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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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Genetic Approaches to Recombinant Protein Production
in Mammalian Cells

Peter P. Mueller, Dagmar Wirth, Jacqueline Unsinger, and Hansjörg 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 (1).

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 ß-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 EF2� 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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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-

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.
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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 (10). 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 (11). Analogously, a progesterone-receptor fusion protein that can be
activated by RU 486 at concentrations much lower than those required for
antiprogesterone activity (12,13) and a system based on the heterodimeric insect
ecdyson receptor can be induced by the synthetic ecdysteroid compound known as
ponasterone A (14). 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.
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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 (15). 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 (17) or AT-rich nuclear scaffold/
matrix attachment regions, (S/MAR) elements (18) (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 (18). 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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(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

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
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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 (31,32) 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 II 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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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

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.
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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 EMCV 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 Pbi-1 (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
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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 105 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 109–1010 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 1012 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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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

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.
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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.

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.
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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 (81,82).

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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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

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.
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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 (91). 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 �2,6-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 �2,6-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 (103–107). 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 (108–112). Its function as a proliferation inhibitor relies on the induction of
downstream genes (104,109). 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 (113). 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 (115,117). It was shown that the glycoslyation properties
of the cells are not altered during the growth-inhibition phase (118).

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 (120). In
the G1-phase of the cell cycle, cells check their physiological state and can arrest to
repair genetic defects. In CHO cells p21, p27, and p53 were expressed under tetracy-
cline control. Transient expression of p27 leads to growth arrest and gives rise to higher



42 Mueller et al.

specific protein productivity (120). In contrast, continuous overexpression of p53 leads
to rapid cell death. Because the permanent expression of p21 is not possible,
tetracycline-regulated expression technology, in which the reporter SEAP and p21 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 (121).

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 (124).

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 (102,125–127). Attempts to complement the
action of Bcl-2 using concomitant overexpression of the anti-apoptotic genes bag-1,
bcl-xL 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 (128–131). 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 (132).
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