractional factorial designs and blocking.

3.5.4.3. FACTIONAL FACTORIAL SCREENING STUDIES

The first technique is to reduce the order of the factorial study to a fractional facto-
rial study. The number of studies for a fractional factorial study is 2", where n is the
number of factors to be tested and 1/2™ is the fraction applied. The benefit of a frac-
tional factorial study is the reduced number of runs needed to perform the analysis.
However, in a fractional factorial study, the higher-order interactions are confounded
with other interactions and possibly the main effects. Typically, the higher-order inter-
actions do not have as great an effect as the lower interactions, but this may not always
be the case. When planning fractional factorial designs, it is important to avoid con-
founding interactions that are suspected to have a great effect on the process outcome.
Most experimental design software will indicate which effects are directly confounded,
allowing the investigator to modify the design as necessary. Figure 7 shows the rela-
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Ingredient

Ingredient
#1

Fig. 7. Full factorial and Fractional Factorial design. The fractional factorial design (a half
factorial) is illustrated by the gray nodes. It allows the estimation of the main effects, but not
the two-factor interactions (the two-factor interactions are confounded with the main effects).
In practice, several center points should also be included into the full or fractional factorial
design to allow estimation of random error and curvature.

tionship between a small factorial design and its half fraction. Additional flasks should
be run at the midpoint (center point) of those factors, which allows some estimate of
error and curvature. Once the fractional factorial is complete, it may be possible to
tease out significant interactions that were confounded in the design, depending on the
how many independent factors are found to be insignificant. Alternatively, additional
trials can be added to it to complete the factorial design for the significant factors.
There are many examples of fractional factorials in the literature (95,97).

3.5.4.4. PLACKETT-BURMAN SCREENING STUDIES

Another screening design used with regularity is the Plackett-Burman design (/03)
(Table 4). Compared to the fractional factorial design, the Plackett-Burman design fur-
ther reduces the number of experimental runs that are needed to determine factors that
have a significant main effect on the process outcome. However, it is impossible to
determine the interacting effects from this design. Evaluation of the Plackett-Burman
design is straightforward, and a clue can be taken from the arrangement of the positive
and negative coding of the design. One can see that each factor is (+) in exactly half of
the flasks and (—) in the other half. Because all of the factors are treated similarly, one
can estimate the effect of going from the (-) level to the (+) level of any factor by
adding the experimental outcomes of the flasks with (+) level and subtracting the out-
comes of the flasks with (-) level. If the inclusion of the ingredient had no impact on
the outcome, then this estimate would be not significantly different from zero. If the
inclusion of the ingredient had a positive effect, this estimate would be positive and the
larger the effect, the larger the estimate would be. In contrast, a negative number indi-
cates a negative impact on the outcome by moving from the (-) level to the (+) level,
and the magnitude of the estimate is still indicative of the impact.
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Table 4
Plackett—-Burman Table for 12 Factors“

Factor

Flask A B C D E F G H I J K

1 + - - - - + + + - +
2 + + - + - - - + + + -
3 - + + - + - - - + + +
4 + - + + - + - - - + +
5 + + - + + - + - - - +
6 + + + - + + - + - - -
7 - + + + - + + - + - -
8 - - + + + - + + - + -
9 - - - + + + - + + - +
10 + - - - + + + - + + -
11 - + - - - + + + - + +

—_
)
|
|

9Each flask has the same number of “+ and “~” levels; thus, the experiment is “balanced.” If a particu-
lar factor has an influence on the fermentation outcome, it can be quantified by looking at the difference of

the average “+” vs “=” outcomes. If one or more of the factors are left “unassigned,” they can be used to

quantify the random variation (“noise”) in the experiment. The design order should be randomized.

3.5.4.5. BLockING

If the number of runs in an experiment cannot be run concurrently, or the inclusion
of a possible variation in the experimental design is inevitable (for example, potency
analysis must occur on two separate days), one can design the experiment so that the
experiment can be divided into manageable groups. This technique is known as block-
ing. Essentially, the block is included in the design as a factor. The estimation of the
effect of the block can then be calculated and modeled.

3.5.4.6. DEFINING THE DESIGN SPACE

Factor levels to be tested must be reasonably bold, in order to map the research
space in a realistic manner. An example of an overly conservative choice is seen in Fig. 8.
On the other hand, too broad a research space can limit the amount of useful data (Fig. 9).
The investigator must use process knowledge and expertise to determine reasonable lev-
els. In our experience, scientists must be encouraged to be bold in selecting appropriate
ranges. It is also recommended that several center points are included in this design to
estimate curvature and systematic error.

Once the functional factorial design has been completed, curvature is evaluated. If
the center point yields the most desirable outcome (i.e., maximum potency), then an
optimal region exists between the factor levels previously chosen; if not, factor levels
must be adjusted to find an optimal region. An example of curvature is provided in
Fig. 10. One method of determining how to find this optimal region is called the direc-
tion of steepest ascent. One moves the factor levels perpendicular to the contours
developed from the earlier model. A detailed example of use of the response surface
and steepest-ascent methodology can be found in Box et al. (/04). Examples from the
primary literature include Sadhukhan et al. (96).
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Too small a search area: outcome

Ingredient #2

Ingredient #1

Fig. 8. The results of selecting too small a research space to examine. The investigator inter-

prets this to mean that increasing levels of Ingredient #1 or Ingredient #2 do not affect to the
productivity of the system.

To wide a search area: outcome
O O

Ingredient #2

Ingredient #1

Fig. 9. Too broad a research space. The investigator has selected too broad a research space
in this example. Again, his interpretation is that changing levels of Ingredient #1 and Ingredient
#2 have no impact on the productivity of the system.

3.5.4.7. DATA ANALYSIS OF DESIGNED EXPERIMENTS AND FoLLOWUP

Once the design is created and the experiments are completed, the design must be
analyzed to determine significance. Box et al. (/04) explains in great detail how the
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Fig. 10. An illustration of curvature. The data above are taken from the Ingredient #1 data in
Fig. 5. By including the center point, one can see that in between the low and high levels of
Ingredient #1 a maximum exists. If curvature did not exist, one would expect that the maximum
existed outside of the research space.

analysis is accomplished; however, several software packages (such as JMP® from
SAS Institute, Inc.) are commercially available and make the analysis reasonably
simple. These programs develop a model of the effects of the factors on the measured
response. If the model describes a large portion of the variation in the experimental
outcome, the factors are fairly important and can be further investigated. There are
several reasons why a model may not fit well. These include a large amount of variabil-
ity in the system—if the system is not very reproducible, the “noise” will mask impor-
tant effects. Also, the low and high levels for the factors may not be spaced widely
enough (not “bold” enough). In addition, the factors chosen for the design may have
very little impact on the measured response, in which case the investigator needs to
pick new factors and try again. Although unlikely, interactions could be more impor-
tant than some main effects, which are confounded and not easily analyzed.

If center points were included in a factorial or fractional factorial design, the model
would develop an idea of