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Abstract 

Recombinant human antibody production in Chinese hamster ovary (CHO) cells represents a 

growing field within the last decades. In the present study we developed and improved two 

transfection systems based on cationic liposomes and polycationic carriers, to introduce 

exogenous DNA into CHO cells and generate transgenic cell lines. 

Cationic liposomes consisting of DOTAP and DOPE form lipoplexes with the DNA via 

electrostatic interaction. These lipoplexes are taken up at the cell membrane via endosomes and 

facilitate the escape of the DNA into the cytosol thus reaching the nucleus. In a second 

approach the polycation PEI served as shuttle, again the DNA is bound and complexed via 

electrostatic interaction and actively supports the DNA transfer directly into the nucleus thereby 

preventing the degradation of the DNA. 

After determining the cellular toxicity, the ideal ratio between the DNA and the two systems 

using EGFP as a reporter gene were determined. These systems were compared with several 

commercial systems showing that our systems are highly competitive during transient 

transfection using EGFP. The next step was to investigate the potential of these systems for 

transient and stable transfection using a more complex molecule, the HIV neutralizing human 

mAb 2F5 antibody. These experiments demonstrated that our systems worked during stable 

transfection resulting in 99.2 and 98.3% transfected cells for DD and PEI, respectively after 

selection and subcloning.  

Thus, our systems served to generate different recombinant CHO cell lines, which were 

analyzed regarding genetic modifications to enhance protein production. Still the limitations for 

recombinant protein production in the cellular machinery and how amplification of gene copy 

number by MTX affects the protein production are unclear, although several previous studies 

dealt with these issues. We tried to answer some of these questions by using real-time qPCR, 

Northern-Blot and flow cytometry. All characterized CHO production clones expressed the 

neutralizing mAb 2F5. Different expression plasmids were used to create these stable mAb 2F5 

expressing cell lines. One system contained signal peptide derived for the naturally secreted 

luciferase of the copepod Gaussia princeps which was shown to enhance recombinant protein 

production. Additionally, in one approaches the 2F5 cDNA was optimized with respect to AT and 

GC rich sequence stretches, repeat sequences and RNA secondary structures to increase the 

mRNA half-life and to shorten its turnover time. The best producing cell clones were selected, 

sub-cloned, amplified with MTX and cultivated for some weeks to confer long-term stability.  

 4



The gene copy number and promoters seemed to have no influence on the transcript amount 

suggesting a position effect of the transgene, whereas codon optimization resulted in elevated 

mRNA levels, without any expression increase. Translation and post-translational modifications 

seem responsible for decreasing antibody expression. 
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Zusammenfassung 

Durch den biotechnologischen Fortschritt während der letzten Jahre wurden rekombinante 

Antikörper zu einem der meistgefragten biopharmazeutischen Produkte. In dieser Arbeit haben 

wir zwei alternative Transfektionsmethoden, basierend auf kationischen Liposomen und auf dem 

kationischem Polymer PEI weiterentwickelt um rekombinante Ziellinien herzustellen. 

Kationischen Liposomen wurden durch mischen von DOTAP und DOPE hergestellt. Die positiv 

geladenen Liposomen binden durch elektrostatische Wechselwirkung an die negativ geladene 

DNS und bilden Lipoplexe. Diese werden durch Endozytose aufgenommen und in Endosomen 

in die Zelle transportiert. Durch Fusion der Lipide mit der Endosomenmembran wird die DNS in 

das Zytoplasma entlassen von wo sie in den Zellkern gelangt. Beim zweiten Ansatz bindet das 

kationische PEI die DNS und komplexiert diese. PEI unterstützt den Transport der DNS in den 

Zellkern und verhindert den Abbau der DNS. 

Zunächst wurde die für Zellen toxische Konzentration beider Systeme und die optimale 

Verhältnis mit dem Reporterprotein EGFP bestimmt. Der Vergleich unserer 

Transfektionssysteme mit diversen kommerziellen Systemen zeigte, dass unsere Systeme bei 

der transienten Transfektion mit EGFP vergleichbare Ergebnisse brachten. 

Anschließend untersuchten wir das Potential unserer Systeme zur transienten und stabilen 

Expression eines komplexeren Moleküls, des HIV neutralisierenden humanen Antikörper 2F5. 

Diese Experimente zeigten dass unsere Systeme gut für die stabile Transfektion geeignet sind, 

da nach Selektion/ Subklonierung, DD 99,2% und PEI 98,3% der Zellen den Antikörper 

produzierten.  

Diese Systeme wurden verwendet, um Antikörper produzierende Zelllinien herzustellen. Die 

limitierenden Faktoren der zellulären Sekretionsmaschinerie und der Einfluss der MTX-

Amplifikation auf die Proteinproduktion sind noch unklar, obwohl sich schon mehrere Studien mit 

diesem Thema befasst haben. In der vorliegenden Arbeit wurden real-time qPCR, Northern-Blot 

und Durchflußzytometrie verwendet um diese Fragen zu klären.  

Die Zelllinien  wurden mit unterschiedlichen Plasmiden hergestellt und die besten Produzenten 

wurden durch Selektion, Subklonierung, MTX Amplifikation selektiert und anschließend über 

mehrere Wochen kultiviert um Stabilität zu gewährleisten. Ein Klon wurde mit dem Signalpeptid 

von Gaussia princeps vor der LC und HC versehen, was zu höherer Proteinexpression führen 

soll. Weiters wurde auch kodon-optimierte komplementäre DNS für die Herstellung eines Klons 

verwendet, welche einen höheren GC Gehalt und keine repetitiven Sequenzen hatte und  keine 
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Sekundärstrukturen bilden. Diese Veränderungen bewirken eine längere mRNS Halbwertzeit 

und eine kürzere Turnover-Zeit. 

Die Ergebnisse zeigten, dass die Anzahl der Genkopien und die unterschiedlichen Promotoren 

keinen Einfluss auf die Transkriptmenge hatten, was einen Positionseffekt impliziert. Die 

Optimierung der Codons hatte den Effekt, erhöhter mRNS Stabilität ohne Zunahme der 

Expression. Deshalb werden Translation und post-translationale Modifikation als Ursache für die 

verminderte Antikörperproduktion gesehen werden. 
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1 Recombinant Protein Expression in Mammalian Cells 

Nowadays, CHO cells are used to produce the majority of recombinant protein therapeutics 

manufactured by mammalian cell culture (Birch and Onakunle 2005). This cell line is preferred 

because of its ability to confer appropriate post-translational modifications, a variety of selection/ 

amplification systems (e.g. glutamine synthetase (GS) - and dihydrofolate reductase (DHFR)-

system), and it can be adapted to serum-free conditions (Galbraith et al. 2006). 

Since the demand for recombinant proteins in fundamental and clinical application escalates, 

they gain increasing importance (Muller et al. 2005) and a broad variety of methods have been 

developed to facilitate the uptake and integration of DNA (Deoxyribonucleic acid), because the 

spontaneous entry of DNA is a highly unlikely and inefficient mechanism (Felgner et al. 1987). 

These methods involve several approaches like polycations (Boussif et al. 1995; Farber et al. 

1975; Kawai and Nishizawa 1984; McCutchan and Pagano 1968), calcium phosphate (Graham 

and van der Eb 1973; Loyter et al. 1982), liposome fusion (Cudd et al. 1984), micro-injection 

(Graessmann and Graessmann 1983), electroporation (Neumann et al. 1982) and protoplast 

fusion (Schaffner 1980) which will be explained later in more detail. Nowadays the majority of 

non-viral transfection systems rely either on cationic liposomes or cationic polymers (Khalil et al. 

2006). Compared to viral  DNA delivery methods, non-viral delivery systems confer the 

advantage of lower costs, easier and safer production of stable cell lines and long-term storage 

of transfectants without special conditions (Godbey et al. 1999a). Furthermore cationic 

liposomes and polymers enable the delivery of much larger DNA fragments than most viral 

vectors (Abdallah et al. 1995). In general cells can internalize macromolecules by a variety of 

mechanisms passing the cellular and nuclear membranes which will be explained in the 

following sections. 

 

1.1 Membrane Structures 

Biological molecules that are insoluble in aqueous solutions and soluble in organic solvents are 

classified as lipids. The lipids of physiological importance for humans have four major functions. 

They serve as structural components of biological membranes; provide energy reserves, 

predominantly in the form of triacylglycerols; both lipids and lipid derivatives serve as vitamins 

and hormones and finally lipophilic bile acids aid in lipid solubilization. Membrane lipids consist 

of four major groups including phospholipids, steroids, glycolipids and other lipids. 
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1.1.1 Phospholipids 

Phospholipids represent one of the major compounds of cell membranes and lipoproteins. In 

general they consist of a polar head group and two hydrocarbon tails (Fig 1). The top region 

consists with the amino-group representing the charged group connected by glycerol to two fatty 

acid tails, one tail is a straight fatty acid chain (saturated) and the other contains a kink in the tail 

due to a cis double bond (unsaturated), which influences packing and movement in the lateral 

plane of the membrane. A common model for membranes is the fluid mosaic membrane model 

by Singer and Nicholson (1963). As shown in figure 2 the phospholipids form a bilayer with their 

hydrophobic tails facing to the inner site. Proteins associate to membranes via different ways, 

forming peripheral proteins, integral membrane proteins or transmembrane proteins. 

 

 

Fig 1 General composition of phospholipids (Molekularbiologie der Zelle/ 4.Auflage). 
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Fig 2 Fluid mosaic model for cell membranes according to Singer and Nicholson 

(http://student.biology.arizona.edu/honors2002/group02/images/fluid_mosaic_model.jpg) 

 

The phospholipids can be sub-divided into four major classes appearing in mammalian cells that 

differ in their polar groups such as choline, ethanolamine, serine or sphingomyelin (Fig 3) 

attached to their phosphate. 

 

 

Fig 3 Major classes of phospholipids, differing in the polar groups attached to their phosphate 

(Molekularbiologie der Zelle/ 4.Auflage). 
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1.1.2 Steroids  

Steroids increase membrane rigidity, make the lipid bilayer less deformable and decrease the 

permeability to small water-soluble molecules. Additionally cholesterol prevents crystallization of 

hydrocarbons and phase shifts in the membrane. They include cholesterols and cholesterol 

hemisuccinates (CHEMS). 

 

1.1.3 Glycolipids and Other Lipids 

Several animal membranes contain glycolipids. Sugars form their polar head group and they are 

common in nerve cells. Strange lipids include cardiolipin and isoprenoids such as vitamin A & E. 

 

1.2 Cellular Uptake 

For successful and efficient gene delivery to the nucleus, several biological barriers must be 

overcome (Bally et al. 1999). These steps include binding to the cell surface, traversing the 

plasma membrane, avoiding lysosomal degradation and overcoming the nuclear envelope 

(Khalil et al. 2006). Polyethylenimine (PEI) and Dioleoyltrimethylammoniumpropane/ 

Dioleylphosphatidylethanolamine (DOTAP/ DOPE) have the ability to enhance and mediate the 

cytosolic release through different mechanisms. To explain the uptake several internalization 

mechanisms have been proposed (Felgner et al. 1987; Felgner et al. 1995; Friend et al. 1996; 

Labat-Moleur et al. 1996; Matsui et al. 1997; Zuhorn and Hoekstra 2002).  

Endocytosis has been described as the major mechanism for the internalization of non-viral 

vectors into the cells (Friend et al. 1996; Labat-Moleur et al. 1996; Zuhorn and Hoekstra 2002). It 

refers to the cellular uptake of macromolecules and solutes into membrane bound vesicles 

formed by the invagination and pinching off the plasma membrane (Khalil et al. 2006). 

Endocytosis can be subdivided in pinocytosis and phagocytosis (Conner and Schmid 2003). 

Furthermore, pinocytosis can be sub-divided into clathrin-mediated endocytosis, caveolae-

mediated endocytosis, macropinocytosis and clathrin/caveolae-independent endocytosis 

(Lamaze and Schmid 1995). These uptake mechanisms should be seen as models that are not 

static. The pathways are not strictly divided and the transition between them is smooth. Thus, 

nobody can exactly predict which pathway is used and why it is used. 
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1.2.1 Clathrin-Mediated Endocytosis 

The best characterized and major uptake mechanism is the clathrin-mediated endocytosis (Fig 

4)(Lamaze and Schmid 1995; Takei and Haucke 2001). Generally, the internalization includes 

first the binding of a ligand to cell surface. Afterwards, the clathrin coated pits assemble to form 

a polygonal lattice on the membrane surface (Conner and Schmid 2003; Takei and Haucke 

2001). This is followed by invagination and pinching off the plasma membrane, thus forming 

clathrin coated vesicles (Fig 4). The clathrin coat depolymerizes, resulting in an early endosome 

which matures to a late endosome. This maturation is connected with a pH drop to 5 in the late 

endosome and further reduction during fusion with lysosomes (Maxfield and McGraw 2004).  

 

 

 

Fig 4 Clathrin mediated endocytosis pathway (Khalil et al. 2006). 

 

1.2.2 Caveolae-Mediated Endocytosis 

The caveolae-mediated endocytosis uptake (Fig 5) is a non-acid and non-digestive 

internalization route (Ferrari et al. 2003). Caveolae are small, hydrophobic membrane micro 

domains, rich in glycosphingolipids and cholesterol (Harris et al. 2002; Matveev et al. 2001). 

They were defined as flask-shaped invaginations of the plasma membrane (Harris et al. 2002; 

Pelkmans et al. 2001) and appear in many cell types (Conner and Schmid 2003). Caveolin 

containing lipid rafts are referred to as caveolae (Matveev et al. 2001), characterized through its 

association to caveolins a group of cholesterol-binding proteins, which function to generate and 
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mediate these structures (Lamaze and Schmid 1995). The macromolecules internalized by the 

caveolae pathway can be directly transported into the cell, thus avoiding lysosomal degradation 

(Ferrari et al. 2003; Harris et al. 2002) making it an interesting target for DNA delivery. 

 

1.2.3 Macropinocytosis 
Macropinocytosis (Fig 5) refers to the formation of large endocytic vesicles by actin-driven 

invagination of the plasma membrane (Amyere et al. 2002; Swanson and Watts 1995), which 

normally is accompanied by membrane ruffling (Conner and Schmid 2003; Swanson and Watts 

1995). The ruffles become longer and broader forming large macropinosomes (Fig 5) (Swanson 

and Watts 1995) providing an efficient non-selective transport route (Conner and Schmid 2003). 

The intracellular fate of the vesicles differs depending on the cell type (Meier and Greber 2003; 

Swanson and Watts 1995). 

This pathway provides the advantage of increased uptake of macromolecules, avoidance of 

lysosomal degradation and easier escape due to their leaky nature (Khalil et al. 2006). 

 

1.2.4 Phagocytosis 

Merely specialized cells conduct phagocytosis (Fig 5)(Allen and Aderem 1996) and 

internalization is mediated via interaction of specific receptors on the phagocytes with ligands on 

the surface of the particles (Khalil et al. 2006). After internalization the phagosomes mature via 

several fusion steps resulting in the formation of mature phagosomes degrading the internalized 

particles (Allen and Aderem 1996). This mechanism plays no significant role in gene delivery, 

whereas a similar mechanism is proposed for liposome/DNA and PEI/DNA complexes (Kopatz 

et al. 2004; Matsui et al. 1997). 
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Fig 5 Phagocytosis and clathrin-independent endocytosis (Khalil et al. 2006).  

 

1.2.5 Clathrin- and Caveolae-Independent Endocytosis 

Finally there exists another endocytosis pathway. Despite the fact that most receptors are 

internalized via the clathrin-mediated endocytosis, other pinocytosis pathways are capable of 

selective receptor-mediated endocytosis (Parton et al. 1994; Subtil et al. 1994) via clathrin- and 

caveolae-independent endocytosis. The receptor-mediated endocytosis is a possible approach 

to introduce foreign DNA into cells. 

 

1.2.6 Cellular Uptake of Lipoplexes and Polyplexes 
PEI and cationic liposomes form complexes upon mixing them with DNA called polyplexes and 

lipoplexes respectively. Both systems have to pass cellular binding, cellular uptake, endosomal 

escape and nuclear delivery to enable the successful targeting of a gene. Both systems use their 

excess of positive charges to interact with the cell surface electrostatically (Khalil et al. 2006). 

The internalization mechanism of lipoplexes is yet not fully understood. Early reports suggested 

a fusion between the lipids and the plasma membrane for DNA delivery into the cytosol (Felgner 

et al. 1987; Felgner et al. 1995). However, recent experiments support evidence that 

endocytosis is involved in the entrance route. Currently, it is assumed that the membrane fusion 

is important for transfection, but that most uptake occurs via endocytosis solely by clathrin-

mediated endocytosis (Khalil et al. 2006). 
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The polyplex uptake occurs through endocytosis, but without fusion with the cell membrane. 

Their uptake can be mediated via clathrin-dependent or -independent pathways (Goncalves et al. 

2004) the latter involving the caveolae pathway (Rejman et al. 2005).  

In general endosomal escape is the crucial step for lipoplex- and polyplex-mediated transfection. 

Lipoplexes contain the pH sensitive fusogenic lipid DOPE that mediates DNA release into the 

cytosol (Farhood et al. 1995b) and upon acidic pH by forming inverted hexagonal phases (Cullis 

et al. 1986). PEI shows a similar ability although with a different mechanism (Behr et al. 1989). 

For endosomal escape a proto sponge effect is proposed (Boussif et al. 1995), which suggests 

that PEI becomes more protonated upon pH decrease, triggering an influx of Cl- ions thereby 

causing a water influx finally disrupting the endosome (Khalil et al. 2006). 

The nuclear envelope is another major barrier upon successful plasmid DNA delivery (Khalil et al. 

2006). Basically three routes exist that enable DNA to enter the nucleus, the DNA can pass a 

nuclear pore, physically associate with chromatin during cell division or the DNA crosses of the 

nuclear envelope (Wiethoff and Middaugh 2003). The latter was never proved experimentally. 

The nuclear envelope contains pores with a diameter of 10nm (Melchior and Gerace 1995), 

which is too small for the delivered DNA to pass. Generally the cell division model is the most 

accepted suggesting that cell division is an important step enabling the foreign DNA to enter the 

nucleus (Wiethoff and Middaugh 2003). Concerning lipoplexes the generally accepted model by 

Xu and Szoka proposes the release of DNA for endosomal escape. Thus, merely naked DNA 

reaches the nuclear membrane (Xu and Szoka 1996). In contrast, PEI supports the entrance of 

DNA into the nucleus and even though it is associated with the DNA it does not hamper 

expression (Zabner et al. 1995). 

 

1.3 Lipid Structures 

Upon hydration lipids form several structures to protect their hydrophobic moieties. The shape of 

the formed aggregates is determined by their lipid composition. Lipids with large head group 

areas have a cone like geometry, self-assemble into micelles and are said to have positive 

membrane curvature (Fig 6A). Lipids with cylindrical shape, having equal head group to 

hydrocarbon area form bilayers (Fig 6B), while lipids with small head group areas build inverted 

hexagonal phases and exhibit negative membrane curvature (Fig 6C) (Hafez and Cullis 2001). 
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Fig 6 Molecular geometry of lipids and the predicted self-assembly of morphologically distinct structures 

(Hafez and Cullis 2001). 

 

1.4 Liposomes 

The membrane model of Singer and Nicholson has to be extended, because of the ability of 

phospholipids to form other structures than double layers playing an important part in membrane 

fusion and pore formation. 

Lipids minimize the contact between the water and the hydrophobic part by transforming the 

bilayer into a closed compartment called liposome (Fig 7). Liposomes were discovered about 30 

years ago by Bangham (Bangham and Horne 1964; Bangham et al. 1965) and since then they 

became very versatile tools in biology, biochemistry and medicine. Liposomes are the smallest 

artificial vesicles of spherical or elliptical shape, consisting of lipid double layers. The 

hydrophobic effect determines their structure. Amphiphilic molecules arrange so as to minimize 

the interaction between the water molecules and the hydrophobic part of the lipid. The two-tailed 

lipids tend to form bilayers due to their cylindrical shape (Fig 8).  
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Fig 7 Liposomes formation (Molekularbiologie der Zelle/ 4.Auflage). 

 

 

Fig 8 Lipid organization based on the theoretical shape of membrane proteins. Expert Reviews in 

molecular Medicine © 2002 Cambridge University press. 

 

 

Liposomes are classified into multilamellar (MLV), large unilamellar vesicles (LUV) and small 

unilamellar vesicles (SUV). Upon hydration and agitation of dry phospholipid MLV consist of 

bilayers are formed. Once these particles have formed, their size can be reduced via sonication 

or extrusion to receive homogenous unilamellar liposomes (Fig 9). The membrane extrusion is 

likely to produce liposomes of more uniform size compared to sonication (Altin and Parish 2006). 

Liposomes offer a broad field of application, ranging from treatment of infectious diseases to 

gene delivery (Voinea and Simionescu 2002). Liposomes include proteoliposomes containing 

 20



fusogenic proteins (Kaneda et al. 1987; Mannino and Gould-Fogerite 1988), pH-sensitive 

liposomes (Slepushkin et al. 1997; Yatvin et al. 1980), cationic liposomes (Farhood et al. 1995a; 

Felgner et al. 1987), target sensitive liposomes (Ho et al. 1986) and immunoliposomes (Bendas 

et al. 1998; Bloemen et al. 1995). 

 

  

Fig 9 Production of liposome (http://www.avantilipids.com/PreparationOfLiposomes1Big.html). 

 

 

For gene delivery a good transfection system provides several abilities that include protection of 

the DNA from degradation, facilitation of the uptake, support of the escape from the endosome 

and release the plasmid, which has to pass the nuclear membrane before transgene expression 

can occur (Gao and Huang 1995; Zabner et al. 1995). Nowadays advances in the field of non-

viral vectors are made in cationic polymers and cationic lipids (Martin et al. 2005). Generally 

complexes are generated with a positive charge excess to permit the interaction with the 

negatively charged cellular membrane (Cullis et al. 1986; Farhood et al. 1995b). 

 

1.4.1 Cationic Liposomes 

Cationic liposomes consist of cationic lipids containing a hydrophobic domain and a positively 

charged head group (Karmali et al. 2006). Generally liposomes are not thermodynamically 

stable, they are stably trapped systems (Lasic 1991; Lasic et al. 1999). Their properties depend 

on the preparation conditions and physical instabilities provide the ability to aggregate and fuse 
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(Walde and Ichikawa 2001). The hydrophobic moieties and head groups cause the cationic 

vesicles to assemble into bilayer vesicles upon dispersion to aqueous solutions (Khalil et al. 

2006). Frequently, cationic liposomes are formulated by combining neutral “helper” lipids like 

DOPE (Fig 10) with a cationic lipid like DOTAP (Fig 11). DOTAP is a widespread transfection 

reagent consisting of a monocationic head group and two unsaturated hydrocarbon chains 

(Regelin et al. 2000), while DOPE has a small lipid head group with neutral net charge and bulky 

tails. DOPE destabilizes lipoplex structures and the endosomal membrane upon exposure to low 

pH thereby facilitating the membrane fusion. Additionally it is supposed to form inverted 

hexagonal phases thus releasing the plasmid DNA into the cytoplasm (Rejman et al. 2005; 

Simberg et al. 2001; Smisterova et al. 2001). The inverted hexagonal conformations of 

lipoplexes appear to promote more efficient DNA delivery (Koltover 1998; Smisterova et al. 

2001) than lamellar their counterparts (Smisterova et al. 2001). 

 

 

Fig 10 Structure of neutral 1, 2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine (DOPE/ 

http://www.avantilipids.com/ProductStructures.asp?n=850725). 

 

 

Fig 11 Structure of cationic 1,2-Dioleoyl-3-Trimethylammonium-Propane (DOTAP/ 

http://www.avantilipids.com/ProductStructures.asp?n=890890) 

 

Perhaps upon understanding the uptake mechanism used by a broad variety of viruses, this will 

allow us to adapt some of their advantages and features and avoid their disadvantages by 

designing superior non-viral transfection methods (Zabner et al. 1995) by copying their 

mechanism of entrance. 
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1.5 Cationic Polymers 

Generally cationic polymers include polybrene (Kawai and Nishizawa 1984), dendrimers 

(Haensler and Szoka 1993; Kukowska-Latallo et al. 1996) and PEI (Boussif et al. 1995) whereas 

PEI is the most efficient and versatile polymer for non-viral gene delivery (Doyle and Chan 2007). 

It binds and condenses the DNA via electrostatic interaction (Godbey et al. 2000) and avoids 

lysosomal degradation (Kichler et al. 2001; Sonawane et al. 2003), by a yet unknown 

mechanism. Additionally, the mechanism of nuclear translocation and entry of polyplexes is not 

clear (Doyle and Chan 2007). Despite these transports several possibilities were proposed 

including the interaction with microtubules (Kulkarni et al. 2005; Suh et al. 2003), but the active 

uptake is questionable (Lungwitz et al. 2005) and the hypothesis exists suggesting interaction 

with the nuclear pore complex or the nuclear membrane itself (Godbey et al. 1999b). 

PEI is available either highly branched or linear (Fig 12) and at different molecular weights; 

However, the linear 25 kDa PEI exhibits highest transfection results (Derouazi et al. 2004). In 

contrast to liposomes, polymers are in its infancy which seems paradox since it was used long 

before liposomes (Fraley et al. 1980; Henner et al. 1973). Transfection progress was minimal 

until the introduction of PEI for transfection (Boussif et al. 1995). In presence of sufficient PEI, 

DNA will be bound and condensed (Dunlap et al. 1997). The extend of condensation depends 

on the ratio between PEI and DNA (Minagawa et al. 1991). Additionally polymers promote gene 

delivery from the cytoplasm to the nucleus and allow transgene expression in the nucleus, while 

complexation with cationic lipids prevents this (Pollard et al. 1998). 
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Fig 12 Structure of linear and branched PEI (Godbey et al. 2000). 

 

 

1.6 Transfection 

Transfection is the process to introduce foreign DNA into a cell by non-viral methods. Modern 

mammalian cell culture gains increasing importance since new transfection and clonal selection 

methods enable the generation of recombinant proteins, stably or transiently expressing cell 

lines (Meissner et al. 2001).  

The pioneer work of Vaheri and Pagano (Vaheri and Pagano 1965) and Graham and van der Eb 

(Graham and van der Eb 1973) with diethylaminoethyl cellulose (DEAE) and calcium phosphate-

mediated transfection was a milestone in the creation of recombinant protein producing 

eukaryotic cell lines. In the beginning the progress was rather slow until the purification and 

modification of DNA became easier. Another milestone was the use of chloramphenicol 

acetyltransferase (CAT) as reporter gene system in 1982 by Gorman et al. together with a 

detection assay (Gorman et al. 1982) and selection systems which expanded the applications of 

gene transfer technology. The combination of reporter gene and assay system allowed 

expression studies of promoter/ enhancer sequences, transcription factors, protein-protein 

interaction, messenger ribonucleic acid (mRNA) processing, translation and recombinant effects 
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(Groskreutz and Schenborn 1997). Since the introduction of CAT several other systems 

appeared such as luciferase, ß-galatosidase, alkaline phosphatase and green fluorescence 

protein (Groskreutz and Schenborn 1997). 

The development of selection systems like neomycin (Southern and Berg 1982) were important 

due to low frequency of chromosomal integration of the plasmid DNA. Cells which survive the 

selection pressure expand into clones that can by propagated, analyzed and used for 

recombinant protein expression. Nowadays a broad variety of transfection methods and reporter 

gene systems exist to generate and investigate transgenic organisms. These methods can be 

divided into chemical and physical methods. 

 

1.6.1 Chemical Reagents 

DEAE-dextran was developed as transfection reagent by Vaheri and Pagano (Vaheri and 

Pagano 1965), which is a cationic polymer and interacts with the negatively charged DNA. An 

overall positive charge of the DNA/polymer complex allows the interaction with the negatively 

charged cell membrane followed by uptake via endocytosis. Other synthetic cationic polymers 

using the similar principle include polybrene (Kawai and Nishizawa 1984), PEI (Boussif et al. 

1995) and dendrimers (Haensler and Szoka 1993; Kukowska-Latallo et al. 1996). 

Calcium phosphate co-precipitation (Graham and van der Eb 1973) is a widely used method 

characterized by components that are easy by accessible at moderate costs combined with 

protocols applicable to a broad variety of cell types. The precipitate is taken up by cells via 

endocytosis and also appears to provide protection against nucleases (Loyter et al. 1982). 

Synthetic liposomes were introduced by 1980 (Fraley et al. 1980) for DNA delivery and 

Felgner was the first who used cationic liposomes for transfection (Felgner et al. 1987). 

Liposomes offer high transfection efficiency and can be employed to a broad range of cells. 

They successfully deliver all sizes of load ranging from oligonucleotides to yeast artificial 

chromosomes (Felgner et al. 1987; Lamb and Gearhart 1995; Lee and Jaenisch 1996), RNA 

(Malone et al. 1989) and proteins (Debs et al. 1990). Additionally this technique can be utilized 

for transient as well as stable transfections and the application for in vivo RNA or DNA transfer 

into animals or human is possible (Felgner et al. 1995). 

 

1.6.2 Physical Methods 

In 1982 electroporation was first reported for the introduction of genes (Wong and Neumann 

1982). This method is based on perturbation of the cell and nuclear membrane by an electrical 
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pulse, which forms pores that enable the DNA to enter the nucleus (Shigekawa and Dower 

1988). Important for this technique is the fine-tuning and optimization of the pulse for each cell 

type, to find an equilibrium between efficient delivery and conditions that do not kill the cells. 

Direct microinjection into the cells or the nucleus is laborious but effective to deliver DNA into 

the cells. This technique originates from embryonic stem cell research where it was used to 

produce transgenic organisms (Cappechi 1980). This method is not recommendable for large 

numbers of transfection events. 

The biolistic particle delivery is an additional physical method, relying on a high velocity 

delivery of DNA on microprojectiles to target cells (Ye et al. 1990). This approach has been 

successfully applied in vitro and in vivo (Klein 1987). 

 

1.7 Transient Protein Expression 

Nowadays nearly 70% of all recombinant protein pharmaceuticals are produced in mammalian 

cells (Wurm 2004). Transient transfection is an emerging field, with the ability to speed up the 

screening process for new therapeutically active proteins and offers increased versatility 

(Meissner et al. 2001). Thereby, the new product becomes available in advance of stable 

manufacturing cell lines (Birch and Racher 2006). For in vitro experiments and preliminary 

clinical studies, it is beneficial to use transiently expressed material to gain approval from 

regulatory authorities (Derouazi et al. 2004), furthermore it is cheaper and less time consuming 

than generating a stable cell line (Meissner et al. 2001) and the investments for stable cell line 

creation might be lost if the recombinant protein is not approved for further clinical trails 

(Derouazi et al. 2004). Large-scale (more than 100L) transient expression systems are being 

developed to meet demands for preclinical studies (Derouazi et al. 2004). During transient 

transfection the introduced DNA can be lost by the cell at any time depending on environmental 

conditions. To date, mammalian cells have been successfully transfected with DNA-containing 

complexes generated with calcium phosphate, polycations and liposomes (Derouazi et al. 2004). 

 

1.8 Stable Protein Expression 

Major advances have been made over the past two decades in the use of mammalian cells for 

recombinant protein production (Barnes and Dickson 2006), to maximize the protein yield using 

gene expression in mammalian cells. Currently, 18 monoclonal antibodies are approved for 

therapeutic use. Ten of them are produced in CHO cell lines and 8 in murine lympoid cell lines 

(NS0 and Sp2/0-Ag 14) (Birch and Racher 2006). Several approaches exist to optimize stable 
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protein expression interfering at different stages of recombinant protein production (Fig 13), 

including gene delivery, vector design, plasmid integration (chromosomal environment), mRNA 

stability and processing, translational, secretory pathways and screening of medium components 

to optimize recombinant protein production (Barnes and Dickson 2006). The specific productivity 

and stability of production processes are important features to be addressed (Barnes et al. 2003; 

Butler 2005; Wurm 2004).  

Stable transfection requires the genomic integration of genetic material into a cell to be 

maintained during reproduction. Only these clones allow replication of the exogenous DNA 

during cell division. Stable transfection bears the advantage of long-term reproducible production. 

The major applications include large scale protein production (Wurm 2004), in vitro analysis of 

gene function and regulation analysis of primary cells (Grimm 2004), as well as gene therapy 

(Glover et al. 2005). Additionally during stable transfection the site of integration is very 

important for the expression, know as position effect (Wurm 2004), but still the exact plasmid 

integration mechanism is not fully understood in heterologous transfection. While viral systems 

integrate the foreign DNA into the host genome via viral integration mechanisms, non-viral 

delivery systems integrate the DNA by the cell machinery, possibly via DNA repair and 

recombination enzymes (Haber 1999). While the integration into inactive heterochromatin results 

in low transgene expression, integration into active euchromatin enables efficient transcription 

(Wurm 2004). Several strategies have been developed to avoid negative position effects due to 

random integration including site-specific, homologous and transposon-mediated integration 

strategies (Murnane et al. 1990). Those require the expression of integration enzymes or 

additional sequences on the plasmid (Ivics et al. 1997; Keng et al. 2005).  

 

1.9 Improvement of Recombinant Protein Expression 

1.9.1 Transcription Efficiency, Integration and Chromosomal Environment 

Developments in mammalian gene expression technology to increase recombinant gene copy 

number (GCN) or transcriptional activity include the use of highly active promoters (Running 

Deer and Allison 2004). In general, they are derived from animal viruses or highly expressed 

mammalian genes, including cytomegalovirus (CMV)(Boshart et al. 1985), rous sarcoma virus 

(RSV) (Luciw et al. 1983; Norton and Coffin 1987) and simian vacuolating virus 40 (SV40) 

(Benoist and Chambon 1981) as the most prominent.  

Additionally the initiation of transcription depends on the rearrangement and opening of the 

chromatin structure and the generation of an accessible DNA conformation by chromatin 
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remodeling factors so the transcription factors (TF) and RNA polymerase II (RNAPII) can bind at 

the promoter of the gene to be transcribed (Darzacq et al. 2005). Besides the core promoter, 

regulatory elements up- and downstream of the promoter affect the association of the 

transcription, including activators, enhancers, repressors and which silencers play an important 

role (Fiering et al. 2000; Lee and Young 2000; Verrijzer et al. 1995).  

In general, transcription starts with the association and binding of core promoter elements. All 

eukaryotic expression cassettes contain a TATA box (consensus TATAWAWR, W is A or T, 

while R is a purine)(Faiger et al. 2006) and/or an insulator element (consensus YYA+1NWYY, Y 

is a pyrimidine, W is A or T and N any nucleotide)(Verrijzer et al. 1995). The TATA box is 

situated 28 to 33bp upstream of the transcription initiation site and associates to the TATA 

binding protein (TBP)(Faiger et al. 2006). The pre-initiation complex is formed by association of 

TFs and RNAP II (Muller and Tora 2004). 

Another limiting step is RNA elongation which is a property of several promoters (Darzacq et al. 

2005), as well as the interaction between RNAP II and  the initially transcribed sequences or 

templates (Carninci et al. 2006; Pal et al. 2001). 

A key factor for high transcription rates is the site of integration, know as position effect (Barnes 

et al. 2003). In general, the integration of transgenes is a random process, but to overcome 

negative position effect several possibilities exist including insulators, boundary elements, 

scaffold attachment regions and matrix attachment regions (Girod et al. 2005), ubiquitous 

chromatin opening elements (Antoniou et al. 2003) and conserved antirepressor (Kwaks et al. 

2003). 

Either these approaches physically prevent the influence of transgene transcription or alter the 

overall epigenetic environment of the surrounding chromosomal DNA. To minimize the 

epigenetic effect of surrounding chromatin on integrated transgenes, various cis-acting DNA 

elements have been incorporated into vectors (Kwaks and Otte 2006). For vector engineering, 

these elements should be small, confer universal function and depend on the copy number. 

Elements such as locus control regions (Dean 2006; Li et al. 2002) and insulators (Emery et al. 

2000) have been known for many years, but a wide range of other elements are now available. 

Antirepressor or STAR (stabilizing and antirepressor) elements, which flank transgenes in 

mammalian expression vectors, prevent spreading of methylation and histone deacetylation 

patterns from the surrounding genome into the recombinant DNA (Kwaks et al. 2003). Scaffold/ 

matrix-associated regions (S/MARs), which bind to the nuclear matrix, are thought to affect the 

arrangement of chromatin into loops which contain genes with coordinated regulation (Hancock 

2000; Heng et al. 2004). The MAR element is thought to insulate the genes of the loop from the 

surrounding chromatin, thus providing independent transcription activity. Integration of these 
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elements into expression vectors normally results in higher transcription of the gene of interest, 

because the insulation effect reduces a negative position effect due to their ability to inflict 

topological changes of chromatin (Banan et al. 1997; Bode et al. 2003; Phi-Van and Stratling 

1996; Van Leeuwen et al. 2001). Reports about the effectiveness of these methods demonstrate 

controversial results and their precise mechanism is largely unknown (Kwaks and Otte 2006).  

Another approach involves ubiquitous chromatin opening elements (UCOEs). They are derived 

from the promoters of housekeeping genes, which are normally transcriptionally active owing to 

a significant extent of histone acetylating. Recently, reports have demonstrated that the 

integration of UCOEs in expression vectors increased production and stability of transgene 

expression in CHO cells (Antoniou et al. 2003; Williams et al. 2005).  

Alternatively to the integration of regulatory elements into expression vectors, the general 

epigenetic environment of the chromatin surrounding the sites of transgene insertion can be 

altered by components influencing the acetylation of histones. Acetylation is generally 

associated with enhanced transcription. A positive effect arises from the balance of histone 

acetyltransferase (HAT) and histone deacetylase (HDAC) activities (Barnes and Dickson 2006). 

Other researchers prevent deacetylation using HDAC inhibitors (e.g. sodium butyrate, NaBu) to 

inhibit silencing thereby increasing the protein expression. Unfortunately these agents do not act 

specifically and, in addition to its role as an HDAC inhibitor, NaBu has been reported to have a 

number of adverse general cytotoxic effects on mammalian cells (Davie 2003; Kim and Lee 

2002a). 

Finally to increase the recombinant protein production of a cell line the GCN can be increased by 

systems including the methotrexate (MTX) system which will be explained later in detail. 

 

1.9.2 mRNA Procession and Stability 

Strong consecutive promoters lead to high levels of primary transcript (pre-mRNA), and a larger 

population of processed transcripts (mRNA) and ensure higher levels of template for translation. 

Another important issue concerns RNA stability and refers to the incorporation of introns into the 

expression vectors. The DNA is often isolated as cDNA without introns, whereas it is known that 

efficient cytoplasmic transport and translation of mRNA depends on splicing (Le Hir et al. 2004), 

thus most expression vectors nowadays contain introns (Wurm 2004). Splicing can promote 

elongation close to the promoter thereby supporting the polymerase binding and transcription of 

a gene (Bentley 2005; Orphanides and Reinberg 2002). One study demonstrated an average 

6.3 fold expression increase (Cullen 2003).As an example a specific RNA processing event has 

been shown to have a detrimental influence on productivity based on alternative splicing of the 
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X-box binding protein transcript (XBP-1). A single XBP-1 transcript (containing a 26 nucleotide 

intron) can be translated to generate either a 30 kDa protein (XBP-1(U)) or a 54 kDa protein 

(XBP-1(S) via alternative splicing to remove the intron and change the reading frame. XBP-1(S) 

leads to the expansion of the secretory pathway and enables higher protein expression. The 

alternatively generated XBP-1(U) is responsible for the activation of apoptosis (Brewer and 

Hendershot 2005; Shaffer et al. 2004; Sriburi et al. 2004; Yoshida et al. 2006). Another important 

point to consider is the addition of a poly-A tail. Kim and colleagues (Kim et al. 2003) 

quadruplicates the expression by changing the sequence downstream of the polyA-sequence. 

Upon disruption of cleavage and polyadenylation processes by cis- or trans-acting mutations, 

the transcripts accumulate in the nucleus, indicating that polyadenylation is an important point 

for the mRNA export (Lei and Silver 2002). 

AU-rich elements (ARE) cause a faster degradation of the poly(A)-tail, maybe through mediation 

of the exosome, thereby influencing translational efficiency (Mignone et al. 2002; Mukherjee et al. 

2002; Wilusz and Wilusz 2004). Besides the ARE, other destabilizing elements have been found 

in the 5’ and 3’ untranslated regions (UTR) of transcripts (Day and Tuite 1998). In contrast, 

stabilizing elements have been found on mRNAs encoding proteins required at constantly high 

levels, including histones, β-globulin and cytokines (Jiang et al. 2006a).  

Deeper understanding of the influence of the 5’ and 3’ UTR of the transcripts regarding mRNA, 

targeting, stability and translatability (Mazumder et al. 2003; Meijer and Thomas 2002; Mignone 

et al. 2002; Ringner and Krogh 2005), will result in further possibilities to improve expression 

plasmids (van der Velden et al. 2001).  
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Fig 13 Typical recombinant protein production pathway. The protein production pathway is highly complex 

with multiple steps that influence the efficiency and stability of recombinant protein production. The 

pathway can be divided into three distinct phases: vector design, plasmid integration and chromosomal 

environment; mRNA stability and processing; and translation and secretory events (Barnes and Dickson 

2006). 

 

1.9.3 Translation, Protein Processing and Secretion 

Mammalian cells provide correct folding, assembly, glycosylation, full functionality and safety of 

the recombinant products, therefore it is often mandatory to generate therapeutic proteins in 

mammalian cells (Stern et al. 2007).  

The initiation of translation is one of the key determining factors for efficient mRNA translation. 

The majority of control elements for initiation is located within the UTR of the transcript, but also 

other features along the mRNA may influence translation efficiency (Mignone et al. 2002). 

Most commonly mRNAs are translated by a cap-dependent translation mechanism. Thereby the 

eukaryotic initiation factor 4F associates with cap, followed by binding of the 43S pre-initiation 

complex, consisting of 40S ribosomal subunit, eIF2 and Met tRNA. Thus the complex scans the 

5’ UTR for the start codon and upon binding to it the 60S ribosomal subunit joins and translation 

starts (Preiss and M 2003). 
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The start codon surrounding sequence is of huge importance for translation, since it confers 

binding site for ribosomal subunits. It is known as Kozak sequence, occurs on eukaryotic 

mRNA and has the consensus sequence GCCRCCaugG. The purine R, usually A, at position -3 

and the G at +4 seem to be the most crucial bases (Kozak 1987; Kozak 1999), because 

mutations within these positions cause severe disease (Kozak 2002). 

Furthermore, secondary structures close to the cap may block or hamper the accessibility of 

eIF4F and is therefore an inhibitory feature, resulting in lower translation levels if hairpin 

structures close to 5’ end appear (Kozak 2005; Roberts et al. 1997). Additionally, the presence 

of AUGs upstream of the start site can interfere with translation in a negative way (Meijer and 

Thomas 2002). 

In eukaryotic cells the nascent polypeptides first enter the ER before its transport into the Golgi 

complex. A signal peptide attached to the N-terminal end of the nascent polypeptide directs the 

molecule into the ER lumen and after targeting the protein to or into the ER, a peptidase cleaves 

it off (Stern et al. 2007). The size of these signals varies between 15 to 30 amino acids, but can 

be up to 50 (Johnson and van Waes 1999; Martoglio and Dobberstein 1998). Beside variations 

in the amino acid sequence signal sequences share some common features. Through increased 

basicity and hydrophobicity in different parts of the interleukins (IL)-2 leader, Zhang et al (Zhang 

et al. 2005) observed a 3.5 fold expression increase. Since the different signal peptides show 

such sequence diversity, it is expected that they also show different affinities to the signal 

recognition particle (SRP), which dictates the efficiency with which a nascent polypeptide enters 

the secretory pathway (Zhang et al. 2005; Zheng and Gierasch 1996). Based on this 

observations a novel approach is to use specific signal peptides from Gaussia luciferase 

mediating high level protein production and to increase protein expression (Knappskog et al. 

2007).  

Furthermore, rarely used codons might be a rate limiting step causing a translation pause, due 

to the low concentration of tRNA corresponding to a particular codon (Stern B 2007). Basically 

the idea is to increase protein yield by using codons that frequently occur in the expression 

organism (Hu et al. 2006; Narum et al. 2001). The potential to increase protein synthesis of a 

recombinant gene utilizing codon optimization is a common tool (Gustafsson et al. 2004), 

although the beneficial effect on mRNA stability and transport into the cytoplasm has not been 

investigated properly (Narum et al. 2001). High mRNA concentration also might be connected to 

codon optimization as demonstrated by GenArt, since higher GC content and shorter turnover 

prolong m-RNA half-life (Reisinger et al. submitted). 

Further, recombinant antibody production is limited at a post-transcriptional level. In vitro studies 

have shown that the rate of antibody folding in the ER is relatively slow (Goto and Hamaguchi 
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1981; Lilie et al. 1994). For antibody expression, equimolar expression, folding and assembly of 

both heavy (HC) and light chains (LC) are necessary and at low levels of antibody mRNA, 

antibody expression is limited by the amount of transcript and mRNA expression are positively 

correlated (Barnes et al. 2004; Dorai et al. 2006). In case of high levels of mRNA the expression 

rate can be restricted by other factors like saturation of translational and/or secretory events 

(Barnes et al. 2004). The accumulation of unfolded proteins in the endoplasmatic reticulum (ER), 

results in an acute stress state of the cell which triggers the unfolded protein response (UPR) 

resulting in the competition between apoptosis for cell survival (Forman et al. 2003; Paschen 

and Frandsen 2001). 

Several studies using clonally-derived mammalian cell lines or hybridomas demonstrate that at 

higher production rates, no correlation between mAb and the corresponding cellular availability 

of HC or LC mRNA was observed (Barnes et al. 2004; Flickinger et al. 1992; Kim et al. 1998a), 

although some studies observed a correlation of antibody expression with LC mRNA content 

(Borth et al. 1999; Merten et al. 1994; Strutzenberger et al. 1999). Intensively studied are 

synergistic interactions of the immunoglobulin binding protein (BiP) chaperone GRP78 and 

protein disulfide isomerase (PDI) catalyzing the formation of intra- and intermolecular disulfide 

bonds (Dinnis and James 2005). Unfortunately, genetic up regulation of these chaperones in 

mammalian cells to improve expression has not been particularly successful (Dinnis and James 

2005). In general, it is difficult to draw firm conclusions from these conflicting reports, despite the 

fact that production of mammalian recombinant proteins in yeast or insect cells can be enhanced 

by the co-expression of mammalian folding chaperones, foldases and their cofactors. 

The production of recombinant proteins is highly complex, especially if the proteins are 

multimeric (e.g. antibodies), thus defining the influencing factors for recombinant protein 

production is difficult (Barnes and Dickson 2006). Smales et al. (Smales et al. 2004) found that 

expression of certain endoplasmic chaperones BiP and PDI correlated with high levels of 

specific productivity. Proteomic techniques and clonal analysis can also be applied to dissect the 

sites and mechanisms by which environmental regulators modulate production. Recently a 

number of reports outlined the positive effect of low culture temperatures or biphasic 

temperature processes on volumetric production (Bollati-Fogolin et al. 2005; Fogolin et al. 2004; 

Fox et al. 2004; Rodriguez et al. 2005; Yoon et al. 2004). 

Another major bottleneck following the proper assembly of antibody chains is the ER to cis-Golgi 

transport which might limit the rate of secretion (Hooker et al. 1999). It had been shown recently 

that active X-box binding protein (XBP1) induced synthesis of ER membrane phospholipids and 

could increased the surface area and volume of rough ER to direct secretion of expressed 

proteins (Shaffer et al. 2004). 
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In summary, it is clearly possible to overload the ‘‘capacity’’ of engineered mammalian cells to 

synthesize and secrete recombinant proteins (Schroder and Friedl 1997), and different proteins 

will impose different demands on the cell. Protein folding reactions can be considered to 

constitute a sequence of potential bottlenecks where fractional alleviation of one bottleneck may 

improve qP. However, even with a relatively rapid folding pathway, the next major bottleneck 

involving multiple protein components, ER to cis-Golgi transport (Sollner and Rothman 1996), 

may subsequently limit qP (Hooker et al. 1999). Despite identifying and isolating the machinery 

mediating the transport between intracellular compartments, still we are far from understanding 

the whole mechanism in detail. Manipulation of cellular secretion by altering the intracellular 

content of chaperone/ foldase proteins leave some questions and seem to be product and cell-

line specific.  For example the over expression of GRP78 (BiP) in CHO cells can selectively 

retain proteins that do require GRP78 for folding, including Factor VIII, but has no effect on the 

secretion rate of proteins that do not require GRP78 for folding (Dorner and Kaufman 1994). 

Whereas, the expression of a heterologous BiP protein in insect cells, raised the secretion of 

recombinant IgG by 90% (Hsu and Betenbaugh 1997). 

 

1.9.4 Host Cell Engineering and Medium Optimization 

Upon genetic engineering, the growth, lifespan and productivity of host cell lines can be 

improved (Wurm 2004). Several approaches have been tested (Arden et al. 2004; Vives et al. 

2003) including the integration of, proto-onkogenes, cell cycle control genes, growth factor 

genes and anti-apoptotic genes, most commonly by expression of basal cell lymphoma-2 (bcl-2) 

or bcl-xL (Fussenegger and Bailey 1998; Itoh et al. 1995; Mastrangelo et al. 2000; Meents et al. 

2002), but also caspase inhibition (Kim and Lee 2002b; Sauerwald et al. 2002), and expression 

of the molecular chaperone heat shock proteins (HSP) 70 (Lasunskaia et al. 2003), to cell lines 

to generate superior production hosts (Arden et al. 2004). Although most studies report an 

improvement in cellular ‘‘robustness,’’ measured as resistance to an imposed stress, just a few 

report an actual increase in product yield.  

Metabolic engineering has been employed to increase viable cell concentration and volumetric 

production indirectly by inhibition of the accumulation of toxic byproducts of metabolism such as 

lactate and ammonium (Bell et al. 1995; Chen et al. 2001; Park et al. 2000) or by an engineered 

improvement in the efficiency of primary metabolic pathways. Whereas the latter may be 

achieved by nutrient limitation (Cruz et al. 2000; Haggstrom et al. 1996), a recent genetic 

engineering approach based on pyruvate carboxylase expression to increase glucose flux into 

the tricarboxylic acid cycle has proven successful. Engineered cells showed reduced glucose 
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consumption, less accumulation of lactate and ammonium as well as a prolonged production 

phase (Elias et al. 2003; Irani et al. 2002; Irani et al. 1999). 

Volumetric product yield is basically a function of cell specific production rate and the integral of 

viable cell concentration. The ideal combination for typical fed-batch production processes is a 

rapid accumulation of cellular biomass and maintenance at high viable cell concentration for as 

long as possible (Bibila and Robinson 1995; Sauer et al. 2000). Mainly this has been achieved 

by systematic optimization of media formulation and rational design of feeding regimes. 

The inverse relationship between cell proliferation rate and cell specific recombinant protein 

production has been reported in a variety of circumstances including the use of specific 

metabolites or nutrient limitations (Altamirano et al. 2001; Carvalhal et al. 2003), the reduction of 

culture pH (Miller et al. 1988; Muthing et al. 2003), reduced culture temperature (Fox et al. 2004; 

Kaufmann et al. 1999), or hyperosmotic pressure (Kim and Lee 2002b; Lee and Lee 2000). To 

increase volumetric concentration of recombinant product a ‘‘biphasic’’ cell culture process 

strategy was proposed (Fussenegger and Bailey 1998). During the first phase, cell proliferation 

must be supported to accumulate viable cell concentration, whereas during the second phase 

cell division is arrested to enable high cell volumetric titers (Dinnis and James 2005). 

A crucial point is the medium, since it provides the growth environment for the cells and is 

responsible for the maximal reachable cell density which correlates with the expression of 

recombinant protein. According to Wurm, several media formulations are necessary for a single 

production process, designed specifically for the manufacturing phase (Wurm 2004). Often these 

positive effects are achieved by using fetal calf serum (FCS), which is no option because due to 

regulatory reasons the expression of recombinant therapeutic proteins in chemically defined 

conditions without animal derived components is mandatory (Muller et al. 2007). In general, 

medium design is of high importance and has to be performed, for each cell line individually 

(Wurm 2004). The main supplements of basal medium include vitamins, trace elements, glucose 

and nucleotides (Hammond et al. 1984). 

 

1.9.5 Selection, Gene Amplification and Cell Line Screening 

Selection systems are co-transfected and confer some advantage for cell growth under selection 

conditions. Several selection systems exist, including resistance to antibiotics such as neomycin 

phosphotransferase, conferring resistance to G418, DHFR, or GS (Southern and Berg 1982; 

Wurm 2004). The basic antibody gene expression systems used including GS, DHFR 

selection/amplification systems have not been changed significantly since their introduction, 

 35



indicating specific productivity of 20–50 pg/cell/day (Bebbington et al. 1992; Bianchi and 

McGrew 2003; Kaufman and Sharp 1982).  

Selection with DHFR works merely in DHFR deficient cells like CHO-DUXB11 (Urlaub and 

Chasin 1980) or CHO-DG44 (Urlaub et al. 1986), while the GS system works with a broad 

variety of cells. 

In case of the DHFR system, the recombinant protein expression can be increased by exposing 

the cells to MTX, which blocks DHFR activity (Gandor et al. 1995; Pallavicini et al. 1990). After 

the amplification surviving cells frequently contain several hundred gene copies (Wurm et al. 

1986), of the plasmid integrated into their chromosome (Pallavicini et al. 1990). Cells with low 

transgene copy number are more stable in terms of production, because it is assumed that cell 

clones containing multiple copies might be more susceptible to copy number loss or tandem-

repeat-induced gene silencing caused by methylation (Derouazi et al. 2006). Whereas, the 

integration of several copies in tandem repeats raises the probability that the DNA is located 

away from repressive elements in the genome thus improving transcription (Jiang et al. 2006b). 

Upon amplification of cells with MTX they show 10- to 20-fold expression improvements 

compared to unamplified cells (Wirth et al. 1988). A recent investigation of MTX amplified CHO 

cells have shown that amplification not merely caused an increase in the recombinant gene copy 

number, but also enhanced transcriptional efficiency per copy until a maximum of ~250 copies. 

At higher copy numbers the specific productivity per copy decreased (Guarna et al. 1995).  

An alternative provides the GS system. GS catalyzes the production of glutamine from glutamate 

and ammonium, the latter being undesirable waste product of cells. Thus, this system provides 

three main advantages, the reduction of ammonium, providing the essential and unstable amino 

acid glutamine to the cells and it can be used with a broad variety of cell lines. Whereas the 

DHFR-system is limited to cell lines where the DHFR gene is mutated or deleted. The transgene 

complex containing the GS gene and the gene of interest is amplified, by using the specific and 

irreversible inhibitor Methionine sulphoimine (MSX) for this system (Bebbington et al. 1992). 

Due to the fact that protein expression level varies up to two orders of magnitude between cell 

clones, including those derived from amplification (Barnes et al. 2004; Jones et al. 2003), the 

identification of high producers is indispensable and numerous cell lines have to be screened. 

Additionally during screening the cell growth must be taken into account, since producing cell 

lines often show reduced growth rates, but it is the combination of fast growth and high qP that 

makes a good production cell line (Wurm 2004). 
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1.10 Therapeutic Antibody Expression  

During the last decades the technological advances made antibodies to one of the most 

prominent and growing class of biotherapeutics (Chadd and Chamow 2001). The number of 

monoclonal antibodies currently developed is higher than any other therapeutic category (Davis 

et al. 1999).  

In recombinant expression technologies the major challenges are the correct processing of the 

product and to meet manufacturing regulatories (Chadd and Chamow 2001).  

Köhler and Milstein (Kohler and Milstein 1975) established methods to generate mouse clonal 

antibodies in 1975. The use of murine antibodies in human therapy is limited by their 

immunogenicity (Kipriyanov and Little 1999; Richards et al. 1999). In 1984, chimeric antibodies 

consisting of 66% human and 34% mouse sequences were generated for the first time (Morrison 

et al. 1984). Between 1988 and 1991 humanization attempts of murine antibodies reduced the 

mouse portion to 5-10% (Padlan 1991; Riechmann et al. 1988). Alternatively fully human 

antibodies can be produced by phage display (Huls et al. 1999) and afterwards the variable 

regions are grafted to constant regions in cell culture. During the 1990s transgenic mice 

emerged which were genetically engineered to contain a human antibody repertoire (Green et al. 

1994; Mendez et al. 1997; Taylor et al. 1994). To generate monoclonal antibodies B-cells are 

isolated from the spleen after antigen challenge. Thus, the B-cells are fused with myeloma cells 

to provide indefinite growth in culture. The hybridomas grow rapidly and produce the desired 

antibodies.  

For antibody production several systems exist including yeast, mammalian cells or transgenic 

animals and plants, they show the best capacity for full-length recombinant human antibody 

expression, while bacteria seem favorable for the expression of antibody fragments, as bacteria 

lack the machinery for post-translational modifications (Chadd and Chamow 2001). In contrast to 

bacteria there is discussion about the ability of yeast cells to express functional antibodies, since 

their glycosylation pattern is differs in its complexity in mammalian systems (Cupit et al. 1999; 

Freyre et al. 2000). Glycosylation is crucial, for recombinant antibodies to confer full biological 

activities including antibody-dependent cell cytotoxicity and complement mediated lysis in vivo. 

Recently, human-like glycosylation of recombinant glycoprotein produced by genetically 

engineered tobacco, moss, and yeast has been accomplished (Bakker et al. 2001; Decker and 

Reski 2004; Hamilton et al. 2003), although as production vehicles, these systems are still very 

much in their infancy. Concerning mammalian production system their potential increases due to 

improvement of recombinant expression vectors, identification of expression hotspots, medium 
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optimization and enhancement of biomass accumulation (Chadd and Chamow 2001). An 

alternative method still under development for large-scale production of antibody is the 

generation of transgenic organism. Besides regulatory difficulties, these approaches have to 

cope with social rejection and ethic concerns. 

 

1.10.1 Anti-HIV-1 Monoclonal Antibody 2F5 

The human monoclonal antibody (mAb) 2F5 IgG1 isotype was established as hybridoma cell line 

by fusion of peripheral blood lymphocytes with CB-F7 myeloma cells (Buchacher et al. 1994; 

Grunow et al. 1988). 2F5 neutralizes the human immunodeficiency virus (HIV)-1 (Purtscher et al. 

1994) and recognizes and binds the highly conserved sequence ELDKWA on the virus envelope 

gp41 (Muster et al. 1994). Furthermore this antibody efficiently inhibits infection of laboratory 

strains and primary HIV-1 isolates (Li et al. 1998; Mascola et al. 1997). Unfortunately the primary 

structure of this antibody is highly complex especially concerning its long complementary 

determining region 3 (CDR3) loop (Kunert et al. 1998) which might be responsible for low 

secretion rate (Kunert et al. 2000) even in stable cell lines notably under serum-free conditions 

(Reisinger et al. submitted). In general, the low qP of the antibody 2F5 might be referred to the 

fact that, each antibody has a characteristic expression efficiency, affected by a combination of 

several factors including the primary sequence of light- and heavy chain (Bentley et al. 1998). 
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2 Constructs 
In case of our experiments we used several versions of expression plasmids, differing in their 

backbone, their promoters, their leaders and their cDNA (Figure 14) to express the mAb 2F5. 

The human monoclonal antibody (mAb) 2F5 IgG1 isotype neutralizes the human 

immunodeficiency virus (HIV)-1 (Purtscher et al. 1994) and recognizes and binds the highly 

conserved sequence ELDKWA on the virus envelope gp41 (Muster et al. 1994). If the plasmids 

contained no dhfr cassette, an additional plasmid was co-transfected, containing the mouse dhfr 

cistron, to allow amplification with methotrexate (MTX)(Alt et al. 1978).  

For the first plasmid generation, pRC/RSV (Invitrogen) was used as a backbone for LC and HC 

coding region under control of a RSV promoter in clones 2F5/MCB, 2F5/WCB and 2F5/NF. The 

cDNA of LC and HC was amplified from the original hybridoma, the signal peptides were from 

the highly germline related antibody 3D6 (Kohl et al. 1991). 

The next plasmid generation, used for 2F5/CO, the vector pRoM410 was used as expression 

backbone for expression of LC behind the CMV promoter. The genes for HC and dihydrofolate-

reductase (dhfr) on pRoM423 were controlled by two independent SV40 promoters/terminators 

(Fig 14). 

In another approach the first generation plasmid backbones as well as LC and HC cDNA 

(pRC/RSV/GPSP) were combined with the Gaussia luciferase signal peptide (Fig 14), thereby 

replacing the highly antibody 3D6 signal peptides (Kohl et al. 1991)  to generate 2F5/LG 

(Knappskog et al. 2007).  
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Fig 14: Shows the detailed maps of the plasmids used for the generation of stable cell lines, 

carrying either the HC or LC of mAb 2F5.  
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3 Conclusion of Experiments 
At the beginning of this study, our lab had no experience with self-developed transfection 

systems. We merely used commercially available systems which bear the disadvantage of high 

costs and limited knowledge about the compounds for the customer which is important when 

developing a cell-line. Thus it was important for us to develop our own chemically defined 

transfection systems. Therefore we employed two different strategies, one dealing with 

liposomes and the other dealing with cationic polymers. During our work we investigated the 

usability of these systems for the transient expression of enhanced green fluorescent protein 

(EGFP), for the transient expression of the mAb 2F5 and the generation of stable cell lines 

expressing 2F5. 

 

3.1 Transient EGFP Experiments 

After defining the lipid composition we investigated DOTAP/DOPE (DD) and CHEMS/DOPE 

(CD) liposomes via SAXS analysis. During transfection, the formation of a hexagonal phase is 

associated with high transfection rates. DD formed cubic phases which are a transition state 

between lamellar and inverse hexagonal phase (Seddon 1990), but no hexagonal phases were 

observed. In combination with DNA the CHEMS/DOPE neither formed cubic phases nor lamellar 

stacks. This might be ascribed to the uptake mechanism of DD and CD. CD are a pH sensitive 

liposome, the general assumption is that they destabilize endosomal membranes at acidic pH, 

but the detailed mechanism is yet not well defined (Straubinger 1993), while cationic DD interact 

with the negatively charged cellular membrane and initiate the membrane transfer process 

(Scarzello et al. 2005).  

In parallel the fate of both liposome/DNA complexes within the cell was observed. Therefore the 

DNA and the liposomes were stained and analyzed via confocal microscopy revealing that the 

DNA enters the nucleus while the liposomes remain in the endosomes (Reisinger et al. 2007). 

These observations confirm that the degradation of the liposome/DNA complex and the nuclear 

uptake of the DNA is the crucial step for an optimal transcription (Xu and Szoka 1996). Due to 

poor transfection results, the approach using the CD was abandoned although they worked in 

other studies (Slepushkin et al. 1997). 

The increase of liposome concentration resulted in a reduced viability of the cells. Positively 

charged lipoplexes enable efficient binding to the cell surface, but an overload of positive charge 

enhances the toxicity of the complex (Templeton 1997), because the excess of positive charges 

surrounding the cell destabilizes the membrane and leads to its disruption.  
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As for PEI, a cationic polymer was used for DNA transfer. PEI condenses DNA and serves as a 

non viral gene delivery system (van der Aa et al. 2007). First, we addressed to several 

parameters to develop and improved the PEI transfection protocol. Thus, the toxicity of the PEI 

complexes and the ideal ratio between DNA and PEI were determined since the ratio between 

PEI nitrogen and DNA phosphates is important for transfection efficiency and cell toxicity 

(Reisinger et al. submitted) and has to be adapted to each medium (Muller et al. 2007). In our 

experiments the cultivation medium was Dulbecco’s modified Eagle’s medium (DMEM/Biochrom 

KG, Berlin, Germany) containing 4mM L-glutamine (Life Technologies, Grand Island, NY, USA), 

0.25% Soya-peptone/UF, 0.1% Pluronic-F68, in-house developed protein-free supplement 

(Polymun Scientific Immunbiologische Forschung GmbH, Vienna, Austria) and HT 

(Hypoxanthine, Thymidine: Sigma-Aldrich Handels GmbH, Vienna, Austria). A  DNA to PEI ratio 

of 1:36 (w/w) resulted in a maximum transfection rate in combination with 30 minutes incubation 

at 22°C for the complex formation. 

The comparison of our transfection techniques, with Lipofectin, DMRIE-C, Lipofectamine and 

Nucleofector during transient transfection of EGFP, showed that DD and PEI can compete with 

the commercially available systems.  

 

3.2 Transient 2F5 Expression 

During transient transfection using LC and HC of mAb 2F5 cDNA, both systems showed poor 

transfection rates below 1% and their volumetric antibody titer was below 50ng ml-1. Therefore 

we decided to move on to a stable transfection. The mAb 2F5 has a complicated primary 

structure especially concerning the long CDR3 loop (Kunert et al. 1998) which is referred to be 

responsible for low secretion rate (Kunert et al. 2000) even in stable cell lines under serum-free 

conditions (Reisinger et al. submitted). Despite those poor transient transfection results, viability 

was kept high, providing a better starting position for the generation of stable recombinant cell 

lines. 

 

3.3 Stable 2F5 Expression 

When comparing the transfection abilities of DD and PEI with EGFP, PEI proved to be the better 

method for transient transfection but both systems performed equal during stable transfection. 

This might be referred to the transfection mechanism, since different endocytic pathways exist 

and it should be taken into account that each pathway has its own characteristics (Khalil et al. 
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2006). The cellular uptake of lipoplexes is performed mainly by endocytosis via clathrin coated 

pits, which occur after non-specific charge mediated interaction with the cellular surface (Zuhorn 

and Hoekstra 2002). After internalization, the complex travels into an endosomal compartment 

and escapes before reaching the lysosome. However, the exact mechanism of DNA transfer 

across the nuclear membrane is still unsolved (Escriou et al. 2001).  

It is postulated that PEI can either be taken up via the clathrin mediated or the caveolae pathway. 

During the clathrin-dependent pathway the polyplexes are transported in early and late 

endosomes that ultimately fuse with lysosomes and the trans-Golgi network (Takei and Haucke 

2001). PEI is taken up either by the clathrin mediated or the caveolae pathway, thus bypassing 

degradation in endosomes. In contrast to DD, PEI seems to support the entrance of DNA into 

the nucleus actively and even though it is associated with the DNA it does not hamper 

expression (Zabner et al. 1995).  

 

3.4 Generation and Comparison of Stable Cell Lines 

Five recombinant cell lines, were generated and investigated, each expressing the HIV 

neutralizing human monoclonal antibody 2F5 (Kunert et al. 1998). 

The results of genetic characterization indicate that, despite the usage of similar promoters, the 

cell lines differed in their transcription rate. The GCN did not reflect the mRNA content 

determined by Northern-Blot. Responsible for this effect might be a position effect of the target 

gene on the chromosome (Jiang et al. 2006b; Wurm 2004). Besides several studies which 

confirmed that the GCN is proportional to the level of MTX amplification (Pendse et al. 1992), the 

GCN is not sufficient for high qP as described previously (Lattenmayer et al. 2007).  

The cell lines generated with codon-optimized cDNA showed increased mRNA amounts. This 

increase might result from prolonged mRNA half-life related to higher GC-content and shorter 

turnover (Stern et al. 2007). Thus, the detected intracellular content of HC and LC were high 

which is referred to the optimized cDNA, but the bottleneck seems to be the secretion of the 

antibodies, because the volumetric titer is similar to the other protein-free cultivated cell lines. 

Furthermore the signal peptide of the Gaussia princeps luciferase was used with LC and HC 

cDNA on plasmids. It was shown that they mediate increased synthesis and more efficient 

secretion of a model protein (Knappskog et al. 2007). These plasmids were used to generate a 

cell line, which showed low HC mRNA amounts but similar qP compared to the other generated 

cell lines.  

Flow cytometry analysis confirmed that the varying protein secretion rates are often not reflected 

by the intracellular content of the antibody as already described by Kim et al (Kim et al. 1998b). 
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Others working in that field propose increase volumetric concentration of recombinant product 

via a ‘‘biphasic’’ cell culture process strategy (Fussenegger and Bailey 1998), and consequently 

suggested that cell division should be arrested to obtain a high qP since cell division drains 

resources required for recombinant protein production (Dinnis and James 2005). During batch 

cultivation under nutrient starvation, elevated levels of intracellular HC and LC in clones 

cultivated without FCS were observed.  

Several in vitro studies concluded that the folding and assembly of LC and HC to obtain a 

functional antibody is the rate-limiting step in recombinant mAb production (Barnes and Dickson 

2006; Dinnis and James 2005). Furthermore, no correlation between intracellular LC and HC 

mRNA content and antibody expression seems to exist (Barnes et al. 2004; Flickinger et al. 

1992; Kim et al. 1998a), although the strong correlation between recombinant mAb production 

and LC mRNA had been postulated in several studies (Borth et al. 1999; Strutzenberger et al. 

1999). 

Another major bottleneck following the proper assembly of antibody chains is the ER to cis-Golgi 

transport which might limit the rate of secretion (Hooker et al. 1999). It had been shown recently 

that active X-box binding protein (XBP1) induced synthesis of ER membrane phospholipids and 

thereby the surface area and volume of rough ER are increased, thus raising the secretion of 

expressed proteins (Shaffer et al. 2004).  

Our two chemically defined systems are suitable for stable serum-free transfection of CHO cells 

and they can compete with commercially available transfection systems (Reisinger et al. 2007), 

they are cost efficient and provide easy scalability and are also usable for larger scales. They 

provide a fast and easy method for stable transfection and are highly competitive with common 

transfection techniques used in our lab (Reisinger et al. submitted). 
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4 Perspectives 
 
For the generation of high producing cell lines, that generate high qP, the next step could be to 

combine the transfection techniques described in this work. Thereby the advantages of cationic 

liposomes and the cationic polymers could be used to get high transfection rates and highly 

recombinant protein expressing cells. Several studies reported the successful combination of the 

cationic liposomes and polymers in one system for transfection (Kamiya et al. 2003; Kogure et al. 

2004; Lee and Huang 1996). It is possible to complex the PEI with the DNA and additionally load 

the liposomes with these polyplexes. Thereby the liposomes would serve to cross the cellular 

membrane, while the PEI would support the transport via the cytoplasm into the nucleus 

providing high transfection rates. 

In a first step, the modification of the expression plasmids should include the integration of at 

least one intron, codon-optimized cDNA of the antibody HC and LC under control of CMV 

promoters on different vectors. Additionally the plasmids should be as small as possible to 

simplify the integration into the genome. Thus, it might be better not to overload the plasmids 

with proposed genetic elements for the increase of antibody production. After investigating the 

influence of these changes one can proceed to the addition of leader sequences or other 

genetically engineering approaches. 

Another possible approach might be the identification of the amino acids in the primary 

sequence that are not necessary for biologic activity of the antibody and switch to other amino 

acids, thereby increasing the expression rate of the antibody. 

Additionally the “omics” tools which became available during recent years might play a major 

role in providing knowledge upon understanding the biology of the cell. It can show which 

regulatory elements are up regulated and how the secretion via ER and Golgi is influenced.  

The highest titers published so far were 4.7 g/l claiming without mentioning the probable 

variations (Wurm 2004), while it is believed that understanding of cell biology using the omics 

tool in combination with progress in media composition and feed development might lead to 

antibody concentrations of at least 10g/l (Birch and Racher 2006). 

The design and development of new expression vectors can be beneficial as well as modifying 

the growth conditions for the host cells reducing stress and enabling the cells to grow to higher 

densities thereby producing higher volumetric antibody titer. Often the qP is limited by events 

downstream of transcription and translation, which can be partly addressed by vector 

engineering. The antibody production is limited at folding, assembly and secretion reactions, 

thus the secretory pathways must be modified. Since foldases and chaperones exist as large 
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protein complexes, the global expansion of all components of the secretory pathway is required 

for genetic improvement of antibody secretion rather than over-expression of selected proteins. 

The processing and the secretion of the recombinant proteins can be increased upon 

understanding the detail mechanism to obtain higher qP of the recombinant protein.  
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