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Summary

Expression of recombinant proteins (r-proteins) in mammalian cells has become an essential 
process in biopharmaceutical industries due to the ability of mammalian cells to express 
biologically active proteins. This is achieved by either stable gene expression (SGE) or 
transient gene expression (TGE). TGE is an attractive approach due to the short period of time 
required for the protein expression. However, there are some major bottlenecks associated 
with its applicability for the large scale protein production. Some of the key problems in TGE 
are the low protein titres and need for the large amount of DNA for transfection when 
compared to the SGE. 

Previous studies have demonstrated that the use of histone deacetylase (HDACs) inhibitors,
such as sodium butyrate and valproic acid (VPA), can enhance r-protein production in the 
mammalian cells. VPA was shown to be an attractive choice for the TGE due to its gained 
approval for human usage by Food and Drug Administration (FDA) and low cost when 
compared to the other potential HDAC inhibitors. Until now, effects of VPA on transiently 
transfected human embryonic kidney 293 EBNA (HEK 293E) cells have not been extensively
studied. Hence, the main aim of my study was to test effects of VPA on TGE and on 
transgene mRNA levels in the HEK 293E cells.

Data obtained in my study demonstrated that the VPA improved protein yields in TGE up to 
six and three fold for IgG and Tumor Necrosis Factor Receptor Fc tagged, respectively. 
Further, the cell viability and cell density were both affected by VPA addition. The cells were 
arrested in growth approximately two days post-transfection and relatively high cell viability 
was observed until day 10, when cell viability dropped below 50%. VPA treatment also 
improved the specific cell productivity up to three fold when compared to the untreated cells. 
Addition of VPA 24 hours post transfection together with glucose (three g/l) on day three
improved the IgG protein titres approximately up to 80% when compared to the control 
(without addition of glucose). Quantifying IgG light chain mRNA by quantitative real-time 
polymerase chain reaction showed that VPA improved the transgene mRNA levels in
transiently transfected cells. Thus, my results showed that VPA has a strong impact on protein
levels, viability, cell growth and transgene mRNA levels in the transiently transfected cells.
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List of abbreviations

GFP                     Green fluorescent protein

ELISA                 Enzyme linked immunosorbent assay

EF-1α                   Human elongation factor 1α

HEK293               Human embryonic kidney 293

IgG                       Immunoglobulin G

iHDAC                 Inhibitor of histone deacetylase

NaBut                   Sodium butyrate

PCV                      Packed cell volume

pDNA                   Plasmid DNA

PEI                        PolyethylenImine

qRT-PCR              quantitative real-time polymerase chain reaction

SGE                       Stable gene expression

TGE                       Transient gene expression

TNFR:Fc               Tumor Necrosis Factor Receptor Fc tagged

VPA                       Valproic acid
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1) Introduction

1.1 Recombinant therapeutic protein expression in mammalian cells

The production of genetically engineered, recombinant proteins (r-proteins) up to milligram 
or gram scale is an essential process for preclinical, biochemical, biophysical, and drug 
discovery studies used by numerous scientific groups and pharmaceutical companies
(Carpentier et al., 2006). Biological expression systems including microbial and eukaryotic 
cells are currently in use for the production of recombinant proteins (Meissner et al., 2000).
Among these methods mammalian expression systems dominate due to their ability to express 
the glycosylated therapeutic proteins with proper post transcriptional modifications, 
functional folding and assembly (Wurm 2004; Baldi et al., 2007). Most of the recombinant 
therapeutic proteins used for medical application are complex molecules of human origin. 
Thus, they need to be expressed in a biologically active state (Baldi et al., 2007; Pham et al.,
2006).

Transient gene expression (TGE) and stable gene expression (SGE) are the two widely used 
approaches for expression of r-proteins in mammalian cells (Backliwal et al., 2008). 
Generation of stable cell lines for SGE based on chromosomal integration of a foreign gene is 
a time consuming and labour intensive process. Moreover, some cytostatic proteins are not 
suitable for SGE (Backliwal et al., 2008; Pham et al., 2006). TGE is an attractive alternative 
to overcome these problems associated with the SGE (Carpentier et al., 2006; Pham et al., 
2006).

1.2 Transient gene expression

Transient gene expression (TGE) is widely used for production of small amounts of r-
proteins. The production process takes one to three weeks (Baldi et al., 2007; Pham et al.,
2006; Carpentier et al., 2006). In TGE, the transgenes are expressed from the episomal DNA 
delivered into the host cells as plasmid. Some of the major advantages with TGE technology 
are simplicity in the construction of expression vectors and the choice between wide ranges of 
host cell lines such as HEK 293, CHO, NS0 and BHK (Wurm and Bernard 1999). TGE can 
be done by any method that would transport the plasmid DNA successfully into the host cells.
The transgene expression vectors can be delivered into the host cells by both non viral or viral 
methods. However, due to biosafety concerns and to make the purification process easier,
non-viral gene delivery methods are preferable.

Non-viral gene delivery can be achieved by both chemical and physical means. Chemical 
agents such as cationic polymers, cationic lipids and physical methods like microinjection and 
electroporation are widely used for TGE. Although commercial cationic lipids like FuGENE™, 
293fectin™ and Lipofectamine™ give good transfection efficiency and expression levels, they
cannot be applicated in large scale TGE due to their high cost (Godbey et al., 2001; Pham et 
al., 2006; Geisse 2009). Cationic polymers such as calcium phosphate and polyethyleneimine 
(PEI) are cost-effective gene delivery agents for TGE (Wurm and Bernard 1999).  However, 
calcium phosphate is less useful since it requires serum (Geisse 2009; Baldi et al., 2007; 
Pham et al., 2006). All the polycations can bind strongly and form complexes with the 
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negatively charged DNA (Godbey et al., 2001). Furthermore, these DNA and polymer 
complexes interact with the cell surfaces and are endocytosed by the cells (Godbey et al.,
2001). 

1.3 Polyethyleneimine 

Polyethyleneimine (PEI) is considered an efficient transfection agent (Boussif et al., 1995; 
Carpentier et al., 2006) due to its good support of transfection and cost-effectiveness. PEI is 
available in several molecular weights (from 2 to 750 kDa) and also in different forms 
(branched and linear). 25 kDa linear PEI is widely used for TGE and was shown to be optimal 
for transfection in mammalian cells (Baldi et al., 2007; Giesse 2009). PEI condenses the DNA 
and forms complexes (Godbey et al., 2001; Pham et al., 2006; Carpentier et al., 2007) and 
these PEI and DNA complexes enter the cells by endocytosis. The PEI and DNA polyplexes
(polycation and DNA complexes) escape from the vesicles by a process called the “proton 
sponge effect” (Boussiff et al., 1995; Nel et al., 2009; Thomas and Klibanov 2002).
Polycations (like PEI) have the tendency to bind strongly to the lipid surfaces on the 
membrane and be endocytosed into the vesicles. After entering into the acidifying lysosomes 
the amino groups that can be protonated of PEI retain one chloride (Cl-) and one water 
molecule each. As a result osmotic swelling of lysosomes happens and subsequent rupture of 
lysosomes releases the inner contents of the lysosmes into the cytoplasm (Nel et al., 2009; 
Thomas and Klibanov 2002). This effect is called as “proton sponge effect”

1.4 Host cell lines and expression vectors for transient gene expression

Several mammalian host cell lines are currently approved for the production of recombinant 
proteins including Chinese hamster ovary (CHO DG44), human embryonic kidney 293 
EBNA-1 (HEK 293E), mouse myeloma (NS0), and baby hamster kidney cells (BHK) (Baldi 
et al., 2007; Pham et al., 2006; Wurm 2004). Initial attempts of TGE were made in COS (cells 
being CV-1 (simian) in Origin, and carrying the SV40 genetic material) cells (originated from 
African green monkey kidney cells) to produce the r-proteins in large scale but the success 
was limited due to the poor scalability and suspension adaption (Geisse 2009). The most 
popular and commonly used host cell lines for TGE application are CHO DG44 and HEK 
293E cells (Baldi et al., 2007; Geisse 2009). 

The HEK 293 cell line was created by Graham et al in 1977. There are several genetically 
modified 293 cell lines available commercially. Among these, HEK 293E is commonly used 
for large scale TGE studies due to its high transfection efficiencies and capacity to grow in 
serum-free suspension at high cell densities (Geisse 2009; Baldi et al., 2007). HEK 293E cells 
continuously expressing the Epstein-Barr virus nuclear antigen-1 (EBNA-1 protein) allows
plasmid having the origin of replication (Ori P) of Epstein-Barr virus to be maintained in 
episomal state after cell division (Geisse 2009; Durocher et al. 2002; Baldi et al., 2007; Pham
et al., 2006). The EBNA-1 protein has a nuclear localization signal (NLS) that allows the 
expression vector transport through nuclear pore complex (Geisse 2009).

The design of expression vector has a strong impact on TGE success and the protein titres 
(Backliwal et al., 2008). Typical expression vectors used for TGE contain a promoter that
drives the expression of transgenes from the cDNA (Wurm 2004), a translational signal 
(Kozak sequence), a prokaryotic replication origin and a selection marker for the selection 
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and propagation in prokaryotic host (Baldi et al., 2007; Pham et al., 2006). A Kozak sequence 
or Kozak consensus sequence present on eukaryotic mRNA and assist the initial binding of 
ribosome’s (Kozak 1986; Kozak 1987). The ribosome recognizes the Kozak sequence as a 
translation start site and initiates the translation process. In prokaryotes the same kind of role 
is played by Shine-Dalgarno sequences (Shine and Dalgarno 1975). In most of the expression 
vectors used for TGE, the human cytomegalovirus (hCMV) immediate early promoter is used 
to drive the expression from the transgene (cDNA) (Geisse 2009; Pham et al., 2006). Other 
promoters used in the TGE applications include human elongation factor 1a (EF1 alpha) and 
the mouse CMV promoter (Geisse 2009). Insertion of an intron between the promoter and the 
start of the coding sequence improves the r-protein expression by enhancing the mRNA 
stability and nuclear transport (Pham et al., 2006; Wurm 2004). Use of post-transcriptional 
regulatory elements of viral origin in the expression vectors boosts the protein expression in a 
variety of cell lines. One such element that has improved expression in HEK 293 cells is the 
woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) (Geisse 2009).

1.5 Limitations associated with transient gene expression for recombinant protein 
production in large scale

Despite several advantages associated with the TGE technology including the short time 
required for the r-protein production and no need of genetic selection, there are some major 
bottlenecks associated with its applicability for large scale applications that make the 
technology fall behind the SGE. Some of the major limitations are low protein titres and 
specific productivity when compared to the stable cell lines, need of large quantities of highly 
purified plasmid DNA and plasmid DNA stability over time due to cell divisions

SGE may provides 20-25 times higher specific volumetric productivities when compared to 
the TGE (Backliwal et al., 2008; Wurm 2004; Baldi et al., 2007). To make TGE as a 
competitive to SGE, considerable improvement in cell specific productivity is essential. Some
strategies have been described to improve the specific productivities e.g. by over expressing 
the X-box binding protein (to improve ER secretion) or co-expression of growth factors like 
acidic fibroblast growth factor (aFGF) and transcription factors (Tigges and Fussenegger, 
2006; Backliwal et al., 2008).

Previous studies have demonstrated decreased transcription activity from plasmid DNA due 
to DNA methylation and histone deacetylation (Backliwal et al., 2008; Suzuki et al., 2006). 
To reduce the effect of these epigenetic phenomena, several agents such as the histone 
deacetylation inhibitors (iHDAC) sodium butyrate, trichostatin (TSA) and DNA 
methyltransferase inhibitors (iDNMTs) such as azacytidine are used. Backliwal et al. 2008
studied the effect of several FDA-approved iHDACs and iDNMTs on TGE process and 
showed that the protein expression in TGE was improved 400% by iHDACs and 80% by 
iDNMTs in both HEK 293E and CHO DG44 cell lines. Among the iHDACs screened, 
valproic acid (VPA) was found to be the most efficient and cost effective when compared to 
the others (Backliwal et al., 2008). 

1.6 Valproic acid application in Transient Gene Expression 

Valproic acid (2-propylpentanoic acid, VPA), is a short chain fatty acid that is used 
extensively in the clinic to treat epilepsy and bipolar disorders (Fan et al., 2004; Segura-
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Pacheco et al., 2007; Michaelis et al., 2004). VPA is also known as an iHDAC and induces 
histone hyperacetylation both in vivo and in vitro (Marchion et al., 2005; Fan et al., 2004; 
Michaelis et al., 2004). A unique feature of VPA among the other potential HDAC inhibitors
is its ability to hamper the class I HDACs and also inhibit class II HDACs (Fan et al., 2004). 
Fan et al showed that VPA enhances transgene expression from the adeno-associated vector
(AAV) system in various cell lines. Moreover, there was no signs of cellular toxicity were
detected with VPA compared to other widely used iHDACs like sodium butyrate (NaBut) and 
trichostatin (TSA) (Fan et al., 2004). 

It was also shown that the iHDACs enhance the specific productivity and mRNA transcription 
level in stable CHO cell lines (Jeon and Lee, 2007). VPA is an FDA approved drug and well 
documented for its safe usage in human. Hence, it is a very interesting compound for the 
improvement of the recombinant protein expression by TGE (Backliwal et al., 2008)

1.7 Integral of viable cell density and specific productivity determination

The integral of viable cell density (IVCD) represents the cumulative sum of daily cell 
concentrations up to a certain time or simply the area below the cell growth curve (cell 
number versus time) [Adams et al., 2007; Chu et al., 2005]. The specific cell productivity can 
be calculated by dividing the recombinant protein or antibody concentration by the IVCD 
(Chu et al., 2005; Renard et al., 1988). The specific productivity can be determined only for 
the exponential stage or for the entire culture period if required (Chu et al., 2005; Yoon et al.,
2005).

1.8 Quantitative real time polymerase chain reaction

Quantitative real time polymerase chain reaction (qRT-PCR) is popular and widely used 
method to analyse the gene expression. qRT-PCR includes reverse transcription (cDNA 
synthesis) with real time polymerase chain reaction (Livak and Schmittgen 2001). In qRT-
PCR the PCR product is detected by the generation of the fluorescent signal. This signal 
generation can be achieved by including a fluorogenic dye in the real time PCR sample 
mixture. Two of such dyes frequently used are TaqMan® and SYBR® green. 

Fluorogenic dye SYBR® green emits a strong fluorescent signal upon binding to the double-
stranded DNA. This fluorescence increases upon the accumulation of the PCR product.

1.9 Cycle threshold value and Quantitative real time polymerase chain reaction data 
analysis methods

In qRT-PCR analysis the results are obtained as threshold cycle (Ct) values. The Ct value is 
the number of cycles required for the fluorescent signal to cross the threshold. The threshold is 
defined as the noise, or background, fluorescence level in the absence of any amplicons. The 
Ct value and the amount of DNA are inversely proportional, i.e., a higher Ct value corresponds 
to a lower amount of initial DNA.

The data obtained (Ct values) in the qRT-PCR can be analysed by two different methods: 
absolute quantification and relative quantification. Absolute quantification results in a copy 
number based on relating the PCR signal to a standard curve (Livak and Schmittgen 2001). 
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There is no reliable method for preparing, storing and quantifying methods for RNA 
standards. In some investigations it is sufficient to report the fold change in the gene 
expression and may be not necessary to report the absolute copy number (Livak and 
Schmittgen 2001). The relative quantification of gene expression is most commonly used to 
determine the fold increase and decrease in the gene expression. The relative quantification 
method shows the difference in the target gene expression relative to some reference group 
(Livak and Schmittgen 2001). This reference group includes the endogenous housekeeping
genes such as GAPDH (Glyceraldehyde-3-P-dehydrogenase) or beta-actin that are expressed 
at a constant level.

1.10 Relative quantification of gene expression by 2– ΔΔCt method

The 2-ΔΔCt method (Livak and Schmittgen 2001) is widely used to calculate the relative gene 
expression change. 

The 2-ΔΔCt method is summarized below in the equation form (eq.1.1, eq.1.2, eq.1.3) [Livak 
and Schmittgen 2001].

ΔCt, sample = Ct target gene – Ct housekeeping gene        (eq.1.1)

ΔΔCt = ΔCt, sample - ΔCt, reference                       (eq.1.2)

Relative quantity = 2-ΔΔCt                                 (eq.1.3)

The ΔCt, sample is the Ct value of the target gene normalized to the endogenous control. This 
normalization is done by subtracting the subtracting the Ct value of the endogenous 
housekeeping gene from the Ct value of the target gene (eq.1.1). 

The  ΔCt, reference  is  the  Ct value of the calibrator, which is also normalized to the endo- 
genous  housekeeping  gene.  This normalization is done by subtracting the Ct value  
of the housekeeping gene from the Ct value of the calibrator.

To get the ΔΔCt value the ΔCt, reference is subtracted from the ΔCt, sample (eq.1.2). 

The normalized relative mRNA level will be obtained by elevating 2 to the –ΔΔ Ct value 
(1.3). 

Aim of the project

The aim of this project was to study and evaluate the impact of VPA on TGE of r-proteins in 
HEK-293E cells. The effect of VPA on cell growth, viability and specific cell productivity 
would be studied. Furthermore, transgene IgG mRNA levels would be evaluated under VPA 
treatment in TGE. 
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2) Results 

2.1 Optimization of the valproic acid concentration for transient gene expression in 
HEK 293E cells

HEK 293E cells were transfected with IgG-encoding plasmid DNA and VPA was added 
immediately post-transfection to different concentrations (Fig. 1) to determine the optimal
VPA concentration for transient expression of human anti Rhesus-D IgG. Transfection 
efficiency was measured 24 hours after transfection based on the GFP expression using a flow 
cytometer (GuavaEasyCyteTM Mini system) and for all the samples the transfection efficiency 
was  between  70%  and  85% (data not shown). The culture supernatant was collected 10
days after transfection and the IgG concentrations were measured by ELISA. The results 
showed that 3.75 mM VPA gave the highest amount of IgG (Fig. 1).

Figure 1. ELISA results for IgG with variable VPA treatment
HEK 293E (1x106 cells/ml [PCV 0.55%] in 10 ml per condition tested) cells were transfected with 1.5 µg of 
plasmid DNA (95% IgG coding plasmid and 5% pEGFPN1) using 3.0 µg of PEI/106 cells. VPA was added 
immediately post transfection to (0.5, 2.0, 3.0, 3.75, 4.0, 4.5, 5.0, 6.0 and 8.0 mM) concentrations shown in the 
figure 1 and control (Ctrl) cells were not treated with VPA. The IgG titres were measured on day 10. Error bars 
show standard deviation [SD], n=3.

2.2 Optimization of plasmid DNA amount for the expression of human anti Rhesus-D 
IgG in Transient Gene Expression

HEK 293E cells were transfected with different amounts of IgG-encoding plasmid DNA (Fig. 
2) together with 3.75 mM VPA. The IgG concentrations in the culture media were measured 
on day 10 and 1.5 µg DNA/1x106 cells was found to give the highest amount of IgG (Fig. 2)
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Figure 2. ELISA results for IgG protein levels with DNA variation.
HEK 293E cells were (1x106 cells/ml [PCV 0.55%] in 10 ml per condition tested) transfected with different 
amounts [0.5, 1.0, 1.5, 2.0, 2.5 and 3 µg] of plasmid DNA (IgG-encoding plasmid with 5% pEGFPN1) using 3.0 
µg of PEI/106 cells. VPA was added immediately post-transfection to 3.75 mM. controls were not treated with 
VPA. IgG protein titres were measured on day 10 by ELISA. Error bars show standard deviation [SD], n=3.

2.3 Valproic acid improved IgG titres and the specific cell productivity

To determine the VPA influence on IgG titres and viability, HEK 293E cells were transfected
with IgG coding plasmid DNA and treated with VPA immediately post-transfection. The IgG 
concentration in the culture medium was analysed by ELISA on days three, six and 10 
respectively (Fig. 3A) for both VPA-treated and control samples. VPA improved the IgG
titres up to 6-fold (Fig. 3A). The viable cell number (in million/ml) was measured by the total 
number of cells (both dead and viable) daily up to 10 days after transfection by using trypan 
blue dye exclusion method (Fig. 3B). The cell proliferation was slowed down approximately
two days post-transfection with VPA treatment and the cells survived longer in the culture 
post-transfection. The specific cell productivity (cell specific IgG production) was calculated 
based on integral of viable cell density (IVCD) on day three. IVCD is the area under the 
viable cell density curve. The specific cell productivity was three fold higher in VPA treated 
cells (Fig. 3C).
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A)

B)                                                                              C)

  

Figure 3. Effect of valproic acid on IgG protein levels.
HEK 293E cells (1x106 cells/ml [PCV 0.55%] in 10 ml per condition tested) were transfected with 1.5 µg of 
DNA (containing 95% of IgG coding plasmid and 5% pEGFPN1 plasmid) using 3 µg of PEI/106 cells. Cells 
were treated with VPA immediately post transfection to 3.75 mM. IgG in the culture media was analysed by 
ELISA and total cell number was counted by trypan blue dye exclusion method.  A)  IgG  concentration  in the  
 culture medium on days 3, 4 and 10. B) Viable cell number of the transfected cells  up to day 10. C) IgG per cell 
on day 3 in both VPA-treated and untreated cells. Error bars show standard deviation [SD], n=3.

2.4 Valproic acid treatment improved the cell viability

To check the influence of VPA on cell viability, HEK 293E cells were transfected with IgG-
encoding plasmid DNA and VPA was added immediately post-transfection. The viable cell 
percentage was measured by counting the viable cells and dead cells daily using the trypan 
blue dye exclusion method. VPA treatment improved the cell viability and 48% viability was 
observed 10 days post-transfection while untreated cell were all dead on day five (Fig. 4)
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Figure 4. Percentage of cell viability with 3.75 mM VPA treatment
HEK 293E cells (1x106 cells/ml [PCV 0.55%] in 10 ml per condition tested) were transfected with 1.5 µg of 
DNA (95% of IgG coding plasmid, 5% pEGFPN1 plasmid) using 3.0 µg of PEI/106 cells and VPA was added 
immediately post-transfection to 3.75 mM. The viable cell percentage was measured daily up to 10 days by 
counting the viable cells and dead cells by trypan blue dye exclusion method. Error bars show standard deviation 
[SD], n=3.

2.5 Valproic acid effect on Tumor Necrosis Factor Receptor Fc tagged fusion protein 
expression

To test the influence of VPA on other gene expression its influence on TNFR:Fc (tumor 
necrosis factor alpha receptor (TNFR)-immunoglobulin G1 (IgG1) Fc fusion) was 
investigated. The DNA amount to be used was optimized by Divor Kiseljak (LBTC, EPFL, 
Switzerland) to 0.75 µg DNA/1x106 cells. HEK 293E cells were transfected with 
pXLGHEKTNFR:Fc plasmid DNA and VPA was added immediately post-transfection.
TNFR:Fc protein titres were analysed by ELISA on day three, six and 10 (Fig. 5). VPA 
improved the TNFR:Fc protein titres up to three fold.

Figure 5. Influence of VPA on TNFC:Fc fusion protein expression
HEK 293E cells (1x106 cells/ml [PCV 0.55%] in 10 ml per condition tested) were transfected with 0.75 µg of 
TNFR:Fc coding plasmid DNA using 3 µg of PEI/1x106 cells and VPA was added to 3.75 mM immediately 
after transfection. TNFR:Fc concentration in culture medium was measured by ELISA on days 3, 6 and 10. Error 
bars show standard deviation [SD], n=3.
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2.6 Valproic acid addition at 24 hours post-transfection with glucose feed improved the 
IgG titres approximately 80%

Since VPA slowed down the cell growth approximately two day after transfection (Fig 3b), it 
was hypothesized that addition of VPA at different times intervals after transfection might 
result in increased the biomass and, as a consequence, better productivity. To test this 
hypothesis HEK 293E cells were transfected with IgG-encoding plasmid DNA and PEI and 
3.75 mM VPA was added at 0 (Control), 12, 24, 36 or 48 hours post-transfection. IgG levels 
in  the  culture  medium  were measured on day 10. The results showed that addition of VPA  
24  hours  post-transfection  improved  IgG  protein titres approximately up to 25% when com- 
pared to the control (Fig. 6A).

Cells consume essential nutrients like glucose and glutamine rapidly when they are actively
growing. Analysis of glucose and glutamine levels in the media showed that the cells 
consumed glucose rapidly. Thus, three grams glucose per litre was added as feed to the 
culture medium on day 3 whereafter VPA was added as above and the IgG concentration 
measured on day 10. The ELISA results showed that the production of IgG was increased by 
about 44% in the glucose-fed culture with VPA addition 24 hour post-transfection (Fig.6A). 
VPA 24 hour post-transfection and glucose feed enhanced the IgG production by 
approximately 80% when compared to the control (VPA immediately post-transfection and 
no glucose feed (Fig. 6A).

The number of viable cells was counted daily as before showing that the cells proliferated 
more when the VPA was added later (Fig. 6B). The minimum cell viability was observed 
when the VPA was added immediately post-transfection whereas, maximum viability was 
observed when the VPA was added 48 hours post transfection (Fig.6C). 

High values of integral viable cell density (IVCD) were achieved when the VPA was added 
later (Fig. 6D). Specific cell productivity was calculated based on IgG titres and estimated 
IVCD values over a period of 10 days. The maximum specific productivity was obtained 
when VPA was added 12 hours post-transfection (Fig. 6E). However the maximum IgG levels 
were observed when the VPA was added at 24 hours post-transfection due to the high cell 
density compared to 12 hours (Fig. 6D)
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A)

    
   B)                                                                               C)

  D)                                                                                                    E)

Figure 6. Optimization of time of VPA addition after transfection
HEK 293E Cells (1x106 cells/ml [PCV 0.55%] in 10 ml per condition tested) were transfected with 1.5 µg of 
DNA (95% of IgG-encoding plasmid, 5% pEGFPN1) using 3 µg of PEI/1X106 cells. VPA was added 0 (ctrl), 12, 
24, 36, 48 hours after transfection to 3.75 mM and 3 g/l glucose was added on day 3. IgG levels were measured 
on day 10. A) IgG titres measured on day 10. B) Total cell density of the transfected cells up to 11 days. C) 
Percentage of viability based on viable cells up to 11 days. D)  Integral viable cell density (IVCD) of the samples 
when VPA was added at different time intervals up to 11 days E) Specific cell productivity of the cell over a 
period of 11 days after transfection. The IgG titres were measured on day 10. Error bars show standard deviation 
[SD], n=3.
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2.7 Valproic acid effect on IgG transgene mRNA level and stability in Transient gene 
expression
To study the effect of VPA on transgene mRNA levels and stability, the IgG mRNA levels 
were quantified at different times post-transfection. HEK-293E cells were transfected as 
before with IgG-encoding plasmid DNA. Cells were treated with VPA to 3.75 mM after
transfection. One million cells were collected after transfection on different days mentioned 
below and total RNA was isolated, one microgram of RNA from each sample was converted 
into cDNA and used as template in the qRT-PCR. The relative levels of IgG light chain (LC) 
mRNA were quantified by using qRT-PCR (quantitative real time polymerase chain reaction)
one, two and three days post-transfection for controls not treated with VPA, after one, two, 
three, four and five days for VPA treated samples. The qRT-PCR data indicated significantly 
higher transgene IgG LC mRNA levels in the VPA treated samples. The difference between 
the control and 3.75 mM VPA treated samples was up to five fold on day two (Fig. 7A). In 
the VPA treated samples, the relative transgene IgG LC mRNA levels increased up to day two
and then went down on day three, four and five (Fig. 7A). However, when compared with the 
samples which were not treated with VPA, the LC mRNA levels in the 3.75 mM VPA treated 
samples were more. IgG concentrations were also measured in the same samples during days
one, two, three, four and five and unlike, the mRNA levels, they increased with time (Fig. 7B)

A)
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B)

Figure 7.  Effect of VPA on IgG light chain mRNA levels during different days
HEK 293E cells (1x106 cells/ml [PCV 0.55%] in 10 ml per condition tested) were transfected with 1.5 µg of 
IgG-encoding plasmid DNA using 3 µg of PEI/106 cells and the cells were treated with VPA to 3.75 mM after-
transfection. Controls were not treated with VPA. A) The fold difference in the normalized light chain IgG 
mRNA levels on day 1, 2, 3, 4, and 5 in the case of 3.75 mM VPA treated samples and day 1, 2 and 3 in case of 
controls (Untreated with VPA). 2-ΔΔCt method was used to calculate the mRNA levels. Relative light chain 
mRNA levels were normalized to the levels of the house keeping gene β-actin mRNA B) IgG levels on day 1, 2, 
3, 4 and 5. Error bars show standard deviation [SD], n=3.
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3) Discussion

3.1 Valproic acid significantly improves the protein titres and cell viability in transient 
gene expression

The data obtained in this study demonstrated that VPA has a strong influence on TGE in the 
case of IgG expression as well as in TNFR:Fc expression. A previous study also showed that 
VPA can improve the r-protein expression in TGE (Backliwal et al., 2008). So far no study
has addressed details in the effect of VPA in TGE. My results showed that the protein 
production was increased by up to six fold in the case of IgG and three fold in the case of the 
TNFR:Fc fusion protein. My study also demonstrated that the optimization of both VPA 
concentration and DNA amount is helpful to improve the protein titres in TGE.

Results obtained in my study also demonstrated that VPA influenced the cell growth and 
arrested the cell division two days post-transfection. It was also shown that VPA treatment 
also enhanced the specific cell productivity. My results from the viability experiments showed 
that cells treated with VPA were viable even 10 days post-transfection, whereas the untreated 
cells were completely dead. The protein levels were stable and no protein decrease was 
observed in the VPA treated samples. It was reported in a previous publication that the 
plasmid DNA will be lost during the subsequent cell divisions (Lecharduer and Lukacs 2006). 
The plasmid DNA stability and its subsequent loss during the cell division were also reported 
as one of the bottlenecks during the TGE process. So, the fact that VPA blocks cell division 
might solve the problems associated with the plasmid DNA loss during the subsequent cell 
divisions. The block of cell division also can lower the consumption of the nutrients in the 
culture medium post-transfection. Therefore, the cells can survive for longer as a result of the 
lowered cell division and metabolism and produce more protein in TGE. 

3.2 Valproic acid upregulated the IgG mRNA levels in transient gene expression

The HDAC inhibitor sodium butyrate (NaBut) influences the mRNA transcription levels in 
the stable CHO cell lines (Jeon and Lee, 2007) and VPA enhances gene expression from 
adeno-associated vectors in gene therapy (Fan et al., 2004). Until now there has been no 
published report on the effect of VPA on transgene mRNA levels in TGE. I found the 
normalized IgG light chain mRNA levels increased 5-fold in cells treated with VPA as
compared to the untreated samples. The maximum amount of mRNA levels was detected on 
day two in the VPA treated samples.

In contrast to the transgene mRNA levels, the protein titres increased over time. The IgG 
transgene mRNA levels did not correlated with the protein titers and in conclusion, this study 
showed that VPA can be used to increase the r-protein expression in transiently trasfected 
HEK 293E cells and it was also demonstrated that the VPA can increase the transgene mRNA 
levels and stability.
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4) Materials and Methods 

4.1 Strains and culture conditions

Suspension-adapted HEK 293E cells were cultured routinely in square-shaped glass bottles 
(Schott Glass, Mainz, Germany) in Ex-cell 293 serum-free medium (Sigma-Aldrich, 
Switzerland) supplemented with four mM glutamine (Sigma-Aldrich, Switzerland) in an 
orbitally shaken 110 rpm incubator (ISF-4-W (Adolf Kühner AG, Birsfelden, Switzerland) at
37 ⁰C, and 5% CO2.  Chemically competent E.coli. DH5α (Invitrogen, Carlsbad, CA) was
used as source to perform transformation and plasmid DNA amplification.

Plasmids are described in table 1.

Table 1.

Plasmid name                            Properties                                       Source and reference

pXLGHEK-Rh HC                     pXLGHEK backbone: 4768 bp       Dr. Markus Hildinger
                                                  IgG light chain        : 1441 bp       (Excellgene SA, Monthey,-
                                                  Ampicillin resistance                     -Switzerland)   

pXLGHEK-Rh LC                     pXLGHEK backbone : 5495 bp       Dr. Markus Hildinger
                                                IgG light chain         : 711   bp       (Excellgene SA, Monthey,-
                                                 Ampicillin resistance                     -Switzerland)   

pXLGHEK-TNFR:Fc                 pXLGHEK backbone: 4863 bp         Dr. Markus Hildinger
                                                  TNFR:Fc gene       : 1346 bp       (Excellgene SA, Monthey,-
                                                   Ampicillin resistance                     -Switzerland)     

pXLGHEK-A2                           pXLGHEK backbone: 9180 bp      Divor Kisejak
                                                    Both Light and heavy chain          (LBTC, EPFL,-
                                                    Genes in single vector:                 -Switzerland)     
                                                    Ampicillin resistance   
                     
pEGFP-N1                               Size of the vector    :  4733 bp       ClonTech (Palo Alto,-
                                                    GFP gene, hCMV promoter          -CA, USA)
                                                    Kanamycin resistance  

4.2 Transformation and isolation of plasmid DNA

Initial plasmid DNA was obtained from Divor Kiseljak (LBTC, EPFL, Switzerland) to 
perform the transformation. Plasmids were transformed into E. coli DH5α by the heat shock 
method (Sambrook and Russell 2001). For this purpose 20 µl of the plasmid DNA was added 
to 50 µl of chemically competent E. coli. DH5α incubated on ice for 30 minutes and then 
subjected to a heat shock at 42⁰C for 45 seconds to one min. After this the suspension was 
immediately placed on ice for five minutes and 300 µl of LB medium (20 g of LB Broth Base, 
powder (Lennox L Broth Base)® [Invitrogen, Carlsbad, CA] dissolved in 1 litre of water and 
sterilized by autoclaving) was added. This mixture was incubated for 30 minutes at 37 ⁰C on 
shaker. These cells were plated on LB agar media (35 g of LB Agar, powder (Lennox L Agar)
[Invitrogen, Carlsbad, CA] was dissolved in one litre of water and sterilized by autoclaving) 
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with antibiotic ampicillin (100 µg/ml) as selection marker and grown overnight at 37 ⁰C 
incubator. Colonies were inoculated into one litre of LB broth and grown at 37 ⁰C for 
overnight. The plasmid DNA was isolated using NucleoBond® plasmid DNA isolation kit 
(Macherey-Nagel, Düren, Germany) and purified using the Nucleobond AX anion exchange 
column (Macherey-Nagel, Düren, Germany) according to the manufacturer’s protocol. The 
plasmid DNA was diluted to approximately 1.0 mg/ml in TE buffer (10 mM Tris-HCl, one
mM EDTA, pH 7.4) and the concentration was determined by NanoDrop™ 2000
spectrophotometer (Thermo scientific, Wilmington, USA). The ratios of absorbance 260/280 
(for the protein contamination) and 260/230 (for the chemical contamination) were also 
determined. If the 260/280 value was below 1.8 the plasmid DNA was not used for the 
transfection.

4.3 Cell density and viability determination

Cell density was determined by measuring the packed cell volume (PCV) [Settler et al., 2006]
using the voluPAC system (Sartorius AG, Göttingen, Germany). To determine the PCV, a 
HEK 293E cell suspension was mixed to make it homogeneous and 100 μl of this cell 
suspension was pipette into the voluPAC tubes (PCV tube) and centrifuged for one minute at
2400 x g.  The height of the cell pellet was measured by easy read PCV measuring 
device (TPP, Switzerland) and the PCV was calculated by the following equation:

PCV (%) = (volume of cell pellet)/(volume of sample)  100 [Settler et al., 2006;  Luecke 
2006]

For HEK 293E cells a PCV value of 0.55 % corresponds to 1x106 cells/ml (Settler et al., 
2006). Manual courting and viability was determined by trypan blue dye exclusion method 
using Neubauer’s improved hemocytometer (Hausser Scientific, USA). To determine the cell 
viability, 20 μl of cell suspension was mixed with 20 μl of 0.4% trypan blue (Sigma-Aldrich, 
Switzerland) solution and 60 μl of Ex-cell 293 serum-free medium. This solution was mixed 
by pipetting for 10 to 15 times and a small amount of cell suspension-trypan blue mixture was 
placed in the 2 chambers of the hemocytometer with the pipette tip. Live cells exclude trypan 
blue, and therefore are not stained with this dye; only dead cells take it up and become blue.
The number of viable cells was determined by counting the unstained cells. Viability 
percentage was determined by counting both dead and viable cells. Percentage of viability 
was determined by the following equation.

% Cell viability = total viable cells (unstained)/total cells x 100.

The area under the viable cell curve was calculated by using the following trapazoidal 
formula to determine the integral of viable cell density (IVCD).

Trapezoid area = height * (base1 + base2) / 2
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4.4 Polyethyleneimine and valproic acid preparation

Polyethyleneimine (PEI) [25 kDa linear PEI [Polysciences, Eppenheim, Germany] dissolved 
in UHP (ultra high pure water) water to one mg/ml, filter sterilized (0.22 μm pore size). VPA 
sodium salt (Sigma-Aldrich, Switzerland) dissolved in UHP water to 0.5 M concentration, 
filter sterilized (0.22 μm pore size).

4.5 Transfection protocol

One day before transfection HEK-293E cells were passaged in Ex-cell 293 serum-free 
medium with the final cell density of 1x106 cells/ml. Before transfection the cell number in 
the suspension culture was determined by using PCV and 20x106 cells were centrifuged,
resuspended in 0.89 ml of RPMI 1640 (Invitrogen, Carlsbad, CA) and seeded in a CultiFlask 
50 disposable bioreactor tube (Sartorius Stedim Biotech, Aubagne, France). DNA (1.5 
µg/1x106 cells) was added to the cells and mixed by brief manual orbital shaking briefly and 
after PEI (1 mg/ml to 3.0 µg/106 cells) was added. This mixture was incubated for 3 hours at 
37 ⁰C in an atmosphere with 5% CO2 and 95% humidity with 180 rpm agitation in a model 
ISF-4-X incubator (Adolf Kühner AG, Birsfelden, Switzerland). 

Three hours post-transfection cells were diluted in fresh Ex-Cell 293 serum-free media 
(Sigma-Aldrich, Switzerland) with the final cell density of 1x106 cells/ml in 10 ml per 
condition tested (by adding 0.5 ml of the above transfection mixture) in cultiFlask 50 
disposable bioreactor tube (Sartorius Stedim Biotech, Aubagne, France) and grown in the 
above mentioned incubator with the same culture conditions. VPA was added to transfected 
cells at different times to different final concentrations, and medium samples were collected at 
different times for quantification.

4.6 Transfection efficiency analysis 

Transfection efficiency was analysed based on the pEGFP-N1 plasmid DNA expression 
which was co-transfected along with the IgG coding plasmid. 24 hours post-transfection the
number of GFP-positive cells and GFP expression levels were measured by 
GuavaEasyCyteTM Mini system (Guava Technologies, Hayward, USA). The obtained data
were analyzed using the Guava Cyto SoftTM software (Guava Technologies).

4.7 IgG quantification by Enzyme linked immunosorbent assay

The concentration of the human anti Rhesus-D IgG was determined by sandwhich ELISA 
method by using goat anti-human kappa light chain antibody (BioSource, Lucerne, 
Switzerland) as a primary or coating antibody and alkaline phosphatase conjugated goat anti-
human IgG antibody (BioSource, Lucerne, Switzerland) as secondary or capture antibody. 4-
nitrophenylphosphate disodium (NPP) (Applichem Gmbh, Darmstadt, Germany) was used as 
substrate. One day before the ELISA the MicrotestTM 96-well ELISA plates (BD Biosciences, 
Bedford, MA) were coated using the 100 µl primary antibody diluted 100-fold in coating 
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buffer (50 ml 20X PBS pH 7.1 [2.88 g Na2HPO4, 160.00 g NaCl , 4.00 g KH2PO4, 4.00 g KCl 
in one litre of water], 2 ml 10% NaN3 per litre pH 8.00). The IgG samples were diluted in 
blocking buffer (50 ml 20xPBS pH 7.1, 2 ml 10% NaN3, 0.5 ml Tween 20, 10 g casein 
hydrolysate per one litre) and added to one well each. The plate was then incubated at 37 ⁰C 
for 45 minutes, washed three times with wash buffer (100 ml of 20x PBS pH 7.1, 4 ml 10% 
NaN3 and 0.4 ml of Tween 20 per litre) and 100 µl of secondary or detection antibody diluted 
1000-fold in blocking buffer was added to the plate. The plate was incubated for 45 minutes 
at 37 ⁰C. Substrate solution was prepared by dissolving 20 mg NPP in 15 ml of substrate 
buffer (105.14 g diethanolamine, 700 ml water, pH adjusted to 9.80 with HCl, 0.5 ml 
magnesium chloride, 2 ml of NaN3 per 1 litre). 100 µl of this prepared substrate solution was 
added to the washed plates, which were incubated in the dark for 10 minutes. The reaction 
was stopped by addition of 100 µl 3M NaOH, and the absorbance was measured at 490 nm 
using a microplate reader (SPECTRAmaxTM340; Molecular Devices, Palo Alto, CA). 

ELISA for the TNFR:Fc fusion protein was performed in the same way using anti-human Fc
monoclonal IgG (Sigma, St. Louis, MO) as coating antibody and the same secondary antibody 
used above. 

4.8 RNA isolation and complementary DNA synthesis

One million HEK-293E cells were collected from the transfected samples and the culture 
medium was removed completely by centrifugation at 300 x g for five minutes. The cell pellet 
was then washed with 200 µl PBS by gently pipeting the cells up and down two time and 
centrifuged at 300 x g for five minutes to remove the PBS. RNA was isolated using 
GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma-Aldrich GbmH, Buchs, 
Switzerland) according to the manufacturer’s instructions. 50 µl of RNA samples were treated 
with one U of DNAse I (Roche SA, Rotkreuz, Switzerland) for 15 minutes at 37 ⁰C and the 
enzyme action was inhibited by heating at 75 ⁰C for 10 minutes. RNA concentrations were 
determined by using NanoDrop™ 2000 spectrophotometer (Thermo Scientific, Wilmington, 
USA).

The cDNA was prepared from total RNA by reverse transcription using NotI-(dT)18 

bifunctional primer (GE health care, Buckinghamshire, UK) and M-MLV (Moloney Murine 
Leukamia Virus) reverse transcriptase (Invitrogen, Carlsbad, CA).  The RNA and primer mix 
was made by adding one µg of RNA and one µl of NotI-(dT)18 bifunctional primer  along with 
1 µl of 10 mM dNTP’s (Invitrogen, Carlsbad, CA), in a clean microcentrifuge tube. The final 
volume was made up to 12 μl by adding sterile distilled water. This tube was then incubated 
for 5 minutes at 65⁰C and quickly chilled on ice. To this mixture 4 μl of 5X First-Strand 
buffer [250 mM Tris-HCl (pH 8.3 at room temperature), 375 mM KCl, 15 mM MgCl2], two
μl 0.1 M dithiothreitol (DTT) was added and the sample was incubated for 2 min at 37⁰C. 
After this incubation step one μl of M-MLV reverse transcriptase (200 U/ μl) was added and 
the sample was incubated for 50 minutes at 37 ⁰C followed by an enzyme inactivation step for 
15 minutes at 70 ⁰C. The resultant cDNA was diluted 10 times in diethylpyrocarbonate
(DEPC) treated water (Invitrogen, Carlsbad, CA) to use it as a template for qPCR.
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4.9 Quantitative real time polymerase chain reaction

Quantitative real time polymerase chain reaction (qRT-PCR) was performed using the 
absoluteTM qPCR SYBR® green ROX mix (ABgene® UK, Epsom, Surrey). The primers (table 
1) used to amplify the human anti-Rhesus-D IgG light chain (LC) and the house keeping gene 
β-actin were purchased from SAFC Biosciences (St. Louis, MO, USA). The PCR conditions 
are mentioned in Table 2. 

Table 2. Primers 
Primer Sequence target

LC forward TGTCTTCATCTTCCCGCCA LC mRNA
LC reverse GCGTTATCCACCTTCCACTGT LC mRNA

β-actin forward CGAGGCCCAGAGCAAGAGAG β-actin mRNA 

β-actin reverse CGGTTGGCCTTGGGGTTCAG β-actin mRNA

Table 3: Quantitative reverse transcription polymerase chain reaction
Component Volume

Absolute QPCR SYBR green
ROX mix (2X) 12.5 µl
Forward primer (1µM) 1.75 µl
Reverse primer (1µM) 1.75 µl
Water (DEPC treated) 7.0 µl
Template (cDNA) 2.0 µl (from 10x diluted cDNA prepared from 1µg of RNA )
Total volume 25 µl
Initial enzyme activation was for 15 minutes at 95 ⁰C followed by 40 cycles of denaturation at 95 ⁰C for 15 
seconds, annealing for 30 seconds at 60 ⁰C, extension for 30 seconds at 72 ⁰C (Program source: absoluteTM

qPCR SYBR® green ROX mix (ABgene® UK, Epsom, Surrey) manual. 

4.10 mRNA quantification by quantitative real time polymerase chain reaction

For the mRNA quantification of IgG Light chain (LC) all the samples were analysed in 
triplicate in a LightCycler® 480 Multiwell Plate 96, white (Roche Applied Science, 
Mannheim, Germany) reaction plate on LightCycler® 480 Real-Time PCR System (Roche 
Applied Science, Mannheim, Germany). IgG light chain mRNA levels was normalized to the 
quantity of housekeeping gene β-actin mRNA by the 2-ΔΔCt method (Livak and Schmittgen 
2001).
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