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Introduction:  Animal Cell Technology Meets Genomics

Every two years, the Meeting of the European Society of Animal Cell
Technology gathers the highest number of scientists and engineers 
from academia and industry in the field of Animal Cell Technology, 
and offers a unique opportunity for a comprehensive overview of its
state-of-the-art.

The 18th ESACT meeting was celebrated in Granada (Spain) in May 
2003, and was entitled “Animal Cell Technology Meets Genomics”, in 
order to reflect that the emerging technologies in the area of genomics, 
proteomics and other “-omics”-type disciplines will provide key
technological assets to increase knowledge and open new horizons in 
animal cell technology. During the meeting a variety of top-class
emerging technologies were presented together with the latest 
advances in more mature industrial areas. The meeting was opened by
a first session devoted to the understanding of basic cellular 
mechanisms, and four sessions focused on applied aspects of animal
cell technology: Cell-based therapies and gene-based therapies, target 
discovery and biopharmaceuticals. The Granada Meeting has also seen
a special focus on forefront industrial case studies. The spirit and 
scientific excellence of the 18th ESACT meeting is now reflected in
different chapters of the book. 

Feedback confirmed that the participants highly enjoyed the scientific 
quality of the meeting as much as the parallel exhibition, the social 
programme and particularly the city of Granada, its nice atmosphere 
and the splendid and bright Spring days we all had. Once again, the 
Granada meeting was confirming the solid evolution of the ESACT
meeting series, and the continued attention that it receives from the 
scientific and industrial communities involved in Animal Cell 
Technology

This book presents, in the form of short papers, a high number of the 
contributions to the meeting, and has been prepared with the aim to
provide a relevant reference of the current research efforts in Animal 
Cell Technology. 

Francesc Gòdia and Martin Fussenegger 
Editors

xx iv i
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Abstract. It has been widely reported that metabolism, cell growth, cell density, product secretion and 
specific antibody productivity in mammalian cells is strongly affected by osmotic conditions.  However, 
because hyper- and hypo-osmotic pressure suppresses cell growth, the enhanced final product 
concentration of the culture is not observed.  Therefore by understanding the basic cellular processes of a 
GS-NS0 mammalian cell culture system would not only assist in the design of a more efficient 
mammalian cell culture systems but it will also aid the optimization of the production.  Various properties
of mammalian culture systems, such as, productivity, cell viability, metabolism, ion balance and the genes 
regulated during the culture of the GS-NS0 system under osmotic pressure of 210, 290, 370 and 450
mOsm/kg have been identified, and it is shown that there is a decrease in the growth rate of hyper- and 
hypo-osmotic cultures.  Further differences have been identified in calcium accumulation, metabolism of 
glucose, glutamate and lactate.  Additionally it is shown that there are over 600 genes involved in ion
transport, accumulation of osmolytes, cell cycle distribution, proliferation, cytoskeletal organization and 
cell metabolism that are regulated by the changes in osmotic pressure. 

1. INTRODUCTION

In numerous studies it has been reported that osmotic pressure affects cellular 
behaviour during antibody production processes [1]; an improved understanding of 
these effects might lead to the development of methodologies which might providet
economically attractive means of  increasing the specific antibody productivity in 
both hybridoma and transfectoma [2].  However, as hyper- and hypo-osmotic 
pressure is known to suppress cell growth, the enhanced antibody productivity of the
produced cells in a hyperosmotic batch culture does not necessarily result in a 
substantial increase in final antibody concentration [3].  Some efforts have been
made towards understanding aspects of cell function relevant to osmolarity effects. 
Various cellular functions have been found to relate to osmotic pressure, including
cell growth rate [4], accumulation of osmoprotectants [5], cell cycle distribution [6], 
cell volume change and cellular metabolic rate [7], antibody production rate [3],
total RNA and IgG mRNA transcription rate [2], translation rate [8] and antibody 
stability.  However, without a more detailed understanding of the biological effects 
of osmolarity on the antibody production process in cells, a systematic method of 
improving the antibody production under hyperosmotic cultures will remain elusive. 

Springer.2005
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To understand these effects at a genetic level, DNA microarrays hold great promise 
[9].  This gene expression-profiling technique permits the analysis of the expression
levels of thousand of genes simultaneously. Here, a systematic method for 
investigating the role of osmolarity on the production processes from the level of 
growth, metabolism and gene expression is proposed.  The expression profiles of the 
GS-NS0 system under different osmotic cultures are studied by identifying the 
regulation and the expression levels of around 7000 genes of the cells.  During the
cell culture process, expression of mRNA is analysed using oligo-DNA microarrays
and metabolism and ion balance are analysed using a BioProfile Analyser (Nova
Biomedical). 

2. MATERIALS AND METHODS 

2.1. Cell Line, Medium and Culture Maintenance

The GS-NS0 mouse myeloma cell line 6A1(100)-3 supplied by Lonza Biologics
(UK) was used in all experiments.  The cell line has been transfected with the 
glutamine synthetase selectable marker with expression of a chimeric B72.3 IgG4 
antibody.  Cells were cultured using Dulbecco’s Modified Eagles’s Medium with 
2%(v/v) FBS. Different osmotic culture medium was prepared by varying the
amount of NaCl in the standard medium to create 210, 290, 370 and 450 mOsm/kg 
medium.  Cells growing in exponential phase were inoculated at 2.0 × 105 cells/ml
into a 1-L shake flask with 200 ml working volume, and 5% CO2 was gased in the
head space and agitated at 125 rpm in an orbital shaking incubator at a temperature 
of 36.5°C. 

2.2. Viability, Metabolism and Medium Ion Concentration

Samples were taken daily at specific intervals during the culture duration.  Cell 
concentration was estimated using a hemacytometer, and the trypan blue dye-
exclusion method was used to distinguish between viable and dead cells.  Na+, K+,
Ca2+, NH4+, glucose, glutamate, glutamine and lactate concentrations were measured 
using a BioProfile 200 Analyser (Nova Biomedical). 

2.3. Gene Expression Analysis 

2×107 cells were taken and palleted from the culture during mid-log phase of 
growth.  Total cytoplasmic RNA was isolated using RNeasy total RNA extraction 
kit (Qiagen) and mRNA isolated using Oligotex mRNA extraction kit (Qiagen).  Cy-
3 and Cy-5 dye (Amersham Pharmacia) was incorporated into cDNA through a
reverse transcription from the isolated mRNA according to methods described by
Celis et al [9] and hybridized to Mouse Known Gene Oligo-DNA Microarray Chips l
provided by Human Genome Mapping Project Research Centre (Hinxton, U.K.). 
After the hybridization process of 20 hour, the microarray chips were washed and 
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scanned with a confocal laser scanner GenePix 4000B (Axon Instruments) and the 
scanned images were analysed using GenePix Pro software. 

3. RESULTS AND DISCUSSION 

3.1. Effect of Osmotic Pressure on Cell Growth and Cell Viability 

The viable cell count and cell viability for all four different osmotic pressures are 
shown in Figure 1 as a function of culture duration.  In the present study, a slower 
growth rate was observed under both the hyper- and hypo-osmotic pressure 
environments as compared to growth at the normal osmotic condition.  As shown in
Fig. 1, the normal osmotic culture (290mOsm/kg) reached its peak around 100 hours 
while the cultures grown at osmotic pressure of 370 mOsm/kg and 450 mOsm/kg  
reached their peak around 120 hours and 145 hours, respectively.  The maximum 
cell density for the normal osmotic culture was also higher than those of the hyper- 
and hypo-osmotic culture; calculated values show 1.2x106 cells/ml, 1x106 cells/ml
and 9.1x105 cells/ml for the 290 mOsm/kg, 370 mOsm/kg and 450 mOsm/kg 
cultures respectively.  GS-NS0 cells did not survive under the hypo-osmotic culture 
condition of 210 mOsm/kg.

Fig. 1. Viable cell count and cell viability data for 210 mOsm/kg (- -), 290 mOsm/kg (- -),
370 mOsm/kg (- -) and 450 mOsm/kg (-×-) 

It had been widely reported that cell growth is suppressed and cell viability drops for 
mammalian cells under hyper- and hypo-osmotic cultures [10].  For KR12H-2 
transfectoma, when the osmotic pressure was increased from 285 mOsm/kg to 425
mOsm/kg, the specific growth rate and maximum viable cell concentration 
decreased by 20% and 48%, respectively [2].  In OKT3 hybridoma cells, it has been 
shown that cells were unable to proliferate above osmolarities of 500 mOsm/kg, and 
the maximal viable cell density dropped by 50%, with the specific cell growth rate 
also decreasing by 43%, when osmolarity increased from 335 to 425 mOsm/kg [6].  

Even though earlier studies suggest that cell viability declines in hyperosmotic 
culture [6], in the present study using a GS-NS0 cell line, the results show that the 
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cell viability remained around 90% for all three normal- and hyper- cultures during 
the growth phase, and subsequently in all cases began to decay after the stationary 
phase of the culture (see Fig. 1). 

3.2. Effect of Osmotic Pressure on Ion Balance and Metabolism 

The effect of osmotic pressure on the concentration of NH4+, glucose, glutamate and 
lactate during the cultures are shown in Figure 2.  Due to  differences in the growth 
and viability profiles, the metabolic profile of the 210 mOsm/kg culture was very
different to that for other osmotic culture conditions.  However, even with a similar 
growth profile for the 290 and 370 mOsm/kg culture, the metabolic profile of the
cultures were significantly different, with higher production of lactate and NH4+ in 
the 290 mOsm/kg culture.  Ion concentration measurements are shown in Fig. 3;
these results indicate that the sodium concentration did not change dramatically over t
the culture period, and also that the trend in calcium concentration was similar in all
cultures.  However, even though it was observed that potassium did accumulate at 
the beginning of 290, 370 and 450 mOsm/kg cultures (within the cell environment), 
a greater accumulation was observed in the 370 and 450 mOsm/kg culture, as 
compared to the 290 mOsm/kg culture.  
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Fig. 2. Metabolism data for 210 mOsm/kg (- -), 290 mOsm/kg (- -), 370 mOsm/kg (- -) and 
450 mOsm/kg (-×-)

Fig. 3. Ion concentration data for 210 mOsm/kg (- -), 290 mOsm/kg (- -), 370 mOsm/kg (- -
) and 450 mOsm/kg (-×-) 

In many studies of other mammalian culture systems, cellular metabolic rates have 
shown an increase during hyper-osmotic culture conditions.  In NS0, after a shift of 
osmotic pressure from 275 mOsm/kg to 400 mOsm/kg, the glucose and glutamate 
uptake rate have been shown to increase by 2 and 6-fold, respectively, and lactate 
production to increase 4-fold [7].  In transfectoma, both glucose uptake rate and 
lactate production rate were significantly elevated at higher osmolarity, but the ratio
of lactate production to glucose consumption did not change significantly, regardless
of osmolarity increasing from 285 mOsm/kg to 425 mOsm/kg [2]. 

3.3. Effect of Osmotic Pressure on Gene Expression

DNA microarray techniques have been developed to examine thousands of genes in 
situ.  They can be applied to expression monitoring, which involves measuring
transcription levels under various physiological conditions; thus one is then able to
identify regulatory expression patterns [11].  In the experiments conducted here, it 
was observed that out of 7,445 genes, transcription of 377 genes were changed by at 
least 2 fold under 210 mOsm/kg osmotic culture conditions, 720 genes under 370
mOsm/kg osmotic culture conditions and 680 genes under 450 mOsm/kg osmotic
culture conditions. In Table 1 the categorized gene expression data is shown.
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Table 1. Number of genes with greater than two fold up or down regulation in 210, 370 and 
450 mOsm/kg cultures 

210 mOsm/kg 370 mOsm/kg 450 mOsm/kg     Cultures 

Classifications

Up

Regulated

Down 

Regulated

Up

Regulated

Down

Regulated

Up

Regulated

Down 

Regulated

Cell Cycle 

and

Proliferation

30 50 46 29 38 38

Cell

Physiology 
5 13 45 11 52 15 

Cell

Metabolism
44 15 71 63 57 75

Signaling and 

Transport
43 52 126 78 183 86

Others 62 63 169 82 82 54 

Various genes related to cell cycle distribution, growth, transcription and translation
regulation and cell proliferation were found to be affected by changes in osmotic 
pressure.  Osmotic shock inhibits cell proliferation and also affects cell cycle control
[12].  It was observed that in both hyper- and hypo-osmotic cultures, genes related to 
cell cycle and cell cycle control were up regulated; genes related to cell growth and 
maintenance were mostly down regulated; and genes related to transcriptional 
regulation were also mostly down regulated. In terms of apoptosis related genes, it 
was observed that most were down regulated in hypo-osmotic culture (210
mOsm/kg), whilst these genes were up regulated in hyper-osmotic cultures (370 and 
450 mOsm/kg).  The same trend was observed in DNA replication related genes. 

In previous studies, hyperosmotic pressure has been shown to induce G1 phase
arrest.  A study using a CHO cell line showed that, under 335 mOsm/kg culture
conditions, the percentage of cells in G1 and S phase was 33% 54%, respectively; 
under 425 mOsm/kg conditions, the distribution of cells in the cell cycle was 51%
G1 phase and 38% S phase [13].  It has been observed that specific growth rates of 
antibody production cells in bioreactors are depressed at higher osmolarities.  Lee et
al. [2], showed that when osmotic pressure was increased from 285 to 425
mOsm/kg, the specific growth rate and maximum viable cell concentration
decreased by 20% and 48%, respectively, also the transcription rate of Ig mRNA 
increased by more than 476% when the conditions were changed from 285 
mOsm/kg to 425 mOsm/kg, and the stability of Ig mRNAs decreased at the higher 
osmolarity.  Previous studies have shown that osmotic stress triggers the MAPK t
pathway, leading to an activation of JNK via the MAPK kinase, which has been 
shown to be involved in the onset of apoptosis [14].

Although the detailed mechanism of alterations in the cell cycle distribution and 
proliferation due to osmotic pressure is not yet clearly understood, numerous

M. WU, ET AL.
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hypotheses have been postulated.  Lee et al. [2], have suggested that the change in  
transcriptional activity is due to the alteration in the chromatin structure or possibly
the pressure may stimulate the expression of chaperone-like proteins in the
endoplasmic reticulum which induces G1-phase arrest.  Furthermore, it has also
been suggested that since G1-phase arrested cells do not need to devote cellular 
resources to increase biomass, higher productivity may be a general feature of G1-
phase arrested production [5]. 

Membranes of animal cells are highly permeable to water [15].  Thus water 
movement parallels any imbalance in intracellular and extracellular osmolarities
across the cell membrane with subsequent alterations of cell volume; this can induce 
a variety of cell physiological changes in, for example, cell adhesion [16], cell size 
[17], cell shape and cytoskeletal organization [18].  In the 210 mOsm/kg culture, it 
was observed that genes related to cell adhesion, cell shape and cell size control and 
defence response were mostly down regulated, while in 370 and 450 mOsm/kg
cultures these genes were mostly up regulated.  The expression levels of these genes
were also observed to be higher in 450 mOsm/kg as compared to 370 mOsm/kg 
culture. 

A study by Servuss et al. [16], has shown that osmotic change is able to 
modulate cell-substrate and cell-cell adhesion, and in addition this also been shown 
to affect the set point for cell size, the function of membrane protein and 
organisation of cytoskeleton, which determines the shape of the cells [10].  In terms 
of genes related to defence and immune response, results from various studies imply
that antibody production rate increases at higher osmolarities [2].  Hyperosmotic 
pressure was found to enhance transcription levels of immunoglobulin mRNAs 
preferentially, compared with non-IgG mRNA.  However, further studies are needed 
to understand the specific regulation of immune response related genes by
hyperosmotic pressure. 

In many studies, cellular metabolic rates have shown an increase during hyper-
osmotic culture conditions.  In NS0 as a result of a shift of osmotic pressure from 
275 to 400 mOsm/kg, the glucose and glutamate uptake rate has been shown to
increase by 2-fold and 6-fold, respectively, and a lactate production increase of 4-
fold [7].  Various genes related to carbohydrate, protein, amd ino acid metabolism and 
other metabolic reactions have shown a difference of more than two fold in
expression levels.  It was observed that in both hypo- and hyper-osmotic cultures
conditions, genes related to protein biosynthesis were mostly up regulated while 
genes related to proteolysis and peptidolysis were mostly down regulated, and those 
related to steroid metabolism were mostly up regulated.  Carbohydrate metabolism 
related genes were observed to be greatly affected by osmotic change but with no
consistent up or down regulation.  Glycolysis related genes were mostly up regulated 
in 210 and 370 mOsm/kg cultures, but mostly down regulated in 450 mOsm/kg 
cultures.  It was also observed that nitrogen metabolism and energy pathways were 
mostly up regulated and membrane lipid metabolism mostly down regulated in 450 
mOsm/kg culture.

Cell swelling and shrinkage also exert profound effects on intracellular 
signalling mechanisms, which in turn modify a multitude of cellular functions 
including the volume regulation mechanism [18].  Ion transport across the cell
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membrane is the most efficient and rapid means of altering cellular osmolarities 
[19].  During cell shrinkage, cells accumulate ions to achieve regulatory cell volume 
increase [20].  Various genes related to signal transduction, sid gnalling pathways, ion
transport, protein and amino acid transport have shown a difference of more than
two fold in expression levels.  It was observed in hypo-osmotic cultures that genes
related to cation transport, potassium transport, signal transduction and JNK cascade
were mostly down regulated.  In hyper-osmotic cultures, genes related to potassium 
transport, protein trafficking, water transport and JNK cascade were mostly up 
regulated.  In 450 mOsm/kg culture, it was also observed that genes related to anion 
transport, amino acid transport and calcium transport were mostly up regulated 
while genes related to electron transport and intracellular signalling cascade were 
mostly down regulated.

4. CONCLUSION

The results of this study have shown that culture osmolarity has a profound effect ont
growth, metabolism, ion balance and gene expression of GS-NS0 cells.  Cells did 
not survive under hypo-osmotic cultures (210 mOsm/kg) conditions, and a slower 
growth rate was observed for cells under hyper-osmotic conditions, as compared to 
growth under normal osmotic condition.  Even with a similar growth profile for the 
290 and 370 mOsm/kg cultures, the metabolic profiles for these cultures were
significantly different with a higher lactate and NH4+ production in 290 mOsm/kg
culture.  In the gene expression experiments conducted using oligo-DNA 
microarray, it has been shown that around 700 genes related to various cellular 
functions, such as cell cycle and proliferation, cell metabolism, signalling and 
transport and cell physiology, were significantly up or down regulated.  Currently
the pathways related to metabolism and genes identified to date are being obtained, 
subsequently, strategies for improvement in metabolic engineering, process control
and plasmid design could be achieved. 
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QUESTIONS AND ANSWERS

Bernard Palsson, University of California, San Diego, US:
Your talk exemplified the challenge of what I was talking earlier, this needs to f
integrate multiple different data types. So, how are you planning to integrate these 
data ? 

Mon-Han Wu, Imperial College London, UK:
At the moment we are in collaboration with the bioinformatics team at Imperial
College. There are a few things we are planning to do. First, there is the plasmid 
design part, where, from the genomic data we analyse the promoter sequence and 
find the similarity between the promoters. Hopefully we can design a better plasmid 
from that promoter region, from the metabolic and genomic data, and hopefully thea
proteomic data. We hope to isolate the key metabolic pathways which are altered 
through osmolarity and hope to change that pathway through metabolic engineering,
to increase productivity, as a final goal. 

Charny, Merck Inc. Company: 

Could you tell us about how you maintain your osmotic pressure and  if  it stayed the 
same throughout your cultivation, or if the choice of  additives makes any kind of 
difference to your measurements ? 

Mon-Han Wu, Imperial College London, UK: 

The experience is actually quite simple: we just used a shake flask, so it is actually
not fully controlled, but the osmolarity value stays quite constant throughout the 
cultivation. 

Iman Famili, University of California, San Diego, US:

I was wondering when you showed your slide, and you showed that the secretion of 
a number of metabolites goes up and down, in an opposite trend for hyperosmotic
conditions with respect to the normal case.  Do you think that it has anything to do
with the fact that for instance the transporters for these different metabolites are 
coupled with protons, and the cell is trying to compensate for the osmotic pressure
through the exchange of these metabolites and if not, how would you rank the 
influence of regulation, the change of for instance protein folding because of the 
osmotic pressure or other factors when you change the osmolarity of the solution ? 

Mon-Han Wu, Imperial College London, UK: 

First of all, the metabolisms do change and do compensate for the osmolarity. In
respect to the second part of the question, we are still not analyzing these aspects 
yet, but hopefully we will analyze all the genes, and the proteins and metabolisms, 
so we can paint a better picture and we can prioritize our concern and what we can 
do to the process. 

Barry Buckland, Merck Inc. Company, US: Your data were very interesting, I am 
just curious whether you run enough replicates to know their reproducibility.

M. WU, ET AL.
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Mon-Han Wu, Imperial College London, UK:

The data shown are just from one experiment. We have done three replicates, but we
are still analyzing them, and these data were not shown yet. 

Martin  Jordan, EPFL, Switzerland:

Did you see an effect on cell size when you cultured the cells at different 
osmolarities ?

Mon-Han Wu, Imperial College London, UK:
Yes, we did measure cell size and the osmolarity tends to effect cell size during mid-
logarithmic phase, but according to papers it would not have any significant effect 
within the first eight hours of exposure to hyper- or hypo-osmotic pressure, but cells
go more or less back to the normal size. 

Sadettin Ozturk, Centocor, US:
Did you maintain the sodium to potassium ratio the same ? 

Mon-Han Wu, Imperial College London, UK:
I did not, sodium was added, but in other papers it has been said that no matter what 
kind of salt you add the productivity still increases by the same amount. But, what 
we also did was cultures with salt variants, although they were not shown yet. 
Actually it does have a significant effect on cell growth either we add potassium,
sodium or sorbitol. It will effect the growth, production and metabolism of the cell. 

David Jayme, Gibco/Invitrogen, US: 

My question is related to the last two. Clearly, by increasing the sodium chloride 
levels you will impact not only the osmolarity but the cell volume, at very least 
transiently, is going to effect membrane potential, is going to effect sodium-coupled 
nutrient co-transport, and that may effect  your metabolic rates and a variety of other 
things as well. I wonder if you have really been able to tease out, to divorce the
osmotic effect versus some effects that might be secondary.

Mon-Han Wu, Imperial College London, UK:
Yes, that is why we did specific experiments to isolate the osmolarity effect and the
ionic balance effects.

EFFECT OF OSMOTIC PRESSURE ON GS-NS0
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Abstract.  Transient and stable transgene expression in mammalian cells is influenced by epigenetic
factors such as histone modifications and DNA methylation.  Here we demonstrate the feasibility of using 
molecular approaches to overcome the potentially negative effects of these factors.  Chinese hamster 
ovary cells (CHO) were co-transfected with the CELO adenovirus Gam1 gene and either the enhanced 
green fluorescent protein (EGFP) gene or the IgG heavy and light chain genes.  In both cases the 
expression of the reporter protein was increased in the presence of Gam1.  Transient expression of Gam1
in YIGG2 cells, a stable CHO cell line that carries a silenced enhanced yellow fluorescent protein (EYFP) 
gene, resulted in higher expression of this reporter protein.  Lastly, targeting of the adenovirus E1A
mRNA in HEK293 cells for degradation by RNAi resulted in a two-fold increase in the transient 
expression of a co-transfected reporter gene.  These results demonstrate that epigenetic factors do play arr
role in stable and transient transgene expression and that molecular approaches can be developed to
relieve the negative effects of these factors on recombinant protein expression in mammalian cells.

1. INTRODUCTION

Epigenetic effectors such as histone modifications and DNA methylation have
profound effects on gene expression in mammalian cells (Jenuwein and Allis, 2001; 
Bird, 2002).  For example, histone acetylation and deacetylation are associated with
transcriptionally active and inactive chromatin, respectively, and histone 
methylation has negative or positive effects on transcription depending upon the site
of modification (Jenuwein and Allis, 2001).  Transcription is also inhibited by
methylation of promoter sequences (Bird, 2002). Epigenetic modifications also 
affect the expression of stable and transient transgenes in mammalian cells.  The
histone deacetylase inhibitors sodium butyrate and trichostatin A enhance both 
transient and stable transgene expression, and the DNA methlyation inhibitor 5-
azacytidine reactivates stable transgenes silenced by DNA methylation (Jones and 
Taylor, 1980; Gorman et al., 1983; Yoshida et al., 1990; Hunt et al., 2002).  
However, the cost and cytotoxicity of these compounds are drawbacks to their use
for large-scale recombinant protein production.t

Molecular approaches may be attractive alternatives for enhancing transgene 
expression via modifications of epigenetic pathways.  Some mammalian viruses
have already provided examples of this strategy.  The bovine herpesvirus 1 proteint

©  Printed in the Netherlands. Springer.2005



16 D. L . HACKER ET AL.

bICP0 and the CELO adenovirus Gam1 protein activate viral transcription by 
inhibiting cellular histone deacetylases (Zhang and Jones, 2001; Chiocca et al.,
2002).  Gam1 has also been shown to enhance transient transgene expression from a 
number of different promoters in COS cells (Chiocca et al., 2002).  In addition, the 
E1A proteins of human adenovirus function as transcriptional repressors by binding
and inactivating the histone acetylases PCAF and p300/CRB (Chakravarti et al., 
1999).  Since the E1A proteins are expressed in HEK293 cells, they may have a
negative effect on transient transgene expression in this cell line.  In this study we 
demonstrate that the Gam1 protein enhances stable and transient transgene 
expression in CHO cells and that targeting of the E1A mRNAs for degradation using
RNA interference (RNAi) results in higher transient expression of recombinant 
proteins in HEK293 cells.

2.   MATERIALS AND METHODS

The construction of pGAM1 (Chiocca et al., 2002) and pEAK8-EGFP (Meissner et 
al., 2001) have been described.  The expression vectors for the anti-human RhD
IgG1 heavy chain gene, pMZ36 and pLH1, and for the anti-human RhD light chain 
gene, pMZ57 and pLH2, have been described (Zahn-Zabel et al., 2001; Meissner et 
al., 2001).  pEGFP-N1 was purchased from Clontech (Palo Alto). The vector pHS
containing the U6 promoter was a gift of Richard Iggo (ISREC, Switzerland).  pHS-
E1A was constructed by cloning the two annealed oligonucleotides 
CGAAAAGATCCCAACGAGGAGGCGGTTCAAGAGACCGCCTCCTCGTTGG
GATCTTTTG (adenovirus E1A mRNA nucleotides 723-743 are underlined) and 
GATCCAAAAGATCCCAACGAGGAGGCGGTCTCTTGAACCGCCTCCTCGT
TGGGATCTTTT into pHS digested with BamHI and BstBI.tt

3. RESULTS 

3.1. Gam1 enhances reporter gene expression in transiently transfected CHO cells

CHO-DG44 cells were co-transfected with pEGFP-N1 (10% of the total DNA) and 
varying amounts of pGAM1 (0-90% of the total DNA) using polyethylenimine as a 
transfection vehicle.  At three days post-transfection GFP expression was 2-3 fold 
higher in the presence of Gam1 than in its absence (Fig. 1, left panel).   By 
comparison, Gam1 did not increase the expression of EGFP in HEK293-EBNA cells 
following co-transfection with either pEGFP-N1 or pEAK-EGFP (data not shown).
To determine the effects of Gam1 on the expression of a secreted protein, CHO-
DG44 cells were co-transfected with varying amounts of pGAM1 (0-40% of the
total DNA) and a 1:1 (w:w) mix of pMZ57 and pMZ36 (60% of the total DNA). 
These two vectors express the IgG light and heavy chain genes, respectively, under 
the control of the HCMV promoter.  At three days post-transfection the level of 
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secreted IgG was three times higher in the presence of Gam1 than in its absence
(Fig. 1, right panel).  The results demonstrated that Gam1 enhances the expression
of both cytoplasmic and secreted recombinant proteins in transiently transfected 
CHO cells. 
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Figure 1. Transient transfection of CHO cells. (Left). Transfection with varying amounts of 
pGAM1 and 10% pEGFP-N1. Relative fluorescence units (RFU).  (Right).  Transfection with 
varying amounts of pGAM1 and a 1:1 mix of pMZ57 and pMZ36 (60% of the total DNA).

3.2. Gam1 activates a silenced transgene in a stable CHO cell line 

The YIGG2 cell line carries the IgG heavy and light chain genes under the control of 
the SV40 promoter and the EYFP gene under the control of the HCMV promoter 
(Hunt et al., 2002).  Immediately after the subcloning of YIGG2, 10-20% of the cells r
expressed EYFP, but after one month of cultivation only 0.1% of the cells still
expressed EYFP (data not shown).  To determine if gene silencing may have been
the reason for the reduction in EYFP expression and to determine if the presence of 
Gam1 enhances EYFP expression, YIGG2 cells were transfected with varying
amounts of pGAM1.  By three days post-transfection the level of EYFP was 
increased 15-20 fold in the presence of pGAM1 (Fig. 2).  Analysis of the transfected 
cell population by flow cytometry indicated that 8-10% of the cells expressed EYFP 
after transfection.  This is equivalent to the transfection efficiency under the
conditions used in this experiment. In contrast, the expression of IgG was enhanced 
at most 20-30% in the presence of Gam1 (data not shown).  The results 
demonstrated that Gam1 increases the expression of a silenced transgene in a stable
CHO cell line.
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   Figure 2.  Transfection of YIGG2 cells with pGAM1.

3.3.  Reporter gene expression is enhanced following RNAi-targeting of the 
adenovirus E1A mRNA in transiently transfected HEK293-EBNA cells 

The adenovirus E1A proteins may be responsible for reduced transient transgene
expression in HEK293 cells.  Decreasing the E1A level in this cell line might 
therefore increase transcription from some promoters used for transient transgene
expression.  To investigate this possibility a vector to target E1A mRNA for 
cleavage by RNAi was constructed.  pHS-E1A expresses a 53 nucleotide RNA
polymerase III transcript that includes nucleotides 723-743 of the 12S and 13S E1A
mRNAs plus the complement of this sequence.   This RNA is expected to be cleaved 
to form a 21 base short interfering RNA (siRNA) targeting both the 12S and 13S 
E1A mRNAs for degradation.  Cells were co-transfected with pEAK-EGFP (10% of 
the total DNA) and varying amounts of pHS-E1A (0-90% of the total DNA).  The 
level of EGFP expression was three fold higher in cells transfected with the highest 
level of pHS-E1A (Fig. 3, left panel).  Similar results were found when pHS-E1A 
was co-transfected with pEGFP-N1 (data not shown).  To confirm these results with
a second reporter protein, HEK293-EBNA cells were co-transfected with varying 
amounts of pHS-E1A (0-40% of the total DNA) and a 1:1 (w:w) mix of pLH1 and 
pLH2 (60% of the total DNA), vectors that express the IgG light and heavy chain 
genes, respectively, under the control of the EF-1α promoter.  At six days post-
transfection IgG expression was two fold higher in cells co-transfected with pHS-
E1A than in cells co-transfected with the empty pHS vector (Fig. 3, right panel). 
These results support the notion that E1A may be responsible for reduced transient 
transgene expression in HEK293 cells.

D. L . HACKER ET AL.
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Figure 3.  Transient transfection of HEK293-EBNA cells.  (Left).  Transfection with 10% 
pEAK-EGFP and varying amounts of pHS-E1A. (Right). Transfection with varying amounts 
of pHS-E1A and a 1:1 mix of pLH1 and pLH2 (60% of the total DNA).

4. DISCUSSION

We have presented evidence demonstrating the feasibility of two genetic strategies
for enhancing recombinant protein expression in stable cell lines and in transiently 
transfected cells.  It was shown in CHO cells that Gam1 increased the transient 
expression of reporter genes under the control of the HCMV promoter.  Transfection 
of YIGG2 cells with pGAM1 also resulted in an increase in the expression of the
silenced EYFP gene in this stable CHO cell line.  In contrast to these results, no
enhancement of reporter gene expression by Gam1 was observed following transient 
transfection of HEK293-EBNA cells.  Further studies on the molecular basis of tt
Gam1 action on stable and transient transgenes in CHO and HEK293 cells aret
needed to resolve this difference.

The second strategy concerns the use of RNAi to enhance recombinant protein 
expression in mammalian cells.  It was demonstrated in transient transfections of 
HEK293-EBNA cells that targeting the adenovirus E1A mRNA for degradation by 
RNAi results in increased expression from a co-transfected reporter plasmid.   It 
may be concluded from these observations that the E1A proteins can have a negative
effect on transient transgene expression in this cell line.  In more general terms, 
these experiments demonstrate the potential utility of RNAi for targeting cellular 
mRNAs whose protein products have a negative effect on recombinant protein 
synthesis.   It should be possible to insert one or more RNAi cassettes into
expression vectors that are used for transient transfection of HEK293 cells.
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QUESTIONS AND ANSWERS

Alain Bernard, Serono, Switzerland:

Is pGAM1 acting differently on different promoters ? You showed in your stable 
work that you had the IgG under the SV40 promoter and then you are coming with
fluorescent protein under the human CMV promoter. 

David Hacker, EPFL, Switzerland:

Yes, that was an experiment done with the human CMV promoter. I did another 
experiment that I thought I had not enough time to include here, looking at promoter 
specificity of the gam1 gene. With the human CMV promoter you see this two-fold 
increase in gam1, when you have a hybrid promoter with the human CMV promoter 
and the EF-1alpha promoter, then you see about a 30% increase in GFP expression, 
and with EF-1alpha promoter itself you see actually a decrease in expression. So,
similar to the cell specificity you see also promoter specificity of the gam1 activity.

Gianlucca Quintini, Altana Pharma, Germany:

You showed that histone deacetylase inhibitors can negatively effect cell survival. 
gam1, if I got it right from the slide, promotes cell survival. Could you comment on 
that contradiction ? Second question: you expressed gam1 transiently, what happens 
if you express it stably?

David Hacker, EPFL, Switzerland: 

Regarding the second question, as far as I know, nobody is trying to produce a stable
cell line with gam1. It is not clear what are the effects of sodium butyrate on cell 
survival, so you can not associate. Histone deacetylation is not necessarily involved 
in apoptosis or cell survival, these are clearly different pathways. Gam1 is acting on 
apoptosis and also acting on another pathway that is involved in histone y
deacetylation through separate activities. So, I do not see the contradiction you 
mentioned.

Jana van de Goor, Genetech, US:

In the initial few graphs that you showed us, I was wondering, since gam1 has
possibly a positive effect on cell growth and proliferation. Can some of the initial 
graphs that you showed be explained by higher viable cell numbers in the 
experiments, or were they normalized to viable cell counts, so that the effect can be 
attributed directly to each cell instead of higher viable numbers overall? 

David Hacker, EPFL, Switzerland: 

In the PEI transfections we counted the cells but there was no difference in the 
presence or absence of gam1. However, this is different for the calcium phosphate
transfection. In that case you see cell viability increasing with increasing amounts of 
gam1. I do not know the differences between these two transfection methods.
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Allan Miller, CIL, Belgium:
Deacetylation occurs during mitosis, so, if you expose your cells for a long period to
gam1 you should block mitosis and stop chromosome condensation. So, it is 
difficult for me to reconcile cell viability, chromosome condensation, normal cell-
cycle progression with gam1, which stops deacetylation.

David Hacker, EPFL, Switzerland: 

I do not know how to answer that either. In the PEI transfected cultures we do see
cell division. As I have just said, there is no difference in cell number in the
presence or absence of gam1, so cells continue to divide. The problem is that we do
not know what has been affected when we transfect gam1 into these cells, what
cellular genes are being affected. We are only looking at one parameter, which is our 
reporter gene expression, and no other parameters such as the acetylation or 
deacetylation of histones or nucleosomes associated with that plasmid DNA are
followed. That is one thing that will be important to know in order to determine the
mechanism of action of gam1 and the transgenes.

D. L . HACKER ET AL.
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Abstract. Industrially important recombinant CHO cell clones carry many desirable phenotypic traits that a
differentiate them from the parental clone.  The molecular basis for these traits at the genomic level is not 
well understood.  A better understanding of key genetic alterations related to these traits will greatly
facilitate the development of new cell lines and new processes.  To advance this goal, we are constructing
a CHO cDNA microarray.  A phage library was constructed using mRNA pooled from different CHO 
clones under different cultivation conditions. Over four thousand sequences have been randomly isolated 
and sequenced.  A cDNA microarray based on these sequences was constructed and used in gene 
expression studies. The differentially expressed genes identified by the CHO cDNA microarray were 
compared to those observed in cross-species hybridization to mouse cDNA microarrays. Sequence
comparison with known mouse genes indicates only a moderate degree of homology.  The results 
represent a significant step toward large-scale gene expression profiling for industrial mammalian cell 
culture processes. 

INTRODUCTION

The key to establishing an efficient cell culture process is the selection of stable,
high-producing cell clones with desired growth and physiological characteristics. 
The current scheme for cell selection, adaptation and other process improvements is
largely empirical and based on macroscopic phenotypic characteristics.  Little is
known about the molecular regulation associated with phenotypic changes.  Large 
scale gene expression profiling can potentially reveal the molecular changes
incurred in the selection and adaptation processes, providing further insight for 
genetic intervention to create a better host cell lines, and for more rational process 
development strategies.  

Chinese hamster ovary (CHO) cells are the most common host cells used for the
production of heterologous proteins; however, little genomic sequence information
is available for this species.  We are embarking on an effort to develop genomic
tools for CHO cells. We have constructed a CHO cDNA library, sequenced and 
isolated over 4000 sequences, and constructed a cDNA microarray.  Sequencing and 
annotation of the CHO cDNA library, along with the construction of a CHO cDNA 
microarray, will provide the much-needed tools for studying this economically
important cell line. The objective of this project is to use these genomic tools to

© 2004  Printed in the Netherlands. Springer.
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establish a systematic way to uncover the genes and pathways that may affect the 
growth and production characteristics desired in bioprocessing.

MATERIALS AND METHODS

Construction of a CHO cDNA library 

To ensure that the library represents gene expression under the most relevant and 
representative conditions, a 50/50 mixture of mRNA isolated from CHO DXB-11
cells and from an IgG producing cell line derived from CHO DXB-11 was used. 
DXB-11 is a dihydrofolate reductase deficient (DHFR-) cell line with a single point 
mutant allele.  The other dhfr allele has been deleted [1].  The DXB-11 cell line is 
widely used for the production of recombinant proteins [2]. The IgG producing 
clone was grown in suspension using a semi-defined medium with intra-lipid® as
the only undefined additive.  DXB-11 was grown under adherent conditions in the
presence of 5% fetal bovine serum, as is typically done in the early stages of clone 
selection after the transfection of the heterologous gene.  Cells were harvested at the 
mid-exponential growth phase for RNA extraction.  Total RNA was isolated using
the standard guanidine isothiocyanate treatment, followed by phenol-chloroform 
extraction [3].  A cDNA library was constructed using the ZAP Express® λ-Phage
cDNA Library Kit (Stratagene), along with the Gigapack III Gold Packaging Extract 
(Stratagene). cDNA was directionally cloned into the pBK-CMV vector, which
allows both prokaryotic and eukaryotic expression of large sequences, and in vivo
excision of cloned fragments into a phagemid vector.  A second library was 
constructed using mRNA isolated from a recombinant CHO line producing m -
interferon.  RNA was extracted from cells isolated in exponential growth phase,
stationary phase, and death phase.  cDNA from this pool was directionally cloned 
into the pDNR-LIB vector using the SMART cDNA Library kit (Clontech).   

Construction of a CHO cDNA microarray

CHO sequence inserts were amplified from the libraries using primers specific to the 
cloning vector (M13 forward and reverse primers or T3/T7 primers) and purified. 
Aliquots of each purified probe were analyzed on agarose gels and quantified using
a Tecan Genios spectrophotometer. The remaining PCR product was desiccated in a 
Speedvac and re-suspended in phosphate printing buffer for a final DNA
concentration of at least 150 ng/µl. Probes were spotted on polylysine coated slides 
using a Biorad Chipwriter equipped with quill-type steel pins at a nominal center-to-
center spacing of 200 µm.  Arrays were re-hydrated over a 42oC water bath and 
subsequently exposed to 65mJ/cm2 UV in a Stratalinker. Arrays were then blocked 
with succinic anhydride and 1,2 dichloroethane as previously described [4].  Prior tot
hybridization, slides were transferred to boiling water for 2 minutes, then dipped in 
95% ethanol and dried by centrifugation at 500 rpm for 2 minutes. 

Hybridization and Scanning 

ET AL
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Characterization of CHO Sequences
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Figure 1.  Characterization of isolated CHO sequences

Total RNA was isolated from suspension cell cultures using Trizol (Invitrogen) as
per manufacturer’s instructions. Total RNA (30µg) was labeled by incorporation of 
amino-allyl dUTP (Sigma-Aldrich) by reverse transcription followed by conjugation
to Cy3- or Cy5- dyes (Amersham Biosciences).  Labeled targets were combined 
with equal volume of hybridization buffer (50% formamide, 10X SSC, 0.2% SDS) 
to a final volume of 50µl.  Hybridization chambers containing the arrays were 
placed into a 42oC waterbath.  After approximately 16 hours the arrays were washed 
at room temperature with decreasing concentrations of SSC and SDS and then dried tt
by quick spinning in a centrifuge. The microarray images were obtained with 
ScanArray® Express (Packard BioScience Company, Billerica, MA). Image and data 
analysis were performed with GenePix Pro 4.1 (Axon Instruments) and GeneSpring 
5.1 (Silicon Genetics), respectively.

RESULTS AND DISCUSSION 

Preliminary results of sequencing 

After transformation with the vector from the cDNA library, colonies of transformed 
XLOLR E. coli cells were picked using Genetix Q-Bot, and sequenced with the ABI 
3700 96-well capillary machine.  The median insert size for the library was 1100-
1200 bp.  Longer sequences were up to 2000bp.  Over 4,000 sequences have been 
obtained. A modified version of phredPhrap was used to process the sequence data
into strings, which were compared to the GenBank nucleotide database using the 
BLASTN algorithm.  A major hurdle in annotating our sequences is that little 
genetic data for the Chinese Hamster is publicly available.  Less than 500 unique
sequences are available in GenBank.  The results from initial annotation are 
summarized in Figure 1.  A score greater than 300 indicates a fairly confident 
annotation.  Sequences with scores less than 300 will be re-blasted and re-annotated 
periodically.  The functional distribution of those sequences is shown in Figure 2.   
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Distribution of CHO Sequences
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An unusual abundance of mitochondrial transcripts were found in the mRNA
isolates, as compared to typical tissue cDNA libraries. We obtained the entire 
mitochondrial genome sequence, except for the portions encoding for the D-Loop, 
by filling in the gaps in the mitochondrial sequences derived from random 
sequencing.  The CHO mitochondrial sequence data was aligned with the complete 
mouse mitochondrial genome. Like other mammalian mitochondrial DNA, it 
encodes for 13 proteins, 2 ribosomal subunits, and 22 tRNAs.  

Phylogenetic analysis of the CHO mitochondrial genome is currently underway. 
In general, the CHO mitochondrial genes are more similar to the mouse and rat than
to human.  The cytochrome oxidase subunits appear more highly conserved, as 
compared to the NADH dehydrogenases, with the exception of NADH 
dehydrogenase subunit 1.  

Attempts were also made to isolate particular sequences from the library using
primers designed from the conserved sequences of corresponding genes in mouse, 
rat, and human.  Nine sequences involved in apoptosis were obtained.  However, 
unsuccessful isolations based on this strategy accounted for over 70% of all
attempts.

Effect of butyric acids on transcriptional profiles of cho and mouse hybridoma cells

Butyric acid is often used to boost rDNA protein production in cell culture [5-7]. 
Gene expression profiles of recombinant CHO cells producing IgG were examined 
under treatment with butyric acid.  As a control, a mouse hybridoma MAK cell line 
was used under identical conditions.  The optimal concentration of butyric acid used 
for both cell lines was determined to be 1mM.  The concentration was chosen by
comparing the effect of butyric acid on IgG production and cell growth at four 
different concentrations ranging from 0 to 2mM.  Sodium butyrate was added at 

Figure 2.  Distribution of functional class of isolated sequences 
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mid-exponential growth phase.  Gene expression profiling was performed on mRNA
cell samples withdrawn from the culture at 8 hours after sodium butyrate addition.  
The reference sample for all arrays was the zero time point, corresponding to the
moment previous to sodium butyrate addition.  Both cell line samples were 
hybridized to mouse BMAP arrays constructed at the University Minnesota.  The 
mRNA sample from the CHO cells was additionally hybridized to the CHO array.   

The same hybridization conditions were used for both CHO and mouse cells.  
The microarrays were run in quadruplicate, and 2:2 dye swaps were performed to
minimize dye-labeling effects.  
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CONCLUDING REMARKS

Preliminary sequence and hybridization data has shown that hamster is not highly 
homologous to other well-sequenced rodent species.  Using tools and data specific
to these industrially important cell lines is necessary to conduct meaningful genomic 
studies.  The construction of a cDNA microarray along with the availability of CHO
sequence information will greatly facilitate the understanding of the molecular 
mechanisms involved in conferring key phenotypes and will provide a means to the 
reliable design of more optimal production cell lines. 

Figure 3.  Distribution of Functional Class of Differentially Expressed Genes
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QUESTIONS AND ANSWERS

Thierry Battle, Serono Research, Switzerland: 

More a comment than a question. When you see only a few genes being modified or 
stimulated you should be happy, because anyway with the variants you will have 
various balances of protein to protein interactions. My comment is that by mixing 
suspension CHO cells and adherent CHO cells is adding extra complexity to your 
study.

Wei-Sho Hu, University of Minnesota, US: 

But also with that you assure that all the genes are in the library, which is very
important, otherwise you will be missing genes. What I should emphasize is that it is 
very important in this analysis is to apply very stringent statistics.



F. Gòdia and M. Fussenegger (Eds.), Animal Cell Technology meets Genomics, 31-42.
31

PAULINE M. RUDD, ANTHONY H. MERRY AND
RAYMOND A. DWEK 

ROLES FOR GLYCOSYLATION IN RECEPTOR-
LIGAND INTERACTIONS IN THE IMMUNE SYSTEM

The Glycobiology Institute, Department of Biochemistry, University of 
Oxford, South Parks Road, Oxford OX1 3QU, U.K. email:

pmr@glycob.ox.ac.uk

Abstract: The fundamental importance of correct protein glycosylation is abundantly clear in a group of 
diseases known as congenital disorders of glycosylation (CDG). In these diseases, where sugars may be 
entirely absent or incorrectly processed, many proteins are affected [1] such that their biological functions
are compromised. This disorder gives rise to a wide range of severe clinical conditions, including some 
that involve the immune system. Most of the key molecules involved in the innate and adaptive immune 
response are glycoproteins and the glycans play important roles in recognition events that are critical for 
triggering the biological functions of the proteins. Such roles include quality control to ensure correct 
protein folding, the loading of major histocompatibility class I (MHCI) peptide antigens, the geometry of 
the T-cell synapse and the interaction of MHCI with CD8. In the humoral immune response, multiply
presented IgA glycans bind pathogenic bacteria and specific glycoforms of IgG can, when clustered,
activate the complement pathway through engaging the mannose binding lectin. The recognition of an
unusual cluster of mannose residues on the HIV gp120 envelope glycoprotein by a novel domain
swapped antibody, isolated from a patient’s serum, represents a new paradigm for antigen recognition.
The broadly neutralising 2G12 IgG antibody has four closely spaced potential combining sites and may
suggest a novel means to target clustered glycan arrays on pathogens.   

N- AND O-LINKED GLYCOSYLATION

In the primary sequence of a protein, the sequon AsnXaaSer (where Xaa is any
amino acid other than Pro) is a necessary, but not sufficient, signal for N-
glycosylation of the Asn residue with the oligosaccharide precursor,
Glc3Man9GlcNAc2, an event that occurs in the endoplasmic reticulum (ER). After 
glucose and mannose trimming, the nascent glycoproteins are transferred to the 
Golgi apparatus where the N-linked oligomannose glycans can be processed to
hybrid or complex glycans. In the Golgi, O-glycosylation is also normally initiated
by the transfer of a GalNAc residue to the hydroxyl side chain of some Ser or Thr 
residues [2].  The chains are extended by the addition of single monosaccharide 
residues by processing enzymes.  
Glycoproteins generally exist as populations of glycosylated variants (glycoforms)
of a single polypeptide (See Review: [3]). Although the same glycosylation
machinery is available to all proteins which enter the secretory pathway in a given
cell, the 3D structure of the protein plays a major role in determining the glycan
processing, and most glycoproteins emerge with a characteristic glycosylation 
pattern and heterogeneous populations of glycans at each glycosylation site [4] 

©  Printed in the Netherlands. Springer.2005
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Figure 1 Glycosylation of human erythrocyte CD59 [4] showing the conformational space
available to the N-glycan chain resulting mainly from the flexible N-glycosidic linkage to

asparagine in the peptide.

 FUNCTIONAL RECOGNITION OF GLYCAN EPITOPES

Almost all of the key molecules involved in the innate and adaptive immune 
response are glycoproteins. In the humoral immune system, all of the 
immunoglobulins and most of the complement components are glycosylated. A 
major function for sugars is to contribute to the stability of the proteins to which
they are attached, and in addition specific glycoforms are involved in important 
recognition events. The affinity of a single monosaccharide for a protein receptor is 
in the micromolar range. This low affinity is, in general, insufficient for functional
recognition. Biological responses depend on high affinity or avidity to ensure that 
functions are not triggered inadvertently. In the case of sugars, the requirement for 
high affinity binding or avidity can be provided either by multiple interactions of 
several monosaccharide residues in an oligosaccharide with a single protein binding 
site, or by interactions of multiple carbohydrate recognition domains on a protein
with multiply presented glycans. This paper discusses ways in which such binding is 
achieved, as well as other roles for sugars in some important events in the immune 
system.

FOLDING OF MHC I AND THE LOADING OF ANTIGENIC PEPTIDE.

Inside the cell a major function for sugars is in the quality control of protein
folding [5]. In the ER, the lectin–like chaperones calnexin (Clx) and calreticulin 

N-linked glycan

O-linked glycan

GPI anchor
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(Clr) bind nascent glycoproteins through Glc1Man9GlcNAc2. Unfolded 
glycoproteins are retained in the folding pathways until either they are fully folded 
and the terminal Glc residue is finally removed, releasing them from the chaperones, 
or the misfolded glycoproteins are targeted for degradation. The proposed ligand for 
both Clx and Clr is the terminal tetrasaccharide on the D1 arm of Glc1Man9GlcNAc2

(Figure 2) and high affinity binding is provided by multiple interactions of the 
mannose residues with the protein [6]  

Figure 2 NMR solution structures of GlcNAc2Man9Glc3 showing the proposed recognition
sites of Clx, Clr. 

The Mature Major Histocompatibility Complex class I (MHC I) consists of two
subunits: the heavy chain (HC), which is a transmembrane glycoprotein, and a small
soluble non-glycosylated protein, 2-microglobulin ( 2m). A peptide must be
inserted into the into the peptide binding groove before MHC I can be transported to 
the cell membrane (Figure 3). Class I assembly requires multiple co-ordinated intra- 
and inter-molecular events to ensure the continuous reporting of cellular contents to
cytotoxic T-lymphocytes.  
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Figure 3  Proposed mechanism for the MHC class I peptide loading pathway Nascent 
glycoproteins are translated across the lumen of the ER and become immediately associated 
with the membrane bound calnexin (Clx). Interaction of with the binding complex with Clr 

continues until the peptide is in the groove.

In the ER, unassembled HCs interact first with membrane bound Clx through Man9-

7GlcNAc2Glc1 sugars which are attached (in human HLA) to Asn86 in the early 
stages of glycan processing. When 2m associates with HC, the sugar is released 
from Clx and MHCI binds to the soluble lectin-like chaperone, Clr. One or both of 
these chaperones recruits the thiol oxidoreductase (ERp57) into the complex, 
facilitating the formation of the intrachain disulfide bonds of the class I HC. The 
assembled class I- 2m dimer, together with associated Clr and ERp57, are
associated with a larger complex that also contains the TAP transporter of antigenic 
peptides and the transmembrane glycoprotein tapasin. The complex is retained in the 
ER in the Clr quality control pathway until the peptide is in the groove. The terminal 
glucose residue is then finally removed and the complex dissociates allowing
peptide loaded MHCI to exit the ER for the Golgi. Thus the efficient loading of 
MHC class I requires the presence of the Glc1Man9GlcNAc2 N-linked glycan and 
exploits the Clx/Clr quality control mechanism [7].  

GLYCOSYLATION AND T-CELL RECOGNITION OF ANTIGEN 
PRESENTING CELLS 

Multiple events and stages are involved in the T-cell recognition of antigen
presenting cells (APC's). These include the formation of a junction between the two
cells known as the immunological synapse [8] [9]), recognition of antigenic peptide-
loaded MHC molecules by the T cell receptors (TCR's) and signal transduction. 
Sugars are likely to be important in many of these processes. Oligosaccharides
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located on the membrane proximal domains of molecules in the immunological 
synapse tend to be conserved across species and may restrict the binding faces and 
orientations of the cell adhesion molecules CD2 and CD48 [10] contributing to the
alignment of the opposing cell surfaces.  

Figure 4 Some of the glycoproteins involved in the Immunological Synapse 

The glycans may also be important in preventing non-specific protein-protein
interactions, for example between TCRs, thus contributing to the spatial organisation
of the junction.  Certainly they cover large areas of the surface of the proteins, 
presenting a significant barrier to protease degradation of molecules at the synapse.
MHC I interacts with TCRs on CD8+ T cells. CD8 hetero- (α ) and homo- (αα)
dimers, enhance T-cell activation by forming ternary complexes with the T cell 
receptor and peptide-MHCI molecules and recruiting the kinase p56lck to the 
complex. In CD8, the globular head containing the MHC binding site is tethered to
the T-cell membrane by a polypeptide stalk that contains four O-linked sugars. The 
stalk region of CD8 plays a critical role in co-receptor interactions, spanning the 
nascent immunological synapse and orienting the CD8 binding face to the MHC. 
The conformational properties of the stalk are maintained by the O-linked glycans 
(Figure 5) .  
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Figure 5  O-glycans in the stalk region of CD8 affect the overall shape. The attachment of a
single O-linked GalNAc residue (Lec 3.2.8.1 cell line) extends  the stalk  from 80Å to 140 Å 

[11]. Further elongation of the O-glycans (CHO-K1cell line) does not result in further 
extension of the stalk.

Analytical ultracentrifugation analyses of sCD8αα, expressed with normal O-
glycosylation in CHO cells and truncated O-glycans in the Lec 3.2.8.1 cell line,
indicate that O-glycans in the stalk region affect the overall shape of the molecule 
causing considerable extension of the stalk region from 80Å to 140 Å [11]. The
GalNAc residue linked to the protein provides the majority of the chain extension 
and even the relatively few O-linked glycans on this cell surface molecule can 
significantly affect the presentation of the ligand binding domains.
In addition the O-glycans are expected to confer some rigidity to this extended 
peptide chain, protect it from digestion by proteases, and inhibit non-specific 
interactions of the stalk with the adjacent TCR.

ANTIBODY-ANTIGEN RECOGNITION BY IMMUNOGLOBULINS

In the extracellular space, two forms of non-self recognition are currently
recognised. The first is the recognition of repetitive arrays of sugars, for example on 
bacteria or yeast by the mannose binding lectin. The second is the classical
recognition of antigen by immunoglobulins. 
In human IgG Fc (Figure 6), the two CH2 domains interact through an interstitial
region that is formed by oligosaccharides, attached at Asn 297 on each heavy chain. 
Protein-oligosaccharide and oligosaccharide-oligosaccharide interactions play a role
in maintaining the relative geometry of the CH2 domains. The location of the sugars 
in the interstitial region restricts the processing of the glycans and in normal control f
serum a significant proportion of the glycans are not fully galactosylated.

140 A
80A

APC

MHC I

Lec3.2.8.1 CHO K1

T cell
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Figure 6  Glycoform of human serum IgG showing conserved glycosylation in CH2 domain
and non-conserved glycosylation in Fab region. The interstitial region between the CHγH 2γγ

domains accommodates the oligosaccharides which are attached at Asn 297. 

In rheumatoid arthritis (RA), an autoimmune disease, significant increases in the 
population of agalactosyl IgG0 glycoforms containing terminal GlcNAc residues
have been described [12]. Aggregated IgG0 that can deposit in joints can bet
specifically recognised by the mannose binding lectin. This process may lead to
inappropriate activation of the innate immune system providing an additional route 
to inflammation over and above classical antibody-antigen recognition. Functional
recognition of IgG0 by the multiply presented carbohydrate recognition domains
(CRDs) of MBL depends on multiple presentation of IgG0 glycans [13]. The
mechanism by which specific IgG sugars initiate complement activation in
rheumatoid arthritis is particularly important in the synovial cavity where IgG0 and 
MBL levels are elevated and IgG is clustered.

SECRETORY IGA1 BINDS BACTERIA THROUGH GLYCAN EPITOPES 

In contrast to IgG, IgA1 (Figure 7) does not contain an interstitial space large 
enough to accommodate the Fc sugars and the Asn258 side chains are fully exposed 
and point out into solution[14,15].  
Processing of the IgA1 N-glycans in the ER and Golgi is unhindered, and most R
serum IgA1 N-linked sugars, which include tri- and biantennary structures, are fully
galactosylated and sialylated. The hinge region of IgA1, which contains 5 O-
glycosylation sites, is resistant to many common proteases. The sugars, which on 
serum IgA1 mainly consist of sialylated Gal 1,3GalNAc, shield large areas of the 
hinge region (Figure 7) and produce an extended rigid structure. 

bbbb
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Figure 7  Human Serum IgA1 showing O-glycosylation of hinge region. N-glycans attached to 
the CHHH 2 region of IgA1 are exposed on the outside of the molecule and more than 95% of 

them are significantly larger than the sugars on IgG. In IgA1, the O-linked glycans are 
located in the hinge region and the N-glycans are attached at Asn258 and Asn459 in the

CHHH 2 domain and the tailpiece respectively. 

Secretory IgA1 (sIgA1) is a multi-polypeptide complex (Figure 8) consisting of a
secretory component (SC) covalently attached to dimeric IgA containing one joining 
(J) chain. Secretory IgA1, J-chain and SC all have different N-glycosylation profiles. 
The N-glycans on the H chains are shorter than on serum IgA1, and present terminal
GlcNAc and mannose residues which are normally masked by SC. The terminal
residues can be unmasked and recognized by mannose binding lectin, by disrupting 
the SC-H chain non covalent interactions. The O-glycan regions on the heavy (H) 
chains of sIgA1 and the SC N-glycans have adhesin-binding glycan epitopes 
including galactose linked 1-4 and 1-3 to GlcNAc, fucose linked 1-3 and 1-4 to 
GlcNAc and 1-2 to galactose, and 2-3 and 2-6 linked sialic acids. These multiply
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presented glycan epitopes provide SIgA1 with multiple glycan sites to which
bacteria can bind, in addition to the four Fab binding sites, thus enabling SIgA to 
participate in both innate and adaptive immunity [16].  

Figure 8  Multipeptide complex in Human Secretory  IgA showing location of N-and O-
glycans

AN UNUSUAL CLUSTER OF α1→2 MANNOSE RESIDUES ON THE OUTER 
FACE OF GP120 ARE RECOGNIZED BY DOMAIN SWAPPED ANTI-HIV-1

ANTIBODY, 2G12. 

Glycans attached to envelope glycoproteins protect viruses from the host immune
system by virtue of the size of the sugars which cover potential immunogenic
epitopes. Moreover, since the glycans are attached and processed by the host 
glycosylation machinery, it is unlikely that antibodies will be raised against them.
Human IgG 2G12, first isolated and characterised as a mannose binding antibody by 
Stiegler et al [17] ,  is therefore remarkable for its ability to neutralise a broad range 
of human immunodeficiency virus type 1 (HIV-1) isolates by binding a cluster of N-y
linked oligosaccharides on the "silent" face of gp120 with nanomolar affinity. 
Sugars at three N-glycosylation sites were strongly implicated in high affinity
binding of gp120 to 2G12 by alanine scanning. Examination of the crystal structure 
of gp120 indicated that glycans at these sites are separated by only 35Å, too close 
for the Fab combining sites of a conventional antibody to engage simultaneously. 
This tight clustering of glycosylation sites is uncharacteristic of mammalian
glycoproteins, is consistent with the finding that they contain only partially
processed oligomannose glycans and may explain how the sugars can provide an 
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antigenic epitope. Inhibition assays and exoglycosidase digestions of the sugars on
gp120 indicated that terminal mannose residues on the D1 arms of Man9-7GlcNAc2
sugars were essential for binding [18]. Further insights into the recognition of gp120
by 2G12 were obtained from the crystal structures of the Fab fragment of 2G12 and 
its complexes with the disaccharide Man 1-2Man and with the oligosaccharide
Man9GlcNAc2. The data revealed that two Fabs assemble into an interlocked VH
domain-swapped dimer (Figure 8). The configuration of this remarkable ‘I’ shaped 
antibody, isolated from a patient, showed two novel VH/VL combining sites for 
sugars that are only 35Å apart, as well as two additional novel sites within the 
VH/VH interface that are generated by the domain exchange [19]. Together these 
sites provide an extended surface for multivalent interaction with the conserved 
cluster of three oligomannose type sugars on the surface of gp120, the spatial
orientation of which matches precisely to the antibody surface. 
 Glycans at Asn392 and Asn332 locate to the VH/VL combining sites, while the
groove at the VH/VH interface can accommodate the glycan at Asn339. The unique 
arrangement of the Fab domains suggests a mechanism for high-affinity recognition 
of carbohydrate or other repeating, closely spaced epitopes on viral, microbial or cell 
surfaces.

Figure 9  VH domain swapped dimer of 2G12 antibody [19]

CONCLUSION

Glycans play many and varied roles in the functions of the proteins to which they 
are attached.  In general, their relatively large size provides proteins with protection 
from proteases, for example in IgA1, and non-specific interactions, as in the T-cell
synapse. Specific recognition epitopes are critical for efficient folding of some
proteins via the Clx/Clr pathway. For example MHCI, and loading of antigenic
peptide to MHCI uses an adaptation of the Clx/Clr folding pathway. Specific
glycoforms of IgG may contribute to the pathogenesis of RA through binding MBL 
when aggregated, while sIgA presents multiple epitopes that bacteria can recognise.
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Finally, a cluster of α1→2 mannose residues on the outer face of gp120 are
recognized by the domain swapped (‘I’ shaped, rather than ‘Y’ or ‘T’ shaped) anti-
HIV-1 antibody 2G12 demonstrating both a remarkable glycan epitope and a new 
paradigm in antibody recognition that may prove a useful therapeutic lead for 
targeting pathogens presenting closely spaced glycans on their surfaces.

NOTES

Abbreviations
APC: antigen presenting cell
CDG: congenital disorders of glycosylation  
Clr: calreticulin
Clx: calnexin
ER: endoplasmic reticulum  
Glc: glucose
GlcNAc: N-acetylglucosamine 
HC: heavy chain
IgG0: agalactosyl glycoforms of immunoglobulin G 
Man: mannose 
MHC I: major histocompatibility class I 
RA: rheumatoid arthritis  
TCR: T cell receptor
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Abstract. Efficient and targeted uptake of functional proteins is a key to successful application of 
recombinant proteins in enzyme replacement therapy as for example for mucopolysaccharidosis VI (MPS
VI).  As a model protein arylsulfatase B (ASB), which is the enzyme deficient in the inherited storage
disease MPS VI, was used in this study. The protein exhibits a mannose-rich glycosylation site which
binds to the cell-surface presented cation independent mannose-6-phosphate receptor and is subsequently
uptaken. In the current study we have designed various vectors all containing green fluorescent protein
(GFP), as a marker-protein, fused to the C-terminal portion of ASB. In addition the original ASB signal 
sequence was included in order to provide correct folding and targeting. The effect of the leader sequence
of plasmids and glycosylation was investigated in terms of product location and quality. Transfections 
were performed in COS cells. 
Keywords: mannose-6-phosphate receptor, arylsulfatase B, mammalian cells, shuttle, gfp, MPS VI

1. INTRODUCTION 

Therapeutic application of proteins is very much dependent on intra- and 
intercellular transport mechanisms. Pino-, phago-, and endocytosis are examples for 
the cellular uptake of such substances. Receptor mediated endocytosis, a very 
specific uptake mechanism, is also responsible for the transport of arylsulfatase B,
the enzyme deficient in the inherited lysosomal storage disease
mucopolysaccharidosis VI, into the cells and further to the lysosomes. Therefore the 
enzyme binds to the mannose-6-phosphate receptor (Lobel et al., 1988; Oshima et 
al., 1988), which is represented on the cell surface (Dahms et al., 1989; von Figura, 
1991; Amara et al., 1992; Hille-Rehfeld, 1995; Denzer et al., 1997; York et al., 
1999). In the current study we have designed constructs that allow binding at the
specific M6PR and thus induce a transport of the connected protein into the cell.

2. MATERIAL AND METHODS

2.1. Cell Line and Medium

©  Printed in the Netherlands. Springer.2005
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For the transient expression of recombinant proteins a CHO-K1 and a COS cell 
line was used. Flow cytometry analysis was done with a serum free cultivated 
dehydrofolate reductase (dhfr) -negative CHO cell line. 
Cells were grown in a 1:1 mixture of DMEM and HAM’s F12 containing Phenol 
Red (Biochrom Corp., Berlin, Germany) supplemented with 6 mM L-glutamine
(Sigma Aldrich Corp., St. Louis MO, USA) and 5 % FCS (Pan Biotech GmbH, 
Aidenbach, Germany).

2.2. Cloning 

RNA was isolated from CHO342/MCB I cells (J.J.Hopwood, Lysosomal 
Diseases Research Unit, Department of Chemical Pathology, Women’s and 
Children’s Hospital; Adelaide, Australia) and the yield determined at 260 nm and 
280 nm with the Eppendorf Biophotometer 6131 (Eppendorf, Germany). Single-
stranded cDNA was synthesised with Superscript II Reverse Transcriptase 
(Invitrogen, Carlsbad CA, USA) and amplified by PCR. DNA was first purified with
Quiaquick-Kit (Qiagen, Hilden, Germany) and again purified after separation on a
preparative agarose gel (Qiaquick DNA gel purification kit, Qiagen). The inserts 
were ligated into the vector pQBI-f25 (Promega, Mannheim, Germany).
Electroporation of electrocompetent bacteria (dh5mm α-strain) (Hanahan et al., 1985)
was done in electroporation cuvettes at 2.500 V, 25 µF and 1000 Ω. The constructs 
were subsequently purified by Midi- or Maxiprep (Midi Kit, Maxi Kit, Quiagen) and 
used to transfect CHO or COS cells according to a standard protocol (Jordan et al., 
1996; Batard et al., 2001). 

2.3. Transfection

One day before transfection 1 to 4 x 105 cells.mL-1 were seeded in 12 well plates
(Nalge Nunc, Wiesbaden, Germany) and put into the incubator overnight. One hour 
prior to addition of the precipitate, partially depleted medium was exchanged to 
fresh medium (pH 7.4). For the transfection itself 100 µL 2.5 M CaCl2 solution was 
mixed with 25 µg DNA and filled up to 1 mL with 1/10 TE-buffer. After 1 mL
HEPES-solution was added immediately, the mixture was mixed once and applied to
the cells. Per mL medium 100 µL precipitate were used. Finally the plates were 
incubated at 37 °C (pH 7.3 – 7.6) for 2 to 6 hours prior to applying a glycerine shock 
by addition of 20 % glycerol in PBS. Glycerol was removed after 1 minute and fresh
medium was added. The cultures were aspirated and fresh medium added again. The 
evaluation of the plates was done 1-5 days after the transfection by  fluorescence 
microscopy .  

For PAGE- and Western-analysis samples were taken after 24 to 72 hours. 
Samples of the culture’s supernatant were taken, centrifuged to get rid of any 
suspended cells, and stored until analysis at –20 °C. Attached cells were washed 
with PBS and treated with lysis buffer. The liquid was collected and stored again at 
–20 °C. 
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2.4. PAGE and Western Analysis

Samples were diluted with sample buffer according to the assumed protein 
concentration (usually 1:1) and incubated at room temperature for 30 minutes. A 
polyacrylamide gradient-gel (Pre-cast Tris-Glycin Gel, 4-20 % Polyacrylamid, 
Novex, San Diego CA, USA) was loaded with the denatured samples and a 
prestained PAGE standard protein marker (BIORAD Control 90677, Broad Range,
BIORAD, Munich, Germany). The electrophoresis run was performed in a NOVEXtt
electrophoresis system (Novex, San Diego CA, USA) at 125 V and up to 50 mA for 
2 hours.
After the SDS-PAGE, Western blotting was done on a PVDF membrane (Inc. 
Schleicher & Schuell, Dassel, Germany) in the NOVEX Blotting Device (Novex,
San Diego CA, USA). The protein transfer from gel to membrane was executed at 
125 mA and 6 V for 1.5 hours. After this procedure the membrane was blocked 30
minutes with blocking buffer. The membrane was subsequently incubated for 1.
hour with the biotinylated polyclonal goat α-gfp antibody (Abcam, Cambridge, UK)
solution followed by 3 washing steps. The membrane was then again incubated for 1 
hour with the HRP-avidin conjugate (Amersham Biosciences, Uppsala, Sweden),
again washed 3 times for 15 minutes and finally incubated for 5 minutes, wrapped in
a plastic foil, with 5 mL Lumi-substrate (ECL Plus™, Amersham Biosciences, 
Uppsala, Sweden). Analysis was performed with the Lumi-Imager and the Lumi-
Analyst software package (Boehringer-Mannheim, Mannheim, Germany).

2.5. FACS-Analysis

A FACS Vantage (Becton Dickinson) flow cytometer equipped with sort 
enhancement module and automatic cell deposition unit was used for cell sorting.
Uptake of constructs containing ASBEST was checked by cell sorting. Therefore the
CHO dhfr- cells were incubated with culture supernatant of transfected COS-cells 
containing the fusion-protein. The cells were then stained either in the viable or in
the ethanol-fixed form. Staining was done with mouse α GFP antibody (Sigma
Aldrich Corp.; #G6539, St. Louis MO, USA) and phycoerythrin-labelled anti mouse
antibody (Sigma Aldrich Corp., St. Louis MO, USA) for detection with FACS. 

3. RESULTS

3.1. Role of Leader-Sequence 

PAGE, followed by Western-Blot with ECL+ detection technique, revealed that the
leader sequence which was previously suspected to be responsible for the transport 
of the enzyme out of the cells, indeed fulfilled the proposed function. Figure 1 
shows Western Blot results for samples of cell suspension and lysed cells. Gfp in 
culture supernatant of COS cells transfected with construct leagfpASBEST is 
displayed in lane 4, gfp in a sample of lysed cells tranmm sfected with leagfpASBEST
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construct in lane 3, gfp in culture supernatant of a gfpASBEST transfected culture in
lane 2, and finally gfp in a sample of lysed cells previously transfected with 
gfpASBEST in lane 1. Samples of lysed cells are 10-fold concentrated as compared 
to the samples of culture supernatants. The figure confirms strongly the thesis that 
the leader sequence is absolutely necessary to ensure the efficient transport of ASB
protein out of the cells. Samples of cultures with cells containing the construct with 
the leader, the ASBEST and the gfp sequences (here referred as leaASBESTgfp) are 
able to transport most of the product into the supernatant. This is stressed by the 
finding that most of the product can be found in the supernatant (lane 4 in Figure 1)
and that only a small part of the product can be detected in the samples of lysed 
cells. In samples of cultures with cells containing the construct without the leader t
sequence (here referred as ASBESTgfp), most product could be proved to appear in 
the sample of the lysed cells (lane 1 in Figure 1) and only a small amount of product 
could be detected in the supernatant of the cultures, which again stresses the
assumption that protein without the leader can not exit the cells efficiently.  

Figure 1- Western Blot of culture supernatant and lysed COS cells with ASBESTgfp  and 
leaASBESTgfp. Detection with biotinylated anti-gfp-antibody followed by anECL+ staining. 
Lane 1: gfp of lysed cells with ASBEST;  lane 2: gfp in lysed cells with leaASBEST; lane 3:

gfp in ASBEST culture supernatant; lane 4: gfp in leaASBEST culture supernatant. 

3.2. Role of ASBEST (Glycosylation)  

M. DÜRRSCHMID, ET AL.
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In the case of enzyme replacement therapy ASB has to be able to reenter any 
cell, to be able to evolve its pharmacological function. Several studies so far show
that the ASB contains a mannose-rich glycosylation site. This glycosylation site, 
which is responsible for the enzyme’s binding to the cation-independent mannose-6-
phosphate receptor is located on the C-terminus (here referred to as the ASBEST 
part of the gene). ASBEST samples were applied to a M6PR-coated plate and then
detected with an antibody-ELISA. FACS analysis revealed that ASBEST-labelled
fusion protein enters the cells quite rapidly, as receptor-bound protein could only be 
detected after 1 hour, albeit only in small quantities, but none could be detected after 
4 hours. Furthermore the fusion protein could be found intracellularly after 1 hour 
but not after 4 hours (see Figure 2). 

Figure 2 – FACS-diagram showing the shift caused by cells which had previously uptaken the
fusion-protein.

4. DISCUSSION

Receptor mediated endocytosis is the mechanism that underlies enzyme
replacement therapy (Kakkis et al., 2002), which itself is a relatively simple method 
of continuously substituting the lacking enzyme in a distinct metabolic disease
(Anson et al., 1992). In the case of human arylsulfatase B, the enzyme deficient in
MPS VI, the region which is responsible for receptor binding is glycosylated and 
contains mannose-6-phosphate residues. These residues enable binding to the cation 
independent mannose-6-phosphate receptor and subsequently uptake of the protein 
into the cell. 

MANNOSE-6-PHOSPHATE RECEPTOR MEDIATED PROTEIN UPTAKE
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The current study provides evidence that a distinct C-terminal gene-region is 
responsible for receptor binding, as a recombinant protein consisting of the receptor 
binding part of ASB and GFP can be internalised into the cell efficiently. 
Furthermore we could demonstrate that the leader sequence is necessary for product t
release into culture medium. 
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QUESTIONS AND ANSWERS

José Vicente Castell, Hospital La Fe, Spain:
Do you have a working hypothesis for the low levels of intracellular protein within 
the cells, for example degradation ?

Markus Duerrschmid, Institute of Applied Microbiology, Austria: 

We know there is an intracellular degradation, so you have to apply the enzyme
permanently. 
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ANALYSIS OF MULTIPLE APOPTOSIS PARAMETERS
USING A MICROFLUIDIC CHIP-BASED SYSTEM
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Abstract. We have developed miniaturized assays for detection of phosphatidylserine exposure, caspase 
activity and DNA laddering using lab-on-a-chip technology. A readout system capable of two-color 
fluorescence detection was used to run disposable glass chips with various analytical functionalities. The 
chips contain an interconnected network of microchannels that permits either electrophoretic separations 
of biomolecules or simple flow cytometric analysis of cells. 
Translocation of phosphatidylserine to the outer leaflet of the membrane bi-layer was monitored in treated 
cells by binding of annexin V-biotin and streptavidin-Cy5. Counterstaining the sample with the live cell
dye calcein allowed for the discrimination of live apoptotic and dead cells. Activation of caspase-3 was 
measured in fixed, permeabilized cells by intracellular staining with an anti-active caspase-3 MAb and a 
Cy5-labeled secondary antibody. Importantly, the small microfluidic chip-based system used here 
requires only 20,000 cells per sample for the flow cytometric analysis and allows for on-chip optimization 
of the staining. 
Results obtained with the microfluidic chips showed good correlation with data obtained using a
conventional flow cytometer, while consuming fewer cells and automating data acquisition of 6 cell 
samples. In addition, as a third apoptosis parameter fragmentation of genomic DNA was measured using
the same microfluidic system, where the microchannels of the chips were filled with a sieving polymer 
and DNA was electrophorectically size fractionated using an intercalating dye for detection.

1. INTRODUCTION 

Apoptosis, or programmed cell death, is a highly regulated metabolic cascade 
leading to cell self-destruction. It is used in multicellular organisms to tightly control
cell numbers and tissue size during development1 and to protect itself from altered 
cells that threaten homeostasis. Defects of apoptosis control lead to unexpected cell
behavior, related to such diseases as cancer, Alzheimer’s2, and Parkinson’s. 
Apoptosis is characterized by a distinct set of morphologicalt  events involving
plasma membrane blebbing and asymmetry loss, reduction in cell volume, loss of 
mitochondrial membrane potential, nuclear condensation, fragmentation of 
chromatin at nucleosomal intervals, and other cytoplasmatic changes. Cells may
respond with distinct pathways to different death triggers. Mitochondrial and death-
receptor pathways may operate independently3,4. The number of pathways combined 
with differences in cell line behavior and cell dynamics during the process demand 
that alternative assays be used under certain circumstances. Apoptosis assay
development must include a battery of tests to confirm assay usability and permit 
understanding of the ongoing metabolic processes.  

©  Printed in the Netherlands. Springer.2005



52 M. VALER ET AL.

1. 1. Analytical assays 

The measurement of phosphatidylserine (PS) in the outer layer of the cell membrane 
with fluorescently labelled annexin V is widely used because of its relative ease of 
measurement and quantitative properties. 
On the other hand, direct measurement with fluorescently labeled antibodies against 
executors or antagonists is also preferred, like active-caspases or Bcl-2 markers. The 
flow cytometry assays evaluate single cells for apoptosis and a percentage of the live 
cell population is then reported to be apoptotic. The microfluidic platform makes
these flow cytometric assays5–7 compatible with the more traditional DNA laddering. 
DNA laddering, as visualized by the DNA electrophoresis of cell extracts, is a result 
of the activity of the caspase-activated DNAse (CAD). CAD cuts the genomic DNA
between nucleosomes to generate DNA fragments with lengths corresponding to
multiples of 180 base pairs8. DNA laddering is then an indication of the average
health of a complete population, and is not dependent on the viability status of the 
cells. The appearance of DNA laddering is unambiguously connected to apoptosis.
The combined measurement of exposed PS and the extracted DNA of apoptotic cells
with one platform are compared here. A rapid protocol for DNA preparation that is 
compatible with the chip platform is discussed. 

2. EXPERIMENTAL

2.1. Cell culture and apoptosis induction

Jurkat cells (ATCC, Manassas, VA) where cultured in RPMI 1640 medium 
supplemented with 10% FBS, 10 U/mL Pen-Strep, 20 µM l-glutamine, 1 mM
sodium pyruvate, and 0.05 µM b-mercaptoethanol. Apoptosis was induced in Jurkat 
cells by resuspension in a solution of 5 µM camptothecin (# C9911, Sigma 
Chemical Co., St. Louis, MO). Cells were harvested and counted at the times 
indicated.

2.2. DNA preparation 

DNA extraction and purification of Jurkat cells was performed as described in the
rapid protocol below (based on the original protocol from Kratzmeier et al.m 9). Eluted 
samples were loaded directly into the chip wells and prepared according to the
manufacturer’s instructions.

• Pellet 1–2 × 106 cells by centrifugation (2 min ×400 g); remove medium 
• Resuspend cells in 100 µL 4 °C lysis solution (0.2% Triton X-100, 10 mM 

Tris-10 mM EDTA).
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• Incubate for 5 min at 4 °C 
• Centrifuge for 5 min at 13,000 g
• Transfer supernatant to a new vial and discard the pellet 
• Purify DNA using a low-volume elution method; for this process, a polymerase

chain reaction (PCR) purification kit was used (MinElute PCR purification 
kit, cat. no. 28004, QIAGEN, Hilden, Germany). As an alternative, a salt-
cold ethanol precipitation is possible.

• Run in an Agilent 2100 bioanalyzer with the DNA 12000 LabChip® kit (both
from Agilent Technologies GmbH, Waldbronn, Germany) selecting the DNA 
12000 laddering assay.

If an alternative DNA purification method is used, special attention must be given to 
the injection of large amounts of genomic non-fragmented DNA, since whole cell
lysates may lead to clogging of the chip. The recommended extraction protocol
eliminates such interference of genomic DNA. In addition, extracted DNA is 
concentrated to a small volume, and only 1 µL of the DNA is used in the chip, thus
permitting the apoptosis measurement of low cell numbers.

2.4. Annexin V apoptosis measurements

The chip-based flow cytometric assay for annexin staining was used as described10.
Briefly; treated cells were harvested to a cell density of 1×106 cells/mL. 100µl of the 
cell suspension was mixed with 2 µL of 200 µg/mL annexin V-biotin in a 
microcentrifuge tube and incubated for 10 min at RT. After washing, the cells were 
resuspended in 100 µL of binding buffer containing 1 µg/mL Fluorolink-Cy5
streptavidin (Amersham Biosciences, Buckinghamshire, U.K.) and 1 µM Calcein-
AM (Molecular Probes, Eugene, OR) for live cell staining. Following incubation for 
10 min at RT, centrifugation, and medium aspiration, the cells were resuspended inm
50 µL of Cell Buffer (Agilent Technologies) by gentle pipetting. Ten microliters of 
cell suspension (20,000 cells) was added directly to the cell chip and analyzed on the 
Agilent 2100 bioanalyzer. 

3. RESULTS AND DISCUSSION 

Jurkat cells treated for 6 hours with 5µM campthotecin were analyzed with the
cytometric assay Annexin V (Fig. 1B). Calcein-AM was used to select life cells, by
detecting emission fluorescence at 525nm while Annexin was simultaneously m
measured in the second channel at 680nm. After switching the instrument to
electrophoresis mode (<1min), the extracted DNA from cells treated for 48H was 
analyzed using the DNA 12000 LabChip® kit.  The characteristic DNA laddering
further confirmed apoptosis in the sample (Figure 1B). 
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A. 2100 bioanalyzer Cell Assay B. 2100 bioanalyzer DNA Assay 

Figure 1 A. Histogram view of the two-color flow cytometric analysis showing annexin V-
Cy5® staining of phosphatidyl serine in untreated (upper panel) and apoptosis induced 

(lower panel). Left panels show life reference staining with calcein, as annexin also stains
cells with a damaged membrane (e.g.: necrotic and dead cells). B Apoptosis confirmation by

DNA laddering assay, electropherogram and gel like image are shown.

Sizing information, provided by the instrument software, shows nucleosomal
fragmentation of chromatin by evenly distributed peaks in the electropherogram 
(figure 2). Apoptosis is confirmed in samples by fragmentation in 180-200bp 
intervals.
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Figure 2.  Electropherogram of U937 cells lyophilized positive control. Automated size
calibration allows a quick verification of DNA fragmentation sizes. DNA peaks at 180-200bp

intervals were well according the expected values for nucleosomal fragmentation. 
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Typical DNA extraction with the described fast protocol leads to 10µl of 2-30ng 
DNA/µl depending on cell type and number of apoptotic cells. Concentration of f
each band was calculated to be approximately 1ng/µl (1µl loaded on the chip). Even 
at this low concentration, apoptotic samples are clearly distinguishable from the
negative control and necrotic samples (Figure 3, lanes 1 to 7). The positive sample 
in lane 4 (sample 2, incubated for 6 hours) turned out to be 35% apoptotic as
confirmed by the Annexin V assay. Intracellular antibody detection against active 
Caspase 3 proved similar results (results not shown). A clear discrimination of 
samples that contain a lower number of apoptotic cells is achieved by overlaying 
negative controls and samples in the electropherogram view (figure 4). This 
software option enormously expands the concentration range usability of the assay, 
as the gel view image cannot be scaled to intense and small bands at the same time.  

Figure 3 Gel like image showing positive (lane 1) and negative controls (lanes 2 and 7)
together with 4 apoptotic samples (lanes 3 to 6) showing different degrees of apoptosis. 
Negative and necrotic samples display an overall smaller DNA signal and no trace of 

laddering.
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Figure 4 Electropherogram overlay of apoptotic sample, necrotic and negative controls
(lanes 6, 7 and 2 in figure 5). Electropherogram view shows laddering as a succession of 
broad peaks between 150 and 1000bp. (Peaks at 33 and 75 s belong to assay markers).
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4. CONCLUSION 

A combination of complementary assays is usually wanted to confirm apoptosis in
cell samples. The chip-based approach offers the flexibility to quantitatively
measure flow cytometric parameters including cell viability and apoptotic markers 
and subsequently perform a DNA fragmentation electrophoresis assay. It makes use 
of minimum volumes of samples and reagents and the turn around time is greatly
improved by automation of the analysis. 
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QUESTIONS AND ANSWERS 

Florian Wurm, EPFL, Switzerland:

I am sure very few in this room have used your technology sod far, could you explain 
more details about what kind of equipment one has to buy, and the cost of the chips, 
and if it is possible to reuse them ? 

Marc Valer, Agilent Technologies, Belgium: 

There are two posters giving more information about this technology. Basically, it is
a fluorescence-based equipment, with the size of a printer, it uses disposable chips, 
that are different for cells and for nucleic acids, and as for the cost for analysis we
are aiming at one USD per sample for DNA, and for cells we are still a bit further,
about 2.5 USD per sample. 

José Vicente Castell, Hospital La Fe, Spain: 

Can the chips be reutilized ? 

Marc Valer, Agilent Technologies, Belgium: 

The nucleic acid chips cannot be reutilized, for various technical reasons, mainly
due to the polymers used and the small size of the channels. The cell systems uses 
bigger channels, and it should be possible to clean them up, but it will also take a lot 
of time to make sure you do not have cross-contamination between samples. 
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Abstract. Mammalian cell culture is widely used for the production of therapeutic proteins and for the 
generation of cells for cell and gene therapies.  During cell culture, these cells can be exposed to a number 
of external and internal insults including nutrient depletion, toxin accumulation, viral infections, and 
external shear stress among others.  These events can trigger the biochemical cascade called apoptosis in 
which the cells actively participate in their own demise. This program cell death (PCD) cascade decreases 
the viable cells in a bioreactor and lowers productivity since valuable bioreactor resources are needed to
replace dead or dying cells rather than being applied to generate target proteins and cells. As a result,
methodologies that limit the apoptosis pathway are desirable and represent a major application of cell
engineering for mammalian culture.  A number of natural anti-apoptosis genes have been identified in m
both eucaryotes and viruses that inhibit apoptosis at both upstream and downstream points in the
apoptosis cascade.  Anti-apoptosis proteins may be used to prevent the loss of mitochondrial membrane
integrity or block cellular caspases from degrading the cell. Apoptosis pathways include feedback and 
feedforward loops that lead to amplification of the apoptotic response.  Therefore, strategies that block 
cell death at multiple points along the cascade may limit the amplification of these apoptosis signals.  As 
a result, combinatorial strategies that include anti-apoptosis proteins blocking apoptosis at different steps 
in the cascade are being implemented.  In particular, the inhibitors of mitochondrial activity are being rr
combined with proteins that block caspase activation.  In this way, it may be possible to extend 
mammalian cell lifetimes and function for multiple biotechnology and bioengineering applications.

1. INTRODUCTION

Apoptosis is an essential process that selectively eliminates compromised cells in
multicellular organisms.  Apoptosis is important in organ development and tissue 
homeostasis and during certain conditions that result in degenerative diseases.  Also, t
apoptosis plays an important role in regulating the multiplication of a number of 
viruses and their pathogenicity.  Much of the apoptosis pathway is also retained for 
cells in culture.  As a result, mammalian cells grown in culture will undergo
apoptosis in response to varying stimuli including nutrient deprivation, toxin
accumulation, and virus infection.  Developing methodologies to inhibit apoptosis

©  Printed in the Netherlands. Springer.2005
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can be used to limit the level of cell death in mammalian cell culture systems.  One 
approach that can be used to limit cell death is to engineer the cells with genes that 
are inhibitors of the programmed cell death cascade (Figure 1).  Viral inhibitors of 
apoptosis such as E1B-19K from the adenovirus offer one potential option for 
inhibiting cell death in mammalian cultures. The recently discovered protein, Aven, 
is another natural cell death inhibitor that can block apoptosis at a different step int
the cascade.  In the following section, we will describe these genes and their effects 
on the apoptosis pathway.

Figure 1. Apoptosis pathway and E1B-19K and Aven inhibitors of apoptosis.

2. BACKGROUND 

2.1. Adenoviral Anti-apoptosis Protein E1B-19K 

Apoptosis plays an important role in regulating the multiplication of a number of 
viruses and their pathogenicity.  A cell’s defence against viral infection is to initiate 
the apoptosis process.  However, certain viruses have developed methods to combat 
the initiation of apoptosis and encode proteins that suppress cell death in order to
facilitate efficient viral replication and pathogenesis.  One such virus is the human 
adenovirus, composed of a linear duplex DNA molecule of 36,000 base pairs.

Following infection, the viral genes are expressed in the cell nucleus in two 
broad phases:  “early,” which is the stage prior to viral DNA replication, and “late,” 
following DNA replication.  Early phase genes encode proteins that function to 
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suppress the infected cell’s apoptosis process and to counteract immuno-
surveillance.  Late phase genes encode primarily viral structural proteins. The 
oncogenic transformation of primary cells and gene expression in infected cells is 
regulated by the E1 region of the adenovirus genome.  The E1 region is composed of 
two transcription units, E1A and E1B.  Nuclear phosphoproteins which are 
necessary to transactivate transcription of viral early promoters, stimulate cellular 
DNA synthesis, and immortalize primary cells are encoded by the E1A unit.  The
E1B unit is essential for proper regulation of viral gene expression and for full 
manifestation of the transformed phenotype.  The E1B unit encodes two distinct 
tumor antigens of adenovirus, 19 kDa and 55 kDa proteins.  While E1A expression 
will induce apoptosis during transformation, the viral protein E1B-19K functions to 
inactivate the apoptosis program stimulated by E1A (White et al., 1991).  In 
addition, E1B-19K can suppress the effects of certain external cell death-inducing 
stimuli, such as TNF-alpha and other agents that induce apoptosis (Gooding et al.,
1991, Hashimoto et al. 1991). 

Indeed , E1B-19K is a functional homolog of the cellular anti-apoptosis
protein Bcl-2 (Cuconati and White, 2002).  In addition, both proteins also share
limited but significant amino acid sequence homology, especially in the BH1 and 
BH3 structural domains (Tarodi et al., 1993, Chiou et al., 1994).  However,  the
E1B-19K protein lacks the BH2 and the C-terminal membrane targeting domains
present in many Bcl-2 family members.  Both Bcl-2 and E1B-19K proteins bind and 
inhibit Bcl-2 family members including Bax, Bak and Nbk/Bik via their BH3
domains (Cuconati and White, 2002). Since Bax and Bak can activate the apoptosis 
cascade by initiating the release of cytochrome c and other pro-apoptotic factors
from the mitochondria, E1B-19K binding to these proteins may be one mechanism 
by which this protein inhibits the programmed cell death cascade.  

2.2. Cellular Anti-apoptosis protein Aven 

A novel  38 kDa protein designated Aven was identified using a mutant of Bcl-xL,
another member of the Bcl-2 family (Chau et al., 2000). The Aven protein was
subsequently found to bind to a number of other Bcl-2 family proteins including 
human Bcl-2 and homologs from herpesviruses.  The protein did not interact with 
pro-apoptotic Bcl-2 family members including Bax and Bak.  

Aven’s activity in the cell death pathway was elucidated by exposing
mammalian FL5.12 cells stably expressing Aven to apoptosis induced by IL-3
withdrawal.  The Aven-expressing cells had 20% higher viability compared to
control-transfected cells. In contrast, expression of Aven did not protect BHK cells 
against apoptosis induced by caspase-1, but the concurrent expression of both Bcl-xL

and Aven increased the anti-apoptosis activity of Bcl-xL by 20-30% above the levels 
obtained using Bcl-xL alone.  Subsequent experiments indicated that Aven interacted 
independently with the the pro-apoptosis protein Apaf-1.  Apaf-1 associates with
cytochrome c released from the mitochondria during the formation of an oligomeric 
multi-protein complex that leads to the subsequent activation of caspase-9 (see 
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Figure 1).  In addition, Apaf-1 was found to inhibit the activation of cell death 
caused by the co-transfection of caspase-9 and Apaf-1.

The mechanism by which Aven acts to prevent apoptosis is not yet defined.  
Aven clearly acts to inhibit apoptosome assembly and caspase activation.  However, 
Aven is also observed to enhance Bcl-xL function in cells exposed to caspase-1-
induced apoptosis.  The alternative anti-apoptosis activities of Aven may be related 
or represent separate mechanisms to slow the cell death cascade.

In order to investigate further the role of E1B-19K and Aven in preventing
cell death in cultures, CHO-K1 cell lines were genetically modified in order to
express these two anti-apoptosis proteins. CHO cell lines were created containing 
one or more of the heterologous genes of interest.  Experiments were then performed 
in which the cells were exposed to a model cell culture insult in order to elucidate 
the protective capacity of Aven,  E1B-19K, or Aven and E1B-19K in combination.

3. RESULTS AND DISCUSSION 

CHO cells were transfected with the Invitrogen pIND vector, which has been 
modified to include sites for the insertion of three foreign genes.  This cell line has 
been manipulated to include the ecdysone expression system so that foreign genes 
encoded on the vector are induced in the presence of an inducer such as ponasterone 
A.  Four different cell lines were generated for the current study as shown in Table 
1.   A control CHO cell line was generated containing the GFP gene only. Three 
additional cell lines were created in which the gene for GFP was integrated into the 
cells in combination with either Aven, E1B-19K, or both anti-apoptosis genes 
together.  In the absence of the ponasterone A, expression of these heterologous 
genes was repressed.  The addition of ponasterone A to the cultures facilitated the
high level expression of GFP, GFP and Aven, GFP and E1B-19K, or GFP, Aven and 
E1B-19K in the four engineered cell lines of interest.  Western blot analysis using 
anti-Aven and anti-E1B-19K antibodies confirmed the expression of these genes in 
the genetically engineered cells following the addition of ponasterone A.

In order to evaluate the effects of expressing these heterologous genes on
cell survival, the engineered CHO cell lines were exposed to a model insult which
can induce apoptosis.  The exhaustion of critical nutrients is one common insult that 
occurs in animal cells cultured in bioreactors for extended periods.  In order to
simulate nutrient depletion, the different CHO cell lines were grown in normal
medium and then resuspended in culture medium without glucose.  Preliminary
experiments indicated that the removal of glucose from the culture medium indeed 
induced the programmed cell death cascade in CHO cells.  Next, viabilities of the
different cell lines were monitored in order to evaluate the effect of expressing either 
Aven, E1B-19K, or Aven and E1B-19K in combination.  Experiments werem
performed both in the presence (+) and absence (-) of ponasterone A as indicated in 
Table 1.  The number of viable cells were observed to increase following the
expression of either Aven or E1B-19K alone as well as Aven and E1B-19K in
combination.  Viable cells numbers were significantly lower in cell lines expressing 
GFP alone and in the engineered cells cultured in the absence of ponasterone A. 

B. FIGUEROA, ET AL.



 63

Therefore, the over-expression of Aven and E1B-19K independently and in 
combination represents a possible cell engineering strategy that can limit apoptosis
and enhance survival of mammalian cells cultured for extended periods in
bioreactors.

Table 1. Engineered CHO cell lines exposed to apoptosis insult.  Experiments were performed 
in the absence(-) or presence (+) of ponasterone A inducer.

Cell Line No Inducer With Ponasterone A
CHO-GFP CHO-GFP (-) CHO-GFP (+)
CHO-GFP-Aven CHO-GFP-Aven (-) CHO-GFP-Aven (+)
CHO-GFP- E1B-19K CHO-GFP-E1B-19K (-) CHO-GFP-E1B-19K (+) 
CHO-GFP-Aven -
E1B-19K 

CHO-GFP-Aven - E1B-
19K (-)

CHO-GFP-Aven-E1B-
19K (+) 
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QUESTIONS AND ANSWERS

Herman Katinger, Institute of Applied Microbiology, Vienna, Austria: 

What concentration do you consider critical with respect to glucose? Do you use
defined medium or not ? 

Michael Betenbaugh, John Hopkins University, Baltimore, US: 

I do not know exactly what is the critical concentration of glucose, since we did 
glucose deprivation experiments. The medium we used is a defined, serum-free
proprietary medium from IDEC, although it was not totally optimized. 

Stephanos Grammatikos, BI Pharma, Germany:

You were only measuring viability although they are several other assays for 
measuring apoptosis. Were you able to show at any time that what you were doing
genetically actually does?

Michael Betenbaugh, John Hopkins University, Baltimore, US: 

Although we are not able to afford sophisticated techniques to make massive
measurements, we do follow the loss of viability with other apoptosis assays, such as 
microscopic observation, flow cytometry and DNA laddering, and there is always a
correlation. The cell death in these experiments is mainly apoptotic, although I 
cannot provide the exact data. 

Alain Bernard, Serono, Switzerland:

Is there a reason why you chose inducible expression rather than constitutive, and, 
what is the ratio of expression of  E1B-19K and Aven in terms of copy number and 
so on ?

Michael Betenbaugh, John Hopkins University, Baltimore, US: 

It would also have been OK to use constitutive expression of the antiapoptotic 
genes, but in previous studies with other genes such as bcl-xLx and bcl-2 we have 
observed an effect on cell growth rates. This effect can be avoided using inducible 
systems. On the other part of the question, I do not have  the specific activity
numbers, but the effect is primarily due to the fact that E1B-19K is a potent 
apoptosis inhibitor when compared to Aven. It is not so much an expression effect 
but an activity effect. E1B-19K is a powerful inhibitor of apoptosis, and it is also 
non proprietary, another important aspect to take into account.

Ralph Kemphen, Boehringer Ingelheim, BI Pharma, Germany: 

Do you think that the cells really want to commit suicide or do you think they are 
trying to attain a resting cell situation but they finally collapse ?

Michael Betenbaugh, John Hopkins University, Baltimore, US:

There are certainly different options between arrest and apoptosis. When you deplete
the cells of glucose, the signal is so strong for the apoptotic mechanisms, that there 
are no possibilities for the cell to evolve to a resting cell situation. 

B. FIGUEROA, ET AL.
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Satoshi Terada, Fukua University, Japan:

Transfection with the genes improved cell viability but the maximum cell density is
decreased, is that right?

Michael Betenbaugh, John Hopkins University, Baltimore, US: 

No, the cell viability and the total cell density were increased, on a total basis.

Satoshi Terada, Fukua University, Japan:

But on the other hand the amount of the antibody is not so much higher.

Michael Betenbaugh, John Hopkins University, Baltimore, US: 

I said that this is a non-optimized experiment. There are many different ways to
inhibit apoptosis, and there are many different ways to induce higher production
levels of antibodies. What we are showing in this case is for a non-optimized 
system. For other thinks being equal you can certainly increase total productivity on 
a per volume basis by inducing anti-apoptosis genes. 

Meijia Yang, Serono Reproductive Biology Institute, US:

You have prolonged the production phase, and in the last phase, under more stress
for the cells, have you measured the antibody production of this phase in comparison y
to the normal situation, and if any changes occurred in the glycosylation patterns ?

Michael Betenbaugh, John Hopkins University, Baltimore, US:

I do not know that by increasing  the production phase the quality of the antibody in
terms of glycosylation may have changed.

INHIBITING APOPTOSIS IN AA CELL CULTURE



F. Gòdia and M. Fussenegger (Eds.), Animal Cell Technology meets Genomics, 67-70.
67

L. HUNTTT, D. HACKER, H. EL ABRIDI, F. GROSJEAN,
M. DEJESUS, M. JORDAN, F. M. WURM

PAUSING OF MAMMALIAN CELLS BY COLD 
EXPOSURE, LIMITS AND OPPORTUNITIES

Swiss Federal Institute of Technology Lausanne, Faculty of Basic Sciences,
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1. INTRODUCTION

The use of mammalian cells for research and for numerous applications could be
facilitated significantly if pausing, i.e. reduction and reactivation of cellular activity, 
could be executed at will without negative effects. Preferably, pausing should be
possible at any phase of a cell culture and at any scale of operations. In this 
communication we report our first observations to pause cell cultures by temperature
reduction. Little information is available in the literature on cold exposure of 
mammalian cells (1). For this study, we took advantage of the availability of stable
GFP-transfected CHO cells whose biomass in culture could be fast and non-
invasively monitored by a standard fluorescence reader (2).  

2. RESULTS

Optimal pausing temperature is not near 0º C. 

All living systems are constrained by a well-defined range of temperature. The
optimal temperature for mammals and cell in culture derived from them is probably
among the most narrowly defined in nature. Starting from GFP-expressing CHO celltt
cultures, we explored the possibility to reduce the environmental temperature within
the range of 0º C to 37º C.  For practical reasons, six different temperature settings
were studied initially: 0º C (ice-water bath), 4º C (cold room), 7º C (+/- 2º, 
refrigerator), 16º C  (+/-1º C, tube incubator for ligations), 23º C (+/- 2º C, ambient 
temperature in the laboratory) and 37º C (cell culture incubator). Cells for the data 
shown below were obtained from an adherent T-flask culture. The cells were
trypsinized, resuspended in fresh culture medium and transferred as aliquots in 1.5 
ml Eppendorf tubes that were subsequently closed and incubated at the indicated 
temperature. After pausing cells were transferred into 12-well plates with fresh
medium.  For growth assessment the 12 well plates were incubated in a standard 
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CO2 incubator and total fluorescence was measured using a standard fluorescence
plate reader.
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Surprisingly, after 4 days of pausing, the optimal temperature allowing rigorous
growth and good viability was not found near 0º C, but in the 10-20º C range. As 
expected, non-paused cells showed the highest obtained cell mass after two days of 
culture. In comparison to these, the better performing cells (7-23º C) showed about 
half the cell mass obtained by the control culture, indicating a delay in reinitiated 
growth.  Pausing in an eppendorf tube at 0º C and at 37º C for 4 days resulted in an 
unrecoverable culture. Cultures paused at 7-23º C reached eventually a final
maximal cell density similar to control cells (data not shown). 

Cells can be paused  3 weeks at 4-8º C.

In a subsequent study, the pausing time period was investigated and, for practical
reasons, the incubation of samples was done in a refrigerated incubator, maintaining
temperature between 4º and 8º C.   We paused cells for 0, 2, 6, 9 and 20 days. The 
cells were distributed, at a cell density of about 1x106 c/ml as 1 ml aliquots into 
closed eppendorf tubes and replated after pausing into prewarmed medium (0.5 ml)
in 24 well plates.  Each well received 50µl of the paused cell suspension.
Subsequent growth was assessed by fluorescence quantification, 2-3 times per day.  
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The table shows that extending periods of time under pausing condition 
decreases the viability of the culture, but even after 3 weeks, more than 30% of the
cells are viable. Subsequent seeding of paused cultures results in full recovery of the
cells, albeit with a delay for exponential growth, most pronounced in cultures that 
have been stored for longer periods.  
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Fig.1 Pausing for 4 days at
different temperatures (np= 
not paused).
a: Cell mass (rfu) assessed 
after 2 days of growth 
b: Viability after pausing 
(%)
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We have also executed a number of pausing experiments with cells that were left in
cell culture flasks or multiwell plates and then left at 4ºC for a week-end or longer, 
i.e. they were not trypsinized prior to pausing.  In all cases, care was taken prevent 
gas exchange during pausing. Pausing of adherent CHO cells under these conditions 
results in detachment and rounding up. Subsequent to returning the cell culturet
flasks to 37ºC the cells reattach to the surface of the culture flask and continue to 
grow. The images below show the morphology of cells prior to, during and after 
pausing for 3 days. 

3. FURTHER STUDIES AND DISCUSSION 

We performed a number of studies concerning the medium composition for cells 
under pausing and have found that pH and the availability of glucose and glutamine 
are important for long-term pausing (data not shown). Pausing for 1-2 days can be
performed with PBS solutions. Also, we have extended these studies to
subpopulations of cells derived from those used here. These subpopulations were 
adapted to grow under serum free conditions in free suspension mode (spinner and 
shaker). Our observations reported above could be verified in principle, but we need 
to accumulate more data for providing sufficient support for a general statement. In 
addition, we have used HEK-293 cells and found them to be amenable to pausing as
well, with a broad optimal temperature range similar to the one observed with our 
CHO cells (data not shown). Also, cells can be prepared for transfections, paused for 
at least one week and re-incubated at 37º C for a few hours. It appears that such cells 
are as transfectable as “fresh” cells.
Obviously, the preliminary data presented here do not provide sufficient evidence
for a generally applicable pausing regimen for all mammalian cells in culture. We 
would not be surprised if individual cell types and different cell culture modes affect 
both the temperature range and the time frames during which cells can be paused.
However, literature data from the 1970ies support our surprising observation that 
very cold pausing (near 0º C) is detrimental for survival of cells. 

before during after (2h) 
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The first author of this paper, Dr. Lisa Hunt passed away following a mountain 
hiking accident, late in 2002. Dr. Hunt was an enthusiastic scientist who has touched 
and inspired the scientific and personal life of many who knew her.  

L . HUNT, ET AL.
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1.INTRODUCTION

The development of highly efficient expression systems (such as the Glutamine 
synthetase (GS) and Dihydrofolate reductase (DHFR) systems) has resulted in the
generation of cell lines with high levels of recombinant gene transcription (i.e. thef
production of relatively high levels of recombinant protein mRNA) (Bebbington,
1992; Grillari, 2001). However, the correlation between the amount of mRNA 
produced and the yield of fully functional secreted recombinant protein in these cell 
lines is variable (Merten et al., 1994). Several reports have now suggested that one
of the possible reasons for this anomaly is that there are ‘bottlenecks’ within the cell 
that are major rate-limiting steps in achieving high level recombinant protein 
production from mammalian cells in culture (Fann et al., 1999). It has been
suggested that the most likely bottlenecks in mammalian cells include the efficient
folding, transport, modification and degradation of recombinant proteins (Fannm et
al., 1999). We have utilised a proteomic approach for the comparative analysis of a 
series of NSO cell lines differing in cell specific productivity in order to further our 
current understanding of the cellular processes that result in high level monoclonal 
antibody (Mab) secretion. Specifically, we have investigated the processes catalysed 
by a variety of proteins that constitute the secretory pathway. Our model system for 
this investigation is the GS-NS0 cell line expressing B72.3 antibody. 

2. MATERIALS AND METHODS 

Parental NS0 cells were transfected with a glutamine synthetase (GS) expression 
vector containing the B72.3 H and L chain genes by electroporation in protein free 
medium. Primary transfectants were identified by transferring the cells into medium y
containing 10% dFCS and 2 mM glutamine before limiting dilution in 96-well 
microtiter plates. After 24 hours the B72.3 and GS genes were co-amplified by 
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inclusion of 10 mM methionine sulphoximine (MSX) and the exclusion of 
glutamine. The plates were then left for 2-3 weeks before being screened for 
colonies. From this point onwards the medium did not contain glutamine or MSX.m
Selected colonies were then moved into 24 well plates. Subsequently, transfected 
GS-NS0 cells were routinely cultured in DMEM/F-12 medium containing 10%
dFCS without either glutamine or MSX.  
Five cell lines (4O, 4R, 2X, 2P, 2N2) differing in Mab specific productivity, a mock 
transfectant blank (transfected with GS vector lacking Mab genes) and the parental 
NS0 cell population were selected for further comparative analyses. All experiments 
reported here are based on 100 mL batch cultures in 0.5 L shake flasks. Cultures
were initially seeded at a density of 2 x 105 cells mL-1. Cell specific productivities
were determined by ELISA assay. Microsome fractions were prepared from GS-
NS0 cells were harvested at mid-exponential phase of growth as described by Han et
al. (Han et al., 2001). The microsome fraction was solubilised for 1 h at RT with
agitation in lysis buffer (9.5 M Urea, 4% CHAPS, 0.8% Pharmalytes (pH 3-10) and 
1% DTT). Solubilsed proteins were separated by isoelectric focussing on pH 3-10,
24 cm IPG strips on an IPGphor machine (Amersham Biosciences) for a total of 
70,000 Vh. IPG strips were run in the second dimension on large format (24cm) 
12.5% tris-glycine polyacrylamide gels using an Ettan Dalt II system (Amersham 
Biosciences). Proteins spots were visualised by silver staining as described byy
Smales et al., 2003. Image analysis was performed using Image MasterTM 2D Elite 
software (Amersham Biosciences). Protein spots were identified by in-gel tryptic 
digest followed by MALDI-TOF mass spectrometry peptide mass fingerprinting. 

3. RESULTS AND DISCUSSION

A summary of growth and production kinetics is shown in Figure 1. A range of 
specific productivities was observed in the cell lines investigated. Transfection 
appeared to adversely affect the specific growth rate of NSO cells. Productivity did 
not (inversely) correlate with growth rate (Figure 1).The fractionation procedure 
resulted in the enrichment of secretory pathway proteins GRP78 and PDI while
minimal contamination of mitochondrial (HSP60) and cytosolic (tubulin) proteins 
was observed as determined by western analysis (data not shown). After 2D-
electrophoresis between 600 and 850 discrete protein spots were observed in the 
enriched microsome fractions across all gels and cell lines. This compares with 
analysis of the whole cell proteome using the same IEF and SDS-PAGE procedures
whereby approximately 2500 discrete protein spots are observed in each gel (Smales 
et al., 2003).
Comparative analysis of the proteomic maps generated in this study shows, as
expected, that there is no change in the abundance of many proteins between the
different cell lines (Figure 2). However, there were many cell line specific changes 
in protein abundance that did not correlate with cell specific productivity. Very few
examples of changes in protein abundance that correlate with higher Mab 
productivity were observed (see Figure 2 for example). 
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The data present here therefore clearly demonstrates that the majority of changes in 
protein expression observed in the NS0 microsome proteome are cell line specific, 
and that there are very few changes that correlate with increased monoclonal
antibody productivity. Those proteins whose expression does correlate with 
increased productivity (7 in total) are present in low abundance. These results implyt
that a productive cell has a ‘bias’ (cell specific bias) to its range of proteins involved 
in integrated cellular functions such as productivity and cellular metabolism.

Figure 1. Characteristics of the GS-NS0 cell lines utilised in this study. (A) Mab productivity 
over batch culture assayed by ELISA (B) Cell growth based on 100 mL batch cultures.
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Figure 2. Comparative analysis of microsomal fractions of GS-NS0 cell line differing in 
specific productivity by 2D-PAGE. Protein spots were visualized using silver staining and 

image analysis performed using Image MasterTM 2D Elite software (Amersham Biosciences).
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ABSTRACT

To better understand intracellular responses rCHO cells expressing an antibody to hyperosmotic pressure,
we have taken a proteomics approach. Using two-dimensional electrophoresis and mass spectrometry, a 
proteome profile of rCHO cells comprising 23 identified proteins was established. Based on this 
proteome profile, we found 3 proteins of which expression levels were significantly changed at 450 
mOsm/kg. Compared to the results at 300 mOsm/kg, two glycolytic enzymes, glyceraldehyde-3-mm
phosphate dehydrogenase and pyruvate kinase, were found to be up-regulated, probably leading to an
increased metabolic energy for antibody synthesis. The elevation of specific glucose consumption rate at 
450 mOsm/kg agreed with the up-regulation of these glycolytic enzymes. On the other hand, tubulin 
expression was down-regulated, reflecting a depressed cell growth rate at 450 mOsm/kg. Taken together, 
this study shows the potential of the proteomics approach in understanding intracellular and physiological
changes in cells and seeking a better insight into possible environmental or genetic manipulation 
approaches for increasing foreign protein production in rCHO cells. 

1. INTRODUCTION 

Hyperosmotic pressure, which can be induced by adding cheap salts or sugars to
culture media, has been suggested as an economical solution to increase the specific 
foreign protein productivity (q) in rCHO cell culture [1, 2]. However, studies on
intracellular responses of rCHO cells to hyperosmotic pressure have not been fully
substantiated as yet, though they could eventually lead to a better insight into
possible environmental or genetic manipulation approaches for increasing foreign 
protein production [3]. Two-dimensional polyacrylamide gel electrophoresis (2-D 
PAGE) followed by mass spectrometric analysis is a commonly used method for the 
identification of proteins in a complex mixture. When these technologies are used in 
concert to the study on cell culture, their impact on the foreign protein production
can be maximized. 

©  Printed in the Netherlands. Springer.2005



76 M. S . L EE, ET AL.

Exponentially growing cells were harvested at 72 h. Whole cell extracts were 
prepared using rehydration buffer (8 M urea, 2% CHAPS, 50 mM DTT, 0.2% (w/v)
Bio-Lyte 3/10 ampholyte, and 0.002% bromophenol blue). Two milligrams of 
proteins were loaded onto 17 cm ReadyStrip IPG strips, and IEF was performed tott
50,000 Vh using PROTEAN® IEF Cell System (Bio-Rad) at 20oC.

2.2. MALDI-TOF-MS and MALDI-TOF/TOF tandem MS. 

Spots of interest were excised manually, and digested with sequencing grade
trypsin. The resulting tryptic peptides were dissolved in 0.5% trifluoroacetic acid 
(TFA) solution, and then desalted using ZipTipC18 (Millipore, Bedford, MA).
Peptides were eluted directly onto MALDI target by CHCA matrix solution. All
mass spectra were acquired at a reflection mode by a 4700 Proteomics Analyzer 
(Applied Biosystems, Framingham, MA). When the protein spots were not 
identified by peptide mass fingerprinting (PMF), fragmentation patterns of tryptic
peptide molecular ions ([M+H]+) were analyzed by MS/MS methods for obtaining 
their partial sequences using MALDI-TOF/TOF technique. 

3. RESULTS AND DISCUSSION

3.1. Cell growth and antibody production 

To determine the effect of hyperosmoti
regard to growth and antibody productio
batch cultures with various osmolalities 
the range of 300 to 450 mOsm/kg we
performed. The osmolality did not chang
significantly during the culture (data n
shown).
As shown in Figure 1A, hyperosmot
pressure depressed cell growth. On the oth
hand, the maximum antibody concentratio
at the osmolality ranging from 300 to 45
mOsm/kg was similar despite the depresse
cell growth at elevated osmolalities (Figu
1B). This result implies that hyperosmot
pressure significantly enhanced qAb. The q
at 450 mOsm/kg was increased by 139%
compared with that at 300 mOsm/kg.

Figure1. Cell growth and antibody productio

2. MATERIALS AND METHODS

2.1. 2-D PAGE. 
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3.2. Proteome profile of rCHO
cells

Proteome expression profiles o
rCHO cells grown at 300 mOsm/kg
were shown in Figure 2. To
achieve more protein spots
overlapping pH range analysis was
carried out; (A) pH range 3-6
linear, and (B) pH range 5-8
linear. Over 800 spots were
detected on the map with
PDQuestTM image analysis
software. From the silver-stained   

Figure 2. Proteome expression profiles of rCHO cells. 2-D gels,

abundant 54 spots were excised and analyzed by MALDI-TOF-MS.  Since the
complete database of CHO cells has not been established, all mass spectra were
searched in the database of rodent species or all entries. Among 54 spots, 29 protein
spots were identified by MALDI-
TOF-MS database search. After 
MS/MS analysis, additional 12
protein spots were identified by
database search.
Figure 3 shows the representative 
MALDI tandem mass spectrum of a
peptide molecular ion with a 
molecular mass of 2183.542 Da
found in Spot No.44. The spot was
identified as a homologous protein 
similar to superoxide dismutase by
MASCOT MS/MS ion searching of 
fragmentation patterns. As a result, 
the protein expression profile of 
rCHO cells was constructed using 41identified protein spots.       ff

Figure 3. Representative MALDI tandem mass spectrum of  peptide molecular ion with a 
molecular mass of 2183.54 Da. 
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3.3. Identification of proteins regulated by hyperosmotic pressurell

To identify the proteins that are regulated in response to the hyperosmotic 
pressure, 2-D PAGE of proteins (2 mg each) extracted from cells grown at 300 and 
450 mOsm/kg was performed. Compared to the results at 300 mOsm/kg, we have 
found at least 8 spots with significantly different expression levels at 450 mOsm/kg. 
These spots were identified as glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), pyruvate kinase (PK), and tublin by MS. The metabolic enzymes,y
GAPDH and PK, were found to be up-regulated, suggesting that hyperosmotic 
pressure alters the metabolic state. The up-regulated expressions of these two 
glycolysis enzymes could activate the generation of metabolic energy. On the other 
hand, tubulin was found to be down-regulated. 
In conclusion, in an effort to better understand intracellular responses of rCHO cells
to hyperosmotic pressure, we have established a CHO cellular protein map
comprising 23 identified proteins. From this map, we found out that hyperosmotic 
pressure up-regulates GAPDH and PK and down-regulates tubulin. Furthermore, 2-
D database obtained in this study contributes to the construction of an improved tt
CHO reference map, which is a useful tool in seeking a better insight into possible 
environmental or genetic manipulation approaches for increasing foreign protein 
production.   
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Abstract.  The production of recombinant protein for biopharmaceutical application typically requires 
vast numbers of cells, and agents that induce expression of the desired product to even higher levels.  A 
typical strategy employed by the biotech industry is to express the protein of interest in Chinese Hamster 
Ovary (CHO) cells stably transfected with the gene.  Where even higher levels of expression are desired,
inducing agents such as sodium butyrate or valeric acid are added to the media.  Current research suggests
that these chemicals increase expression by blocking deacetylation of histone proteins bound to DNA. 
This has the effect of relaxing DNA structure, and allowing greater access to the transcription machinery. 
Thus, higher levels of mRNA are achieved.  However, these agents have the ultimate effect of blocking
cell proliferation, and eventually inducing apoptosis in treated cells.  We have undertaken an expression 
profiling approach to identify the genes up and down-regulated in induction conditions.

1.   INTRODUCTION

DNA microarray technology has allowed researchers to survey the expression of 
thousands of genes and identify key genes involved in various cellular processes
including those associated with disease states, cellular signaling pathways, and 
development.  We designed a DNA oligo microarray based on the Affymetrix 
platform specific for CHO cells to identify genes that are differentially expressed 
during various cell culture processes.  The microarray contains genes identified from 
a CHO-cell library constructed by our group as well as additional sequences derived 
from public databases.  Using the microarray technology we hope to identify CHO y
genes that negatively influence cellular productivity or alter host cell behavior in 
order to design better production processes and increase our understanding of CHO 
cell biology.  In this study, we present expression profiling results identifying genes t
associated with butyrate induction using a product cell line. 
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Two normalized cDNA expression libraries were created from log and stationary
phase CHO DUKX cultures.  The library was screened for sequence redundancy and 
overlaps and ultimately yielded 2835 unique sequences.  An additional 732 CHO 
sequences, collected from public data bases, were included on the chip as well as 22
product-specific genes and 122 controls sequences that were used for normalizing
data and determining RNA quality.  Each sequence on the chip was represented by 
55 separate 25-mer oligo probes; the specificity of each probe set was confirmed by 
BLAST analysis against the other sequences on the microarray.  

2.2.  EXPRESSION PROFILING 

The product cell line used in these experiments was derived from a CHO DG44
host cell line.  Cultures were seeded at 2 x 106 cells/ml on day 0 in 125 mL
polycarbonate shake flasks.  Twenty-four hours later, the medium was replaced with
fresh medium containing 0.5 mM sodium butyrate (n = 3).  The medium from all tt
cultures was removed by centrifugation on day 4, and replaced with the fresh 
medium containing butyrate.  Cultures were terminated on day 6. Cell density and 
viability were monitored daily using a hemacytometer and trypan blue dye 
exclusion.  Total RNA was purified from 3 x 106 cells on each culture day using the 
RNeasy Mini Kit (Qiagen) and quantified by A260.  RNA integrity was assessed 
using an Agilent Bioanalyzer 2100. cRNA was prepared as recommended by 
Affymetrix and was hybridized onto the microarray.  Hybridized chips were placed 
in an Agilent GeneArray Scanner.  All subsequent analyses were conducted using 
the GeneLogic GeneExpress 2000 software suite.  Taqman quantitative RT PCR was
performed on an ABI PRISM 7000 Sequence Detection System. 

3.   RESULTS AND DISCUSSION

Over the course of butyrate induction, 604 transcripts were identified that 
exhibited a 2-fold change or more in replicate cultures (pValue < 0.05).  These genes 
fall into several categories based on their expression pattern (Figure 1).  The number 
of differentially expressed genes was reduced to 25 when the data set was limited to 
transcripts having at least a 3-fold change at 24 hours post-butyrate addition. 
Sequence analysis of the 25 differentially expressed genes identified 22 unique
genes that fell into a several categories including those involved with cell cycle 
control, DNA synthesis and repair, and the ER-stress response.  The differential
regulation of genes involved in cell cycle control and DNA synthesis and repair is
consistent with the reported role of butyrate in cell cycle arrest1, apoptosis2 and 
histone deacetylation3.  The induction of ER-stress response genes is likely due to
the high expression level observed for the product-specific transcript that encodes a
secreted protein (Figure 2). 
For the product-specific transcript, comparison of the microarray data with Taqman-
generated data showed a similar expression pattern.  However, the absolute fold 
change values determined by the two methods varied.  For example, on day 4 a 119-
fold increase in product transcript was observed by Taqman compared to a 42-fold 

2.   MATERIALS AND METHODS

2.1.  CHO CHIP DESIGN 
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increase as determined by microarray analysis.  This result is consistent to that 
observed for other transcripts where the absolute fold change values may vary 
between the two methods (data not shown).  Nonetheless, Taqman analysis provides
a reliable method for confirming differentially regulated genes identified by 
microarray analysis.

Figure 1.  Expression profiles of 604 sequences differentially expressed in butyrate-induced 
culture over 6 days.  The genes were grouped by expression pattern.  The distribution is

shown as a percentage.

Figure 2. Expression profile of product mRNA

In this study, we have shown that our CHO microarray is a useful tool to monitor 
gene expression changes associated with butyrate induction.  Identification of novel
genes associated with other industrially relevant culture processes such as fed-batch,
perfusion or high cell density cultures should provide an invaluable tool to 
understand and improve CHO cell production systems.  
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Abstract. Cells and productivity of HEK293s taken from a low and a high passage number and 
transfected by  polycation-mediated gene delivery in serum-containing and a special chemically defined 
protein-free medium were compared using nucleotide ratio monitoring. Using a DNA:PEI ratio of 0.5:1.5 
(µg µg-1) a high transfection efficiency of about 80 % was achieved. The NTP/U ratio has been shown to
detect the age of the cell line and to monitor the transfection process. It revealed a high energy level and 
an exponential growth as best prerequisite for obtaining a high productivity in transiently transfected 
HEK293 cells in suspension culture.  

1. INTRODUCTION 

The transfection efficiency of mammalian cells depends on a multitude of different 
factors. In particular, the cation-mediated gene delivery has been used together with 
different cell lines cultured in suspension and even scale-up to larger volumes has 
been reported (Girard et al., 2002). However, there remains a high demand for  
simplification or reduction of handling steps, and reduction in the amount of DNA
especially for large-scale transfection and the complete elimination of serum and 
undefined components from the production process. In our study, we used 
intracellular nucleotide ratios for characterizing the cellular age and for optimizing
the transfection process using HEK293 cells cultured in suspension based on the 
cation-mediated gene delivery using polyethyleneimine. 

2. MATERIALS AND METHODS

2.1. Cell Line and Culture Conditions

HEK293s cells taken from early and late passage numbers were cultured at 37 ºC in
200 mL spinner flasks (Techne, Cambridge, UK) in suspension using calcium-free 
DMEM supplemented with MEM vitamin solution, 0.1 % Pluronic F68 and 5 %

M.M. BASSANI MOLINAS1, C. BEER1, F. HESSE3, M. WIRTH1,
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FCS and a new chemically defined protein-free medium formulation. Cell 
concentration, viability, substrates and metabolites as well as intracellular 
nucleotides were quantified as described elsewhere (Ryll et al., 1990, Ryll and 
Wagner, 1992). 

2.2. Transient Transfection and Expression Rate

Cells from the exponential growth (5–10 Η 10Η 5 mL-1) were directly transfected with 
a bicistronic plasmid harbouring the genes for human erythropoietin (EPO) and 
green fluorescence protein (EGFP) under control of the cytomegalovirus (CMV)
promoter using an optimised DNA and linear polyethylenimine (PEI, 25 kDa)
mixture at a ratio of 0.5 µg : 1.5 µg. Transfection efficiency was quantified by a 
FACScan (Becton-Dickinson Immunocytometry Systems, San Jose, CA, USA). 

3. RESULTS AND DISCUSSION

Figure 1A shows, that the maximum of the characteristic increase of the combined 
nucleotide ratio (NTP/U) during the phase of reduced exponential growth appeared 
one day later in cells of a late passage number (> 100) compared to an early passage
number (40-77) under serum-containing conditions indicating a change in the cell
character during aging of these cells. When cells from an early passage number were 
transfected with DNA:PEI, the maximum value of the NTP/U ratio reached only
50% compared to untransfected cells (Fig. 1B, Fig. 2A). Although the NTP/U ratio
in transfected cells of a late passage number also increased one day later compared 
to transfected cells of an early passage number, they did not show the reduced 
increase of the NTP/U ratio compared to untransfected cells (Fig. 1B). This
suggested nucleotide ratios for monitoring the process of DNA uptake in transient 
transfection systems.
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Figure 1. Cultivation of HEK293s cells taken from early (77, A; 40 B) and late (101, A; 116,
B) passage numbers and cultivated in serum-containing medium. Nucleotides were analysed 

from untransfected (A) and transfected (B) cells. Expression expressed as EGFP positive cells 
was 70 % for the early and 80 % for the late passage number (B). 
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In addition, transfected HEK293 cells also showed the maximum of the NTP/U ratio
one day later compared to their untransfected counterparts of the same passage
number under serum-containing medium conditions (Fig. 2A). In contrast, 
transfected and untransfected cells of the same passage number cultured under 
protein-free medium conditions (Fig. 2B) both showed the characteristic increase in
the NTP/U ratio more than one day later compared to the serum-containing culture. 
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Figure 2. Cultivation and transient transfection of HEK293s cells taken from passage number 
40 and cultivated under serum-containing medium (A) and from passage number 76 and 

cultivated under protein-free medium conditions (B)

4. CONCLUSION 

Previously, we reported that specific nucleotide ratios (NTP and U ratio) can 
monitor the exact phases of the growth cycle of cultured continuous mammalian cell
lines (Ryll and Wagner, 1992). Here, we demonstrate that the NTP/U ratio can also 
be used to distinguish between HEK293 cells from an early and a late passage
number. Moreover, the nucleotide ratios of transfected HEK293 cells clearly differ 
from those obtained in untransfected cells and also differ in cell cultured under 
serum-containing and protein-free medium conditions. These results suggest 
intracellular nucleotide ratios as a reliable tool for the optimisation of the transient 
transfection process under defined culture conditions. In addition, we could 
demonstrate that the transfectability and productivity of transiently transfected 
HEK2943 cells was independent on the passage number. 
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Abstract. Continuous cell lines are not capable of complete oxidising glucose via the TCA cycle.
Recently, we presented a strategy of inverse metabolic engineering to increase the glycolytic flux into the
TCA. This work summarises the effect of yeast pyruvate carboxylase 2 (PYC2) expressed in the 
cytoplasm of different host systems: BHK-21, CHO-K1, CHO-DG44, HEK293 and BTI-Tn-5B1-4 (High 
FiveTM) cells.

1. INTRODUCTION 

Mammalian cell lines are the prominent producers for complex recombinant 
proteins. Unfortunately, they have the disadvantage of being unable to completely 
oxidise glucose. Improvement of the energy metabolism by metabolic engineering 
has been considered as an efficient strategy. Increasing the flux of glucose into the
TCA can perform a more efficient exploitation of glucose to form ATP (Irani et al., 
1999). Therefore, in the present work, we summarise the effect of PYC2 by 
comparing the productivity of five different host systems, commonly used for 
recombinant protein expression: BHK-21, CHO-K1, CHO-DG44, HEK293 and 
High FiveTM cells. 

2. MATERIALS AND METHODS

2.1. Cell Lines and Culture Conditions 

BHK-21A cells expressing PYC2 and hEPO (Irani et al., 1999 and 2002), CHO-K1
cells expressing PYC2 and hGM-CSF (Bollati Fogolín et al., 2001), and CHO-DG44

IMPACT OF YEAST PYRUVATE CARBOXYLASE ON
THE PRODUCTIVITY OF ANIMAL HOST CELL LINES 
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cells expressing PYC2 and the hGH were cultivated as described in the respective 
references. HEK293 cells expressing the PYC2 and SEAP as well as producing
adenovirus Ad5CMV5GFPq particles (Elias et al., 2003) were cultivated in
1% BCS-containing LC-SFM medium. High FiveTM cells expressing the PYC2 were 
cultivated in Excell-405 medium and infected with baculovirus expressing 
β-galactosidase (Elias et al., 2003).

2.2. Analytical Methods

Cell numbers and viability were estimated by nuclei staining using crystal violet and
the trypan blue exclusion method. Glucose and lactate were routinely determined 
using a Glucose/Lactate analyzer (Yellow Springs Instruments, Yellow Springs, OH,
USA). Amino acid concentrations and intracellular nucleotide pools were quantified 
by RP-HPLC as described previously (Ryll et al., 1990; Ryll and Wagner, 1991).
Pyruvate carboxylase expression and the enzyme activity were determined as
reported elsewhere (Irani et al., 1999).

2.3. Quantification of Recombinant Proteins 

EPO and hGH concentrations were quantified by ELISA Kits (Roche Diagnostics
GmbH). GM−CSF was determined using a competitive ELISA (Bollati Fogolín et 
al., 2002). Secreted SEAP and β-galactosidase activities were monitored according 
to the methods described by Elias et al., 2003.

3. RESULTS AND DISCUSSION

Table 1 summarises the results of the impact of PYC2 on different host cell lines.mm

Table 1. Impact of PYC2 expression on the cell growth, metabolism and productivity. Data 
are shown as improvement factor between the PYC2-expressing cells and their controls 

Animal host cell lines 
Parameters BHK-21 CHO-K1 CHO-DG44 HEK293 High FiveTM

PC activity 1.7 1.8 3.0 N.D. N.D.
Final cell density 1.0 0.6 1.5 1.0 2.0 

Prolonged
viability

Yes Yes No Yes No

q glucose 4.0 1.5 1.0 1.2 1.0 
q glutamine 1.8 1.0 1.0 1.2 1.2 
q lactate 2.6 1.5 1.0 1.6 1.7 

Intracellular ATP  1.4 1.3 1.0 N.D. N.D. 
Productivity  1.8 2.0 1.0 1.0 1.0

N.D.: not determined

PYC2-expressing BHK-21 cells showed 30% prolonged viability, a decreased 
cell specific glucose and glutamine consumption rate, and a reduced lactate
formation rate of less than 50%. Additionally, a 40% higher intracellular ATP
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content and up to 2 fold higher yields of EPO were achieved. In contrast, PYC2-
expressing CHO-K1 cells revealed a reduced growth rate but also a prolonged cell
viability. Furthermore, a 50% reduction in the lactate production rate, a 30% higher 
cellular ATP content and a 2 fold increase in the yield of GM-CSF were achieved in
CHO-K1 cell clones expressing PYC2. Although a 3 fold higher pyruvate
carboxylase activity in CHO-DG44 was reached, the metabolism could not be
improved and showed no effect on the production of hGH suggesting a maximum 
possible reduction of lactate synthesis by long-term cell selection in vitro.
PYC2-expressing HEK293 cells revealed a 60% reduced lactate production rate and 
170% prolonged cell viability. However, no significant effect on the cellular 
productivity of SEAP and adenovirus particles were observed but the prolonged 
cellular lifetime resulted in higher product yields. Finally, higher cell concentrationst
and reduced lactate as well as ammonium secretion rates were achieved with 
PYC2-expressing High FiveTM cells, whereas the productivity was not significantly 
affected. These results suggested that the cytosolic expression of PYC2 dominantly
reduces the lactate formation by a more efficient nutrient exploitation resulting in a 
prolonged cellular lifetime which maintains the production phase at a higher level.
All standard cell lines characterised by a high lactate rate were susceptible to PYC2 
expression except clones that have been optimised for minimum lactate production, 
such like the CHO-DG44. 
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ENVIRONMENTAL EFFECTS OF LACTATE ON HIGH-
FIVE™ INSECT CELL METABOLISM 

Cellular Bioengineering Group, Université Catholique de Louvain,
Louvain-la-Neuve, Belgium

Abstract. In batch suspension culture of High-Five™ insect cells without oxygen limitation, we observed 
that during the growth phase the presence of exogenous lactate in the medium seems to increase its
accumulation by the cells and inhibits cell growth.  At the end of culture, after glucose exhaustion from 
the medium, High-Five™ cells are able to use the produced lactate as a carbon source.

1. INTRODUCTION

The use of insect cells for the production of recombinant (glyco)-proteins by the
Insect Cell Baculovirus Expression Vector System (ICB-BEVS) is a well-
established technology.  Among the industrially important cell lines, High-Five™tt
insect cells cultivated in serum-free medium have shown great potential for the
production and can reach high cell densities.
Contrary to mammalian cell culture, insect cells are known to accumulate little
lactate during the growth phase.  But under stress conditions, these cells tend to 
produce more by-products (lactate, ammonium, alanine) (Rhiel et al.1997).  TheseRR
insect cells are generally grown in rich medium.  However, in such medium cells
waste glucose and have a higher rate of lactate production as a by-product.  We
report here experimental results of lactate effects on insect cell growth and 
recombinant protein production. 

2. MATERIALS AND METHODS

High-Five™ cells were a gift from the Laboratory of Virology, University of 
Wageningen, The Netherlands. Autographa californica recombinant for β-
galactosidase (β-gal) was supplied by Invitrogen (Carlsbad, CA, U.S.A.). The 
serum-free medium used was YPR formulated and optimised by us previously 
(Ikonomou et al., 2001).  Metabolites were determined using a automatic Bioprofile
100 Analyser (Nova Biomedical, Waltham, MA, U.S.A.). β-gal activities were
determined according to  Miller et al. (1972).  The growth and production phases of 
the cells were studied in 250 ml shake flasks with 50 ml medium at 28°C and 130
rpm.  L-lactate sodium salt, D-lactate sodium salt and alls chemicals were supplied 
from Sigma (Saint-Louis, MO, U.S.A.)

©  Printed in the Netherlands. Springer.2005
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3. RESULTS AND DISCUSSION

Figure 1: Representative time course profiles of High-Five™ cell density (full lines,        
panel A), viability (dashed lines, panel A), glucose (full lines, panel B) and lactate

concentration (dashed lines, panel B)  inoculated in presence of different initial exogenous
L-lactate concentration (((  control, 2.5 mM, 5 mM, 10 mM) in the medium.MM

We have previously observed that in a fixed-bed culture, immobilized High-Five 
cells have a different metabolism compared to suspension culture (results not 
shown).  In agitated bioreactor conditions a slight lactate accumulation occurs in the
exponential cell growth phase, but in a fixed bed culture, High-Five™ cells tend to
produce high lactate concentration apparently due to oxygen limitation. Thisy
accumulation of lactate (in lactic acid form) leads to a decrease in the medium pH, 
thus adversely affecting cell viability. To control lactate accumulation, a strategy of 
base addition is usually adopted, which increases the pH and buffers the medium but 
increases its osmolarity. 
Nevertheless, in batch suspension culture without apparent oxygen limitation, we 
observed that the presence of exogenous L-lactate in the medium seemed to increase
the lactate production rate and to inhibit cell growth (Figure 1). This inhibition was 
probably due to the pH decease (uncontrolled) associated with lactate production.  
At the end of the culture, after glucose exhaustion from the medium, High-Hive 
cells were able to use the lactate produced as carbon source thus extending the 
stationary phase.  With glucose-limited medium, similar results were observed but 
with a lower rate of lactate production and lower final cell densities (results not 
shown).  This accumulation and consumption of lactate did not occur with
exogenous D-lactate (results not shown).  
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 Table 1: Effects of exogenous L-lactate added in the medium on β-gal production by High-ββ
Five™ cells (MOI of 2 at 3.6x106 cells/ml) after total change-over of medium before infection. 

L-lactate concentration
(mM )

Volumetric productivity 
(Units / ml)

Specific productivity          
(Units /10

6
cells)

0 (control) 1744 484
5 1401 389 

10 980 272
20 543 150

 In regard to production, lactate seemed to have different effects than in the growth 
phase.  Without exogenous lactate addition, infected cells produced in the first 2 
days post-infection little lactate (3 mM) that decreased pH slightly and then 
consumed the lactate upon glucose depletion by the end of the infection phase.  With 
exogenous addition, cells directly consumed lactate and no lactate accumulation was 
observed.  With lactate supplementation during infection, cell density and viability 
decreased more rapidly than the unsupplemented control (Figure 2).  This presence 
of lactate seemed be slightly toxic for the cells and to decrease the recombinant 
protein production by the BEVS (Table 1).  
In this case, the monitoring of lactate concentration and of the pH profile in insect 
cell culture using BEVS becomes a critical strategy to obtain high production mainly 
in a process not involving a total change-over of medium before infection. 

Figure 2: Representative time course of cell density (full lines) and viability (dashed lines)
during infection of High-Five™ ( MOI of 2 at 3.6x106 cells/ml) after total change-over of  

medium before infection (((  control, 10 mM exogenous L-lactate ). 

4. CONCLUSIONS

We can conclude that the presence of lactate in the medium seems to increase the 
lactate accumulation by growing High-Five™ cells when glucose is in excess. The 
accumulation may not be due solely to the lack of oxygen, but also reflect a wider 
repertoire of metabolic responses as a function of pH, lactate and glucose 
concentration. When glucose depletion occurs, High-Five™ cells are able to use
lactate as a carbon source.  
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The presence of lactate impacts significantly the protein production.  Thus, to obtain 
high productivity, preventing lactate accumulation during the growth phase and 
before infection is a key point particularly in fed-batch, perfusion and fixed-bed 
culture.
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1. INTRODUCTION 

Special ratios of intracellular nucleotide pools were shown to provide valuable
information on the state of cultures of recombinant cell lines (Ryll and Wagner,f
1992). In theory, these ratios could be used as control parameters in cultivation 
processes. However, as the determination of intracellular parameters is labor, time 
and cost intensive, this method can not be applied for routine process control. A
strategy to overcome this restriction is to find more easily accessible parameters that 
can be reliably correlated to the intracellular nucleotide pools and ratios. Here we 
demonstrate in principle that this can be achieved by the application of multivariate
methods such as principal component analysis (PCA) and partial least squares 
regression (PLS). 

2. EXPERIMENTS AND RESULTS 

2.1. Analysis of Nucleotide Data with PCA

In order to investigate whether PCA can be applied to obtain information on the
state of a culture from nucleotide data, interpolated curves derived from the raw data 
of five cultivation experiments performed with two different cell culture media
(Dulbecco’s Modified Eagle Medium (DMEM) and Serum Free 293 II Medium 
(SFM), respectively) were analysed. Figure 2 reveals that the methods provide
information on the dynamics and changes of cellular metabolism. The observed 
turns, for example, could be correlated to the time when glucose was depleted from 
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the culture medium. The loading plot provides valuable information on the influence 
of the investigated parameters on the dynamic behavior.

0.0 0.5 1.0 1.5 2.0 2.5

1

2

3

4

5

6

7

8

B

A

N
 [
-]

U [-]

 Spinner 1 (DMEM)

 Spinner 2 (DMEM)

 Spinner (SFM)

 Reactor (SFM)
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Figure 1. NTP over U plot for the five experiments performed illustrating the “log-box” 
theory proposed by Ryll and Wagner (1992). It is possible to define areas corresponding to 
the exponential growth phase. (A) shows the area defined for experiments performed with
DMEM medium, (B) shows the area for experiments where SFM 293 II medium was used. 

 a) b)

Figure 2. Score (a) and loading (b) plot obtained by applying PCA to the nucleotide data 
from all five experiments. The first principal component (PC) describes 83 % of the total 

variation, the second PC 10 %.
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2.2. Correlation of Nucleotide Pools to Free Amino Acid Concentrationsll

PLS was used to correlate intracellular nucleotide pools to the concentrations of free
amino acids in the culture supernatant and to the respective amino acid uptake rates.
For a number of intracellular nucleotide pools and even ratios correlation models
could be built indicating a true relationship between these intracellular and extra-
cellular parameters (Tab. 1). Surprisingly, models built on free amino acid concen-
trations were more reliable than those built on the respective uptake rates.
Significant correlation could be easily found by analysing the respective loading 
plots (Tab.2).

Table 1. Overview of all correlation  models built. For parameters indicated by bold letters, 
the majority of the models was classed as successful.

Models build from amino acid concentrations

 Spinner 1
DMEM

Spinner 2
DMEM

Spinner
SFM

Reactor
SFM

Reactor
DMEM

ADP - - - n.m. + 

ATP - - - - +/-

CTP +/- +/- +/- - + 

GTP - - - - +/-

NAD - - - - - 

UDP-GNAc +/- +/- - +/- +

UTP + + +/- - +

NTP ratio +/- + + + +

U-ratio + + + - +/- 

NTP/U ratio - - - - - 

Models build from amino acid uptake rates 

ADP - + - n.m.

ATP - - - n.m.

CTP - - - n.m. 

GTP - - - n.m.

NAD - - - n.m.

UDP-GNAc +/- + - n.m. 

UTP - +/- + n.m. 

NTP ratio - - + n.m.

U ratio + + + n.m.

NTP/U - - - n.m.

(+) = good model possible to build, (+/-) = satisfying model possible to build,  
(–) = no model possible to build, n.m = not modeled

3. CONCLUSIONS

PCA is an excellent tool to analyze dynamic changes in intracellular nucleotide 
pools during the course of cultivation experiments.
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The results obtained with PCA were consistent to the information obtained from 
NTP/U-plots.

Applying PLS correlation of intracellular nucleotide pools to free amino acid 
concentrations in the culture medium could be shown in principle.

This correlation could be used to determine or at least estimate intracellular 
nucleotide pools and their relevant ratios by means of measuring amino acid 
concentrations in the culture medium. As these extracellular parameters are more
easily accessible than the intracellular nucleotide pools, this method could be used 
for process control. 

Table 2. Correlation between  nucleotides and amino acids, obtained from the loading plots
of the PLS regression models. 

Free amino acids models

Nucleotide Amino acid relationships 

CTP Ala and Glu negatively correlated. Remaining amino acids
positively correlated. 

UDP-GNAc Glu, Ala and Asn positively correlated. Remaining amino
acids negatively 

UTP Ala negatively correlated. Glu and Gly in some cases
negatively correlated. Remaining amino acids positively 
correlated.

NTP-ratio Ala, Glu and Gly positively correlated. Remaining amino
acids negatively.

U-ratio Ala, Glu and Gly slightly or strongly negatively correlated.
Remaining amino acids positively 

Uptake rate models 

Nucleotide Amino acid relationships 

U-ratio Opposite relations compared to U-ratio model obtained in 
the free amino acid case. 
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Abstract. Cultures of Trichoplusia ni High-FiveTM cells show accumulation of large amounts of lactate 
and ammonia, which may be deleterious to the cell growth and final product quality. In this work we have
investigated the metabolism of these cells with respect to the utilization of glucose and glutamine and we
have used a metabolic engineering approach to overcome this problem demonstrating the successful 
culture of these cells at high cell densities. The cells have been modified to express a cytosolic pyruvate 
carboxylase (PYC2), an enzyme which had been earlier identified as a key enzyme in the flux of glucoser
to the TCA cycle. The modified cells showed a more efficient utilization of glucose and glutamine and a 
marked decrease, in the amount of lactate (up to 70%) and ammonia (up to 60%) produced when
compared to the non-modified host cells. This resulted in maintaining cells at a higher viability for a
prolonged time, a major advantage in high cell density cultures especially when combined with stable 
insect cell lines. These changes in the metabolism were further evaluated in 3L-bioreactor studies, under 
controlled conditions. The implications of these changes to the operation conditions have been evaluated 
under batch, fed-batch and perfusion culture modes.  

1. INTRODUCTION 

Recent advances in the insect cell technology field such as, high cell density 
cultures, the ability to generate stable expression systems using insect cells, the
demonstration of baculovirus mediated gene expression in mammalian cells, and the
use of insect cells for the production of recombinant viral vectors for gene transfer 
applications have led to a renewal of interest in this technology. There is however, a
relative lack of information in the literature on the metabolism of cultured insect 
cells, which is one of the limitations in designing media and for large scale 
operations at high cell densities. In this work, we describe the metabolism of the 
Trichoplusia ni (High-Fivei TM) insect cells with respect to the utilization of glucose
and glutamine.  

©  Printed in the Netherlands. Springer.2005
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2. RESULTS AND DISCUSSION

2.1. Batch culture 

Figure 1. Batch culture of High-FiveTM insect cells M

The final cell density obtained was higher in the case of the transformed cells. The
specific growth rates for the two cell lines as well the corresponding specific 
consumption rates of glucose and glutamine and production rates in mmol/hr/(E6 
cells/mL) of lactate and ammonia are shown in Table 1.  

Table 1. Kinetic rates for growth , consumption and production of metabolites in a batch
culture

High-FiveTM Growth rate (h-1) Glucose  Glutamine Lactate  Ammonia 1

Host 0.0318 0.098 0.048 0.018 0.110 
PYC 0.0297 0.058 0.032 0 0.103 

From the results it is evident that there is a decrease in the consumption of both 
glucose and glutamine accompanied by a decrease in production of waste
metabolites. The lower glucose consumption did not result in a lower growth rate 
and did not affect the final cell densities achieved. 
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2.2. Fed-Batch culture

Figure 2. Fed batch culture of High-FiveTM insect cellsM

The time and duration of the feed addition are indicated by horizontal arrows. The
viable cell density obtained with the PYC expressing cells was higher than in the
case of the untransformed host cells and could be maintained at a higher viability for 
a longer time.

2.3. Perfusion culture 

Perfusion culture experiments were carried out using IPL-41 medium and compared t
with the performance of the host cells under similar conditions of cultivation. The 
perfusion rate used in these experiments was 1VVD. The profiles for the cell density
and the capacitance measurement shown in Figure 3 indicate that the PYC 
transformed cells could be maintained for a longer period at the plateau conditions
in a perfusion mode.  

Figure 3 : Perfusion culture ot High-FiveTM insect cells M
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3. CONCLUSION 

The results obtained in this study confirm that the glucose and glutamine
metabolism of cells can be changed by the introduction of the cytosolic PYC
enzyme. There was no marked change in the growth rates of the transformed cells in 
batch culture. The PYC transformed cells achieved the same or higher final cell 
densities as the host cells. The transformed cells have a lower glucose consumption
rate and glutamine consumption rate. The PYC transformed cells can be maintained 
at higher viabilities for longer time in fed batch cultures These cells can be
maintained at a stable high cell density for a prolonged time in perfusion culture.
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Abstract. The culture of insect cells is currently done using different media specifically developed for 
these cells (among them, IPL-41, Grace’s, and TC-100). The growth of a Sf9 cell line was studied in each 
of these media, and IPL-41 showed the best results. Nevertheless, this medium contains various 
carbohydrates as carbon and energy sources, and this fact supposes a complication for the monitoring of 
the culture. In order to make possible the control of the sugar exhaustion, its formulation was simplified 
to a unique saccaride source, as it was seen that one of this nutrients was sufficient to enable an efficient 
growth of the cells.

INTRODUCTION

The two major application areas of insect cells are related to the production of 
baculoviruses, where the aim is whether to produce the virus itself, or to produce 
recombinant proteins using the baculovirus expression system. The importance 
gained by these fields in biotechnology has fostered the interest in the development 
of suitable and economical insect cell media.  

The first synthetic medium for the culture of insect cells (Wyatt, 1961) contained 
high concentrations of amino acids, organic acids, inorganic salts and various
carbohydrates supplemented with heat-treated hemolymph. Subsequently, the
utilisation of several media has been explored. In 1962 Grace proposed various 
modifications to Wyatt’s medium (Grace, 1962), that included the addition of 
diverse vitamins and changed certain characteristics of the medium. Afterwards 
numerous variations have been proposed on Grace’s original medium, among them 
that leading to TC-100 (Gardiner and Stockdale, 1975), a medium that omits the
addition of organic acids, uses only one sugar source (glucose), and is supplemented 
with tryptose extract and foetal bovine serum. Another medium developed 
specifically for insect cell culture is IPL-41 (Weiss et al., 1981), which is a more
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complex medium, with increased amounts amino acids, vitamins and other 
components, that targets the needs of large-scale cultures.    

MATERIALS AND METHODS

Cell line, medium and culture conditions. The insect cell line used was a strain of 
Sf9 provided by LABORATORIOS HIPRA S.A.. The basal media used were
Grace’s (Sigma G9771), IPL-41 (Sigma I0638, Biol. Industries 06-1824-01-1A), 
and TC-100 (Gibco 43000-017). 3.33 g/l of yeast extract (Sigma Y-1000) and 
lactalbumin hydrolysate (Sigma L90) were supplemented. 5% (V/V) of FBS 
(HyClone SH30071.03) was added. Cultures were performed in 250 ml spinner 
flasks with 60 ml of working volume, using 3-3.5×105 cells/ml as seeding density, 
stirred at 40 rpm, grown at 27°C, 95% humidity, in an incubator (Forma Scientific 
HEPA filtered IR incubator 3862). Analytical methods. Cell density and viability
were assessed by the trypan blue exclusion method using a hemocytometer 
(Neubauer improved, Brand). Glucose was measured using an automatic analyser 
(YSI, 2700 Select). Sucrose and maltose were detected by HPLC (Waters, LC 
module I plus).    

RESULTS AND DISCUSSION 

In the present work the growth of Sf9 cells in various media was studied (TC-100,
Grace’s, and IPL-41). In the figure 1, it is seen that the medium which supported a 
greater growth of the cells was IPL-41. In addition, at the operating scale the cost of 
IPL-41 is lower than the cost of Grace’s medium and as low as TC-100’s cost 
(Grace’s, 64 €/l; IPL-41, 17€/l; TC-100, 17 €/l). For both reasons, IPL-41 was the
medium chosen for a further development of the interest production process.    

Although IPL-41 shows better results concerning growth, it presents a 
complication for the monitoring of the exhaustion of the culture medium, due to the 
presence of various saccaride sources (glucose, maltose and sucrose). In order to 
overcome this drawback, various experiments were performed using IPL-41 
containing only one of the sugars. In figure 2 it is shown that media containing only
glucose or maltose allow a similar culture growth to that supported by the control
medium (having sucrose, glucose and maltose). Consequently, the need of sucrose in 
the medium was discarded.   
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Additional experiments with analysis of the carbohydrate consumption were 
conducted in order to select whether glucose or maltose should be used as unique
saccaride source. Before further considerations, it has to be stated that since the 
cultures were supplemented with yeast extract and lactalbumin hydrolysate, all of 
them had certain basal amounts of glucose, sucrose and maltose. Besides,
supplements of the sugar-to-test were added to reach the same total amount of 
monosaccaride in each experiment. Figure 3 shows the profiles of glucose, as well 
as sucrose and maltose. In the control culture (glucose, maltose, sucrose), glucose is 
consumed preferably to maltose, as it is seen similarly in the culture with glucose as
main carbohydrate. In the culture with maltose as main saccaride, it is degraded to 
glucose, which is subsequently consumed by the cells. The main conclusion of this 
experiment was the selection of glucose as unique sugar source, since it is the sugar 
consumed preferably by the cells and allows an easiest monitoring of the sugar 
exhaustion.   
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Figure 1. Batch growth curves of Sf9 cultures 
using IPL-41, TC-100 and Grace’s insect cell 

medium.

Figure 2. Batch growth curves of Sf9 cultures
using IPL-41 containing only one of the

saccaride sources (sucrose, glucose, or maltose). 
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Figure 3.Saccaride concentration in Sf9 cultures using glucose and maltose as main 
carbohydrates. The concentration of maltose is referred as sucrose+maltose since the used 

HPLC does not permit distinguishing among these sugars. 

CONCLUSION

The analysis of three potential media for Sf9 cell culture allowed the selection of 
IPL-41, and its further simplification by reducing the three carbon sources in its y
formulation to one.
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1. INTRODUCTION

Hybridoma cultures producing diagnostic and therapeutic monoclonal antibodies
suffer from premature termination by apoptosis triggered spontaneously in parallel 
with gradual exhaustion of nutrients. Thus, high attention is being paid to media 
additives, such as protein digests [1], capable of suppressing cell suicide. Our 
previous work has indicated that protein hydrolysates do t not only contribute to 
optimization of nutrition, but that they may provide peptides mimicking growth
factors or survival factors [2]. Our further studies carried out with pure synthetic 
peptides have corroborated this notion,  and have pointed to anti-apoptotic activity 
of a variety of  peptides [3-4]. 

2. MATERIALS AND METHODS 

Synthetic peptides used in this work were products of Bachem (Bubendorf,
Switzerland) and of PolyPeptide Laboratories (Prague, Czech Republic). 
Chromatography fractions of wheat gluten enzymic hydrolysate were prepared as
reported earlier [2 ]. 

Mouse hybridoma ME-750 was cultured in DMEM/F12/RPMI 1640 (3:1:1)
medium supplemented with amino acids, and with the iron-rich protein-free growth 
promoting mixture [5]. The cultures (volume 6.0 ml) kept in 25 cm2mm T-flasks were 
inoculated at a density of (250±50) x 103 cells/ml and the culture parameters were
evaluated on day 6, i.e., at the decline phase of the cultures. 

The antibody concentration was determined by immunoturbidimetry [6].The 
apoptotic index, i.e. the percentage of apoptotic cells relative to total cells, was 
determined by microscopic counting of the morphologically distinct shrunken cells
with ruffled membrane.

©  Printed in the Netherlands. Springer.2005
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3. RESULTS AND DISCUSSION

Our previous work has shown increased cell viability in cultures supplemented 
with oligoglycines, oligoalanines, and with several lysine-containing peptides [3,4].
In the present experiments, anti-apoptotic activity was found also with some 
peptides containing  glutamic acid, serine, threonine or D-alanine residues (Tab.1). 

Table 1. Apoptotic index in hybridoma cultures supplemented with various peptides 

Supplement Apoptotic
index, %

Supplement Apoptotic
index, % 

None (Control) 46 
Gly-Gly-Glu-Ala
0.1%

20 Ser-Ser-Ser      
0.1%

28

dtto
0.2%

18 dtto                   
0.2%

24

Gly-Glu-Gly
0.1%

22 Ala-Ala-Ala      0.1% 26 

dtto
0.2%

24 dtto                   
0.2%

22

Thr-Thr-Thr
0.1%

26 D-Ala-Ala-Ala  0.1% 27

dtto
0.2%

22 dtto                   
0.2%

20

The anti-apoptotic component of the complex effect of wheat gluten hydrolysate 
fractions on hybridoma cultures [2] was  investigated in comparison with the effect 
of synthetic peptides representing one of the repeat motifs of the high molecular 
weight glutenin subunit [7] (Tab.2). The glutamine-containing synthetic peptides 
and the combination of a natural peptide fraction with tetraglycine showed the 
highest suppression of apoptotic death rate.



ANTIAPOPTAA OTIC ACTIVITY OF PEPTIDES 109

Table 2. Hybridoma cultures supplemented with synthetic and natural gluten-derived peptides 

Supplement Viable cells
x 10

-3
 cells/ml

Apoptotic
index, %

Monoclonal
antibody, mg/l

None(Control) 1180 48 33
A) Synthetic peptides
Pro-Gly-Gln-Gly-Gln-Gln  0.1% 1630 31 66 
dtto
0.05%

1110 42 57

Pro-Gly-Gln-Gly-Gln         0.1% 1580 33 60 
dtto
0.05%

1400 33 65

B) Chromatography fractions of wheat gluten enzymic hydrolysate [1]
Fraction a1                        0.2% 1390 40 56
Fraction a21                      0.2% 1950 36 67
Fraction a22                      0.2% 1400 43 58
C) Combination of a chromatography fraction with a synthetic peptide 

Fraction a1 +                     0.2%
+ Tetraglycine                   0.2% 2050 26 98

Under condition of modelled starvation, i.e., in media deliberately diluted with
saline, the anti-apoptotic effect of synthetic peptides, as well as of hydrolysate
fractions was very pronounced (Tab.3). The present data confirm that the cell-
proliferation modulating activity of some peptides [3-5], is accompanied with
pronounced anti-apoptotic activity.  Significant effects can be achieved at peptides 
concentrations in the millimolar range. 

Table 3. Hybridoma cultures starving in media diluted to 40% by saline. Effect of 
supplementation with synthetic peptides and with gluten hydrolysate fractions

Supplement Viable cells
x 10

-3
cells/ml

Apoptotic
index

%

Monoclonal
antibody, mg/l 

None(Control) 250 55 12 
A) Synthetic peptides
Tetraglycine     0.2% 260 44 14
Tetraalanine     0.2% 380 34 16
Gly-Phe-Gly     0.2% 520 24 14
B) Chromatography fractions of wheat gluten enzymic hydrolysate [1]
Fraction a1       0.2% 330 48 14
Fraction a21     0.2% 600 32 16
Fraction a22     0.2% 720 47 17
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The anti-apoptotic activity is not confined to any specific amino acid residue(s). The
peptides are effective both in rich protein-free media suited to biotechnological
production, and under conditions of starvation in media diluted with saline. The
findings indicate that the mechanism of peptides action is complex, and cannot be 
interpreted solely as a beneficial contribution to cell nutrition. 
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Abstract. Different proteins that interfere with the apoptosis biochemical pathways, such as Bcl-2 and 
various viral homologues, has been investigated in a hybridoma cell line (KB 26.5). Our results indicate y
that the over-expression of cellular bcl-2 and viral bhrf-1 (from Epstein Barr virus positive cell lines) and
ks-bcl-2 (from Kaposi sarcoma tissues) genes under apoptosis triggering conditions (i. e., glutamine 
depletion) not only delays cell death process but also allows the recovery of the cultures when re-exposed 
to non-inducing apoptosis conditions. Thus, the over-expression of these genes delays PCD, therefore
expanding the life span of the cultures and enhancing cell productivity. Nevertheless, despite the 
significant effect of these genes on apoptosis, total antibody productivity in cultures of ks-Bcl-2 and bhrf-
1 expressing cells is lesser than bcl-2 expressing cells and control cultures. However, specific antibody 
productivities in Bcl-2 and control cultures are similar. These results lead to the conclusion that the use of 
viral proteins, in particular BHRF-1, increases cell survival but reduces antibody production. Due to the 
need of operating bioreactors for long periods of time, it is important to achieve a stable expression 
system to express the desired genes over a large number of generations. To improve the efficiency of 
stable cell line production, bicistronic vectors has been evaluated. The bicistronic vectors contain an 
Internal Ribosome Entry Site (IRES) that permits the simultaneous expression of the interest gene and 
antibiotic resistant marker and, consequently, it ensures the expression of desired genes for long periods
of time.

1. INTRODUCTION

Productivity of monoclonal antibodies by hybridoma cells is limited by the onset of 
a programmed cell death process known as apoptosis. We previously reported two 
different approaches to delay cell death in presence of apoptotic stimuli: one based 
on the addition of Caspase inhibitors to the culture (Tintó et al., 2002); and another 
based on the over-expression of endogenous and viral homologues of Bcl-2 (Vives
et al., 2003). The effect of the over-expression of antiapoptotic genes, with
potentiality to block apoptosis pathways at the mitochondrial level, on the antibody 
productivity in batch cultures has been investigated. Moreover, due to the need of 
culturing these cells for long periods of time, it is important to develop more robust 
cell lines harbouring these genes. In this sense, stable cell lines engineered with
bicistronic vectors have been evaluated. The first attempt of using bicistronic vectors  
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is reported, employing the GFP (Green Fluorescent Protein) as reporter gene and 
293N cells, due to their high transfection efficiency.

2. MATERIALS AND METHODS 

Cell line, medium and culture conditions. KB26.5 murine hybridoma was cultured 
as described (Sanfeliu et al., 1997). 293 N human embryonic kidney cell line was
grown in DMEM + 10% FCS (Biological industries).Transfected hybridoma and 
293 N cells were maintained under selective pressure with G-418 sulphate at a final 
concentration of 3 mg/mL and 1.5 mg/mL respectively.  

Plasmid constructs and DNA transfections. Sequences encoding cDNA from 
Bcl-2, BHRF-1 and Ks-Bcl-2 were isolated as previously described (Vives et al.,
2003). These cDNAs were cloned into a pcDNA3 vector (Invitrogen). The plasmid 
p-EGFP-IRES-neo was constructed from pIRESneo (Clontech) and pIRES2-EGFP 
(Clontech). Hybridomas and 293 N cells were transfected using DMRIE-C (Life 
Technologies) and Superfect (Qiagen), respectively. 

ELISAs. A standard sandwich-type ELISA (Butler et al., 1978) was used to
quantify monoclonal antibodies (Mabs) concentration.  

Apoptosis detection. Cell viability was measured as described (Tintó et al.,
2002).

3. RESULTS AND DISCUSSION

The over-expression of cellular gene bcl-2 and viral genes ks-bcl-2 and bhrf-1 in
glutamine free medium delayed the process of hybridoma cell destruction (Vives et 
al., 2003). Furthermore, in a batch culture, bcl-2 expressing cells reached higher cell
densities than the control culture (Figure 1a) as also described (Bierau et al. 1998) 
and the results of the ELISA test evidenced a higher antibody production of bcl-2
expressing cells than the others cultures. However, the specific antibody
productivities of bcl-2 transfected cells and the control culture are similar, but 
greater than cells transfected with viral genes (Figure 1b). 

These results show that the expression of viral genes not only increases cell 
survival but also affects in a negative way the antibody productivity in this particular 
cell line. In this sense, the use of antiapoptotic genes generates a compromise
between productivity and protection. 

The pcDNA3 vector employed does not ensure a stable expression of the desired 
genes over a large number of generations. Therefore, a stable expression system 
based on bicistronic vectors is needed. In order to check the expression of the
bicistronic vectors, the p_EGFP_IRES_neo plasmid was constructed (Figure 2a). 
293 N cells transfected with this vector expressed the GFP throughout a relevant 
number of subcultures (>10). The GFP fluorescence after this period is shown in
Figure 2b. In this way, a stable hybridoma cell line protected against apoptosis could 
be developed.   
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Figure 1. Effect of the expression of bcl-2, ksbcl-2 and bhrf-1 on KB26.5 hybridoma cell 
viability in batch culture (a) and specific antibody productivity of these cultures at 
maximum cell density (b). pcDNA3 transfected cells was used as control culture. 
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Abstract. We have constructed dicistronic expression vectors for one-step antiapoptosis engineering and 
product expression. Expression units encoding the soluble intercellular adhesion molecule 1 (sICAM), a 
potential therapeutic for treatment of the common cold, and bcl-2/bcl-xLx were integrated and amplified in 
Chinese hamster ovary- (CHO) DG44 cells adapted for anchorage-independent growth in serum-free 
media. sICAM expression was translated in a cap-dependent and survival gene expression in a cap-
independent manner based on the encephalomyocarditis virus (EMCV) internal ribosome entry site
(IRES(( ). Batch cultivations of engineered CHO-DG44 cells containing amplified transgene expression SS
units exhibited improved viability and delayed onset of apoptosis compared to cell lines harboring 
monocistronic control constructs. bcl-xLx -mediated apoptosis protection was significantly higher compared 
to bcl-2-based survival engineering. High-level expression of bcl-2 and bcl-xLx  seem to be required to
compensate for increased mitochondria numbers found to be associated with production cell lines grown
in serum-free medium.   

1. INTRODUCTION 

Chinese hamster ovary (CHO) cell derivatives have emerged as the number one 
production cell line in the past decades due to their straightforward adaptation for 
growth in serum-/protein-free media, and their compatibility with dhfr-based
amplification protocols to increase the copy number of product gene-encoding
chromosomal loci. One of the major problems associated with standard bioreactor 
operation is cell death by apoptosis. Serum components have been identified as 
major apoptosis-protective agents and their absence in modern biopharmaceutical
manufacturing results in increased sensitivity of production cell lines to programmed 
cell death (Zanghi et al., 1999). Bcl-2, the prototype apoptosis suppressor and key
member of the Bcl-2 family of highly conserved pro- (for example bid and bax) and 
anti-apoptotic (for example bcl-2, bcl-xL) response regulators, has been the prime 
choice of antiapoptosis engineering in the biotech community. Bcl-2 family 
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members have been shown to modulate the caspase-9-dependent apoptosis pathway
in response to a molecular rheostat localized at the outer mitochondrial membrane
consisting of homo- and heterodimerized pro- and antiapoptotic Bcl-2-type proteins. 
This assembly of crucial players in the apoptosis-controlling machinery within the 
outer mitochondrial membrane bring these cellular power stations into the focus for 
antiapoptosis engineering (Follstad et al., 2000). However, bioengineers have not yet t
discovered mitochondria as a potential target for improving desired characteristics of t
production cell lines.

2. MATERIAL AND METHODS 

Cell culture, plasmid constructs and  flow cytometry  

CHO-DG44/dhfr-/- adapted for growth in suspension was used as parental cell line
throughout this report and cultivated like its transgenic counterparts in serum-free 
CHO-S-SFM-II-derived medium (Invitrogen). The basic vector pBID, which was
used throughout this study, mediates constitutive expression of desired transgenes
(Meents et al., 2002). In addition, pBID encodes the dhfr mini gene as selection and r
amplification marker. pBID-sICAM, pBID-sICAM-bcl-2, and pBID-sICAM-bcl-xL 
have been described elsewhere (Meents et al., 2002). Fragmented DNA levels were 
quantified using a fluorescence-based TUNEL-assay (PharMingen). Cells were 
analyzed according to the manufacturer’s protocol using a FACSCalibur (Becton-
Dickinson). 

Fluorescence microscopy of labeled mitochondria  

0.5 x 106 cells per sample were harvested and treated with 1% paraformaldehyde in
PBS before cells were ready for the fluorescence-based staining of their 
mitochondria. A PBS solution containing 500 pM of the mitochondrion-selective
MitoTracker Green FM dye (Molecular Probes) was prepared. Cells were incubated 
in 200 µl staining solution for 15 min at 37 °C. Subsequently, the cells were
resuspended in 400 µl PBS and subjected to flow cytometric analysis. 100 µl of the 
remaining cell solutions were centrifuged on poly-L-lysine-coated slides at 800 x g 
for 5 min and examined under a fluorescence microscope (laser scanning 
microscope, Leica TCS). 

3. RESULTS AND DISCUSSION

We constructed dicistronic expression units which contained sICAM in the first 
cistron, and either bcl-2 or bcl-xLx  in the second cistron. Translation of the second 
cistron was driven by an internal ribosome entry site (IRES) derived from the
encephalomyocarditis virus (Fig. 1A). Although the mechanisms by which these
survival genes suppress apoptosis is not fully understood, a significant pathway is t
associated with the subcellular localization of Bcl-2 and Bcl-xL to the mitochondrial 
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membrane (Fig. 1B). Both proteins prevent apoptosis-induced release of cytochrome
c from the mitochondrial inter-membrane space into the cytoplasm. 

To assess the viability extending activity of bcl-2 and bcl-xLx  when expressed 
from the second cistron stable mixed populations have been generated. Batch 
cultivations with these transgenic cells revealed no positive impact on viability in
comparison to the monocistronic, sICAM only, control mixed populations (data not 
shown). This is consistent with previous reports demonstrating only marginal or no 
cell death protection of bcl-2- and bcl-xLx -based antiapoptosis engineering strategies. 
However, we established clonal stable cell lines by a single round of methotrexate 
induced amplification and selected the highest sICAM producers. HMNI-3/HMNI-4 
encode the control vector pBID-sICAM, HMIBC-1/HMIBC-2 contains pBID-
sICAM-bcl-2 and HMIBX-1/HMIBX-2 harbor pBID-sICAM-bcl-xL. Percent 
viability assessments of the amplified bcl-2 and bcl-xLx  expressing cell clones 
revealed significant increases in cell viability during the decline phase of batch
cultivations (data not shown). bcl-xLx   was superior to bcl-2 with respect to cell death 
protection. 
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Figure 1. (A) Schematic presentation of expression vectors used. (B) Molecular pathways of 
bcl-2- and bcl-xL-mediated survival induction. (C) Apoptosis characteristics of engineered 

CHO cells.  

A later event during apoptosis is the activation of endonucleases, which cleave DNA
resulting in a characteristic “ladder” of DNA fragments. Apoptosis can be efficiently 
quantified by using FITC-labeling of the DNA breaks, referred to as TUNEL-assay, 
followed by flow cytometric analysis. The FITC profile of HMNI-3, HMIBC-1, and 
HMIBX-1 at day 4, 6, and 8 in batch cultures is shown in Fig. 1C. Percent values in 
the graphs represent the proportion of specific apoptotic cells.  Correlating with an 
increase in viability amplified cell clones also exemplified a dramatically reduced 
percentage of apoptotic cells. The apoptosis-suppressing potential of bcl-xLx was 2-
fold higher compared to bcl-2.

High-level expression of survival genes seem to be necessary to significantlym
protect CHO-DG44 grown under serum-free conditions. We speculated whether an 
elevated mitochondria content in serum-depleted CHO-DG44 could be the cause for 
the required high bcl-2 or bcl-xLx dosages. Therefore, we cultivated CHO-DG44 in 
serum-free and serum-containing media. The specific mitochondria content of both
cultures was quantified after two weeks using MitoTracker Green FM, a 
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mitochondrion-specific fluorescent dye. As MitoTracker Green FM accumulates in
mitochondria in a membrane potential-independent manner it is an excellent tool for t
the quantification of these organelle. Mitochondria-specific staining was 
significantly increased in cells cultivated in the absence of serum as assessed by
fluorescence microscopy (Fig. 2). FACS-mediated analysis of mitochondria counts 
exemplified an up to 3-fold boost in specific mitochondria content (data not shown). 

Figure 2. Fluorescence micrographs (original magnification 630x) of MitoTracker-stained 
CHO-DG44 cells grown in the absence (-Serum) and presence (+ Serum) of serum.

4. CONCLUSIONS

CHO-DG44 (- Serum) CHO-DG44 (+ Serum)

bcl-2 and bcl-xLx , showed apoptosis-suppressing only at high expression 
levels. It was therefore not surprising that apoptosis-suppressing and 
viability-enhancing characteristics were only detectable following dhfr-
based amplification of bcl-2 and bcl-xLx .
bcl-xLx outperformed bcl-2 with respect to cell death protection. If ectopic 
expression of this survival genes was chosen to improve cell culture
performance, the use of bcl-xLx , rather than bcl-2 is highly recommended.
The mitochondria content of production cell lines grown in serum-free
media was about three-fold higher compared to cultures maintained in 
serum-containing medium, suggesting that increased bcl-2 and bcl-xLx
expression levels were required to compensate for the higher intracellular 
concentration of apoptosis machineries associated with these organelles.  

AMPLIFIED DICISTRONIC EXPRESSION UNITSAA
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Abstract. Recent studies have demonstrated that reactive oxygen species ROS and the resulting 
oxidative stress play an important role in apoptosis. Apoptosis is implicated in pathophysiology of 
diabetes mellitus. Antioxidants can block or delay apoptosis. We have demonstrated that reduced water 
(RW) such as hydrogen-rich electrolysed-reduced water (ERW) and natural reduced waters (NRW) like
Hita Tenryosui water in Japan and Nordenau water in Germany could scavenge ROS and stimulate
glucose intake into muscle and adipocytes. This study investigated the effect of reduced water RW on
oxygen radicals and apoptosis of pancreatic -cells by alloxan. Incubation of HIT-T15 cells with
alloxan, a diabetogenic compound, resulted in the increased intracellular ROS level, a decrease in 
viability of cells, the formation of DNA fragmentation and Sub-G1 phase. The generation of ROS, the 
formation of DNA fragmentation and Sub-G1 phase, the lowering of cell viability by alloxan toxicity can
be suppressed by treatment with RW. In contrast, HIT-T15 cells treated with Mineral water were not 
observed. These results suggest that RW protected pancreatic ß-cell from the alloxan-induced apoptosis
by preventing the alloxan-derived oxygen radical generation. 

1. INTRODUCTION 

Reactive oxygen species (ROS) play an important role in apoptosis. Alloxan, a mm
potent diabetogenic agent, has been widely used for the induction of experimental
diabetes by the production of ROS. HIT-T15 cells, a hamster ß-cell line, treated with 
alloxan caused ß-cell apoptosis with increase of intracellular ROS lever, elevation of 
cytosolic-free Ca2+, decrease of intracellular ATP level, inhibition of glucose-
stimulated insulin release (1,2). In the previous study, we showed that electrolysed-
reduced water (ERW) and natural reduced water (NRW) could inhibit the decrease
of ß-cell viability by scavenging ROS, suggesting that RW might be effective for 
preventing type 1 diabetes (3, 4). A statistical analysis of the clinical data on 219
diabetes patients also demonstrated that Nordenau water could significantly improve 
the symptoms of diabetes mellitus. However, the effect of RW on apoptosis or 
necrosis of pancreatic ß-cell in relation to type 1 diabetes has not been understood.    
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Here we report that protective effect of RW to alloxan-diabetes may be due to 
prevented alloxan-induced apoptosis by scavenging intracellular ROS. 

2. MATERIALS AND METHODS 

2.1. Preparation of reduced water 

Electrolyzed-reduced water (ERW) was prepared by the electrolysis of Milli-Q
water containing 0.002N NaOH using an electrolyzing device, TI-200S (Nihon 
Trim, Osaka), equipped with a platinum-coated titanium electrodes at direct current 
of 100 V for 60 min. Nordenau Water was supplied by Mr. Theo Tommes in
Nordenau in Germany. Hita Tenryosui water was obtained from Hita Tenryosui Co. 
in Japan. Natural mineral water was purchased from the market in Japan. The 
medium was prepared using RW instead of Milli-Q water.  

2.2. Cell culture 

Hamster pancreatic ß-cell line, HIT-T15, was cultured in RPMI 1640 medium 
containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 25 mM HEPES, 100
IU/ml penicillin-G and 100 µg/ml streptomycin. The medium was exchanged every m
2 days.

2.3. Measurement of sub-G1 phase and DNA fragmentation

After pre-incubation with RW for 24 h, HIT-T15 cells were incubated with  1 mM
alloxan for 4 h, the cell numbers of Sub-G1 phase in celluf lar suspension were 
determined using flow cytometric analysis, and DNA fragmentation was determined 
by DNA fragmentation assay kit and 2% agarose gel electrophoresis, according to
the manufacturer’s instructions.. 

3. RESULT AND DISCUSSION

Alloxan-derived ROS disturb intracellular Ca2+ homeostasis and decrease the ATP 
level, resulting in death of pancreatic ß-cells. Cell death can occur by either of two
mechanism, necrosis or apoptosis. The biochemical hallmark of apoptosis is the 
fragmentation of the genomic DNA. Free radicals play important roles in alloxan-
diabetes. Alloxan can cause accumulation of enough ROS to induce the
fragmentation of DNA in ß-cells. The DNA fragmentation by alloxan is a critical
step in the induction of alloxan-diabetes. In order to evaluate the effect of RW on 
alloxan-induced apoptosis, HIT-T15 cells were treated with various waters and then 
exposed to 1mM alloxan for 4 h. Alloxan increased DNA fragmentation and caused 
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Table 1. Effects of various waters treated on alloxan-induced DNA fragmentation of HIT-T15 
cells.

Control ERW Hita W Rordenau W Mineral W 

alloxan - 100.00±9.56      -      -      -     - 

lloxan + 824.32±9.25 129.07±27.48 185.85±10.71 199.22±8.1 830.04±163.92

DNA ladder, however, the DNA fragmentation induced by alloxan was remarkably 
inhibited by RW. Whereas, the commercial natural mineral water examined did not r
exhibit the protective effect (Table 1). Each value denotes the mean ± S.D. of three 
separate experiments. 

Under the conditions of mild oxidative stress, cell cycle-related genes are 
repressed to increase the lengthening of G1-phase. Alloxan increased number of 
cells with fragmented nuclei, the DNA content of these cells was lower than that at 
G1 phase (in sub-G1 phase). These sub-diploidy cells with fragmented nuclei thus 
were undergoing apoptosis. RW could remarkably inhibited alloxan-induced 
increase of number of cells at sub-G1 phase. However, the commercial natural 
mineral water did not (Figure 1). Each value denotes the mean ± S.D. of three
separate experiments.
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Figure 1. Effects of various waters on alloxan-induced apoptosis to HIT-T15 cells in sub-G1 
phase

In conclusion, RW could scavenge intracellular ROS induced by alloxan in 
pancreatic ß-cells, HIT-T15, and protected pancreatic ß-cell from the alloxan-
induced apoptosis by preventing the alloxan-derived oxygen radical generation. 
These results suggested that RW is effective to prevent alloxan-induced diabetes.
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Abstract. In this study apoptosis is characterized in a CHO cell line cultivated in both batch and 
continuous perfusion culture.  Data is presented which shows that apoptosis can be induced in this cell
line with camptothecin and detected using DNA gel electrophoresis and annexin-V & caspase-3 flow 
cytometric analysis.  Time profiles of caspase-3 and DNA laddering gels indicate that apoptosis is the
predominant form of cell death experienced by this cell line in batch culture.  Several reported apoptosis 
inhibitors are evaluated for their ability to improve batch performance (NAC, suramin, cyclosporin A, 
Ac-DEVD-CHO, z-VAD-fmk), of which only one, z-VAD-fmk, is shown to significantly improve batch 
survivability.  However z-VAD-fmk’s effectiveness at improving continuous culture is less profound,
possibly due to this cell lines ability to die by an alternative apoptotic pathway.  Finally, reduced 
productivity at ultra-low feed rates n perfusion culture is shown to be correlated to the induction of 
apoptosis. 

1. INTRODUCTION

The ability to block apoptosis presents the possibility of extending the productive
lifetime of cultured cells and so improve the productivity of biopharmaceutical
manufacturing process.  For this work the degree of apoptosis in an industrially 
important CHO cell line secreting recombinant protein was characterized.  
Understanding the role of apoptosis in this cell line could provide insights into more
productive operation and could have profound economic benefits.  For the study, 
characterization was performed in both batch and continuous culture systems.

2. METHODS

Several distinguishing characteristics of apoptosis were used to quantitate the degree
of apoptosis in the CHO cell culture. Three assay methods were investigated and 
optimized for this purpose: DNA gel electrophoresis.  Cells undergoing apoptosis
cleave their dna into non-random fragments that can be used to characterize the 
degree of apoptosis in a culture.  Annexin V binding.  Cells undergoing apoptosis
translocate phosphotidylserine (ps) from its usual residence in the inner leaflet of the
cell membrane to the outside of the cell membrane.  Caspase activation.  Caspases
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are commonly though to be the most important effector molecules inducing 
apoptosis.

3. RESULTS 
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Figure 1.  Apoptosis can be induced and detected in the Bayer CHO cell line with 20µMµ
camptothecin.  (a) time profile of caspase-3 activation (b) agarose DNA fragmentation gel.
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4. CONCLUSIONS

We have shown in this study that batch cultures of a Bayer CHO cell line die by a
predominately apoptotic mechanism.  It is also shown that a reduction in specific 
productivity observed at low specific perfusion rates in a continuous perfusion 
bioreactor can be correlated to an increase in apoptosis, and that this phenomenon
can be mitigated by an improved medium formulation.  In addition it is shown that 
the pan caspase inhibitor z.VAD.fmk can increase cell density and prolong cell
viability in batch culture, however this improved culture survivability does not result 
in higher product concentrations.  zVAD.fmk did not improve survivability in a
longer term passage culturein higher product concentrations. 
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HYDROGEN PEROXIDE-INDUCED CELLULAR 
SENESCENCE IS REGULATED VIA TWO DIFFERENT

PATHWAYS

Laboratory of Cellular Regulation Technology, Department of Genetic 
Resources Technology, Graduated School of Bioresource and 

Bioenvironmental Sciences, Kyushu University, Japan 6-10-1 Hakozaki, 
Higashi-ku, Fukuoka city, Japan 

ABSTRACT. Cellular senescence is thought to be an anti-tumor mechanism similar to apoptosis, which 
suggests that signal mediators participating in the cellular senescence programs might be a novel target 
for cancer therapy. Until now, several different cellular senescence pathways were reported. One is the
telomere shortening dependent pathway called “replicative senescence”[1]. Another is the telomere 
shortening independent pathway, which is activated by oncogenic ras, called “premature senescence”[2].
Furthermore, we and other researchers have demonstrated that lethal concentration of hydrogen peroxide 
induces apoptosis, while sublethal concentration of hydrogen peroxide triggers premature senescence in 
normal cells[3] and A549, human lung adenocarcinoma. In this research, we attempted whether oxidative 
stress-inducible cellular senescence in A549 cancer cells can function as tumor suppression. r

1. INTRODUCTION

Normal somatic cells undergo a limited number of division when cultured in vitro
before entering an irreversible state of cell cycle arrest known as replicative 
senescence [1]. This process has been demonstrated to occur also in vivo and is
believed to play a major role in safeguarding against tumor formation by 
suppressing the emergence of immortal cells besides to apoptosis. While it has been 
believed that cell lines lacking cell cycle checkpoint molecules become tumor cells. 
In fact it has been known that cancer cells are deficient in the pathway at least either t
p19ARF-p53 or p16INK4b-RB, which are known as cell cycle checkpoint regulators. It 
has been also reported that A549, human lung adenocarcinoma, is p15INK4a, p16INK4b

null cell line. We has been reported that sublethal oxidative stress triggered cellular 
senescence in A549 cancer cells, suggesting that oxidative stress-inducible cellular 
senescence might not require the function of p15INK4a and p16INK4b. Recently it has
been thought that there exist cellular senescence checkpoint mechanisms which is 
different from cell cycle checkpoint. In the present study, we tried to demonstrate 
whether A549 cells (p15-/-, p16-/-) undergo cellular senescence in response to
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Ratio of colony formation (%)

non-treatment

lethal hydrogen perox-
ide (500 µµM)

sublethal hydrogen
peroxide (100 µµM)

79.1

18.2

13.1

Table.1 Colony formation after treatment with
lethal/ sublethal hydrogen peroxide in A549 cells.

Table.2 Cell death after treatment with lethal/
sublethal hydrogen peroxide in A549 cells.

Ratio of dead cells (%)

non-treatment

lethal hydrogen perox-
ide (300 µµM)

sublethal hydrogen
peroxide (100 µµM)

1.42

1.52

15.5

sublethal concentration of hydrogen peroxide, and whether senesced A549 cells 
impairs tumorigenicity.

2. RESULTS AND DISCUSSION

Previously we reported that sublethal (100 µM) hydrogen peroxide-treatment for 2h 
triggers cellular senescence evidenced phenotypic and morphological changes. In 
this research we attempted whether sublethal oxidative stress can function as a  
tumor suppression. So we evaluated the ability of colony formation in soft agar 10 
days after the treatment with hydrogen peroxide for 2h in A549 cells. As a positive
control we used A549 cells treated with lethal hydrogen peroxide-treatment for 2h. 
The result showed that sublethal hydrogen peroxide-treatment dramatically
diminished the ability of colony formation in soft agar compared with non-treatment 
A549 cells (Table 1). Furthermore it was observed morphological enlargement 
compared with lethal hydrogen peroxide-treatment A549 cell. To demonstrate that 

this impaired ability of colony formation is not caused by cell death, we evaluated 
cell death with PI (Propidium Iodide) staining methods, one of the necrosis marker. 
Lethal/ sublethal hydrogen peroxide-treatment A549 cells were staining with 10 t µg/ 
ml of PI for 30 minutes and analyzed with flow cytemetory. PI was incorporated by 
only dead cell and detected as PI-positive cell. The result showed that PI positive
cells did not increase in A549 cells treated with sublethal concentration of hydrogen
peroxide as compared to non-treated A549 cells. While PI positive cells dramatically
increase in A549 cells treated with lethal concentration of hydrogen peroxide(Table 
2). In conclusion, sublethal oxidative stress triggered cellular senescence in A549 
cells as well Furthermore this cellular senescence induction might apply to a novel 
method to suppress tumorigenicity. Molecules involved in this process might be a 
novel target for a cancer therapy. 
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IDENTIFICATION OF AUTOCRINE FACTORS
INFLUENCING PROLIFERATION IN SERUM-FREE 

CULTURES OF TRICHOPLUSIA NI CELLSI

Department of Biotechnology, Royal Institute of Technology,
 SE-106 91 Stockholm, Sweden

Abstract. The aim of this study is to understand how proliferation of Trichoplusia ni cells is regulated in 
serum-free cultures. The hypothesis is that T. ni (Hi5) cells produce extracellular factors, which influence 
growth and productivity. To study this, the effect of conditioned medium (CM) on cell growth was 
investigated. Addition of 10 – 20 % CM shortened the lag phase and increased the maximum cell density. 
CM was further concentrated and fractionated on a gel filtration column. Fractions which either inhibit or 
stimulate proliferation have been identified. These results suggest that extracellular protein factors are 
involved in regulation of proliferation.

1. INTRODUCTION 

The problem with insect cell cultures is the dramatic decrease in productivity which 
occurs when cells are infected with baculovirus occurs above a critical cell density. 
This puts a definite limit to the obtainable product yield. The aim of this study is to 
understand the mechanisms behind Trichoplusia ni cell proliferation and investigate
how these mechanisms affect productivity. The hypothesis is that T. ni (Hi5) cells
produce extracellular factors, which influence growth and productivity in serum-free 
cultures. Therefore, extracellular protein factors will be identifiedff and their roles in 
proliferation and productivity evaluated.

2. RESULTS 

2.1. Effects of conditioned medium on T. ni proliferation 

To investigate whether extracellular factors produced by the cells themselves might 
be involved in regulation of proliferation, the effect of conditioned medium (CM) on
cell growth was first studied. Different concentrations (10, 20, and 30%) of CM 
were mixed with fresh medium and tested on new cultures inoculated at different d
cell densities (1.5x105 and 3x105 cells mL-1, Figure 1). The data show that 10 and 
20% CM resulted in a shorter lag phase and a higher maximum cell density
compared to fresh medium, whereas 30% CM shortened the lag phase but did not 
affect the maximum cell density. The effect becomes more pronounced with 
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decreasing inoculum cell densities. These results suggest that factors present in CM 
stimulate proliferation.

Figure 1. Effect of CM on T. ni proliferation.. Inoculum density, a) 3x105 cells mL-1 b) 1.5x105

cells mL-1. Symbols: Control in 100% fresh medium (closed circles), 10% CM (open circles),
20% CM (closed squares), and 30% CM (open squares). 

2.2. Identification of extracellular protein factors 

To further investigate the possible presence of extracellular factors, cells were
incubated in yeast extract-free ExpressFive medium (Invitrogen) for three days. CM 
from such cultures was concentrated on a 3 kDa cut-off filter, and then fractionated 
on a gel filtration column. Fractions were selected on basis of the gel column elution
profile and the proteins in each fraction were further studied by SDS-PAGE analysis 
(not shown). Selected fractions were added to T.ni cultures (50% fraction, 50% fresh 
medium) to test their effect on proliferation. The results indicated that both ff
inhibitory and stimulatory components were present in CM. So far, three different 
fractions have been shown to influence cell proliferation. Two of these fractions, one
eluting at 10 kDa (Fig. 2a) and the other eluting at >400 kDa, inhibit cell 
proliferation, while a fraction at 45 kDa stimulated proliferation (Fig. 2b). 
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Figure 2.Effect of CM fractions on cell proliferation. A) 10 kDa fraction, b) 45 kDa fraction.
Symbols: Control culture in 100% fresh medium (filled circles), culture with 50%  CM 

fraction and 50% fresh medium (filled squares). 

3. DISCUSSION

Our data clearly show that CM contains factors, produced by the cells themselves,
which affect cell proliferation. Obviously, both stimulatory and inhibitory
components are present in CM. We speculate that these factors take part in a
complex pattern of autocrine regulation. We are currently working on identifying
and characterising these proteins.
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THE EFFECTS OF INSULIN AND LONGTMR3IGF-I ON
CHINESE HAMSTER OVARY CELLS: CELL 

SURVIVAL, RECEPTOR ACTIVATION AND SECOND 
MESSENGER PATHWAYS 

GroPep Ltd. PO Box 10065 BC, Adelaide, SA 5000, Australia.

Abstract. Serum-free media for CHO cell culture has traditionally been supplemented by the addition of 
insulin or more recently by an insulin-like growth factor-I (IGF-I) analogue LongTMR3IGF-I. We, and 
others, have demonstrated that LongTMR3IGF-I is capable of supporting the growth of CHO cells and the 
production of recombinant proteins in serum-free cultures, at concentrations 200-fold lower than required 
for insulin. As CHO cells have fewer insulin receptors (IR) than Type I IGF receptors (IGF-IR) and as
insulin is used at supra-physiological concentrations, it is believed to be also acting via the IGF-IR. 
However, the differences in the cellular responses to the two growth factors in CHO cells are not well
understood.
In this study we have examined the activation of IR, IGF-IR and second messenger molecules upon 
stimulation of CHO cells with insulin and LongTMR3IGF-I. We have demonstrated that insulin at supra-
physiological levels stimulates both the IR and the IGF-IR. However, LongTMR3IGF-I activates these 
receptors to a greater degree than does insulin, at 200-fold lower concentrations. Insulin also does not 
appear to activate some of the anti-apoptotic signalling molecules to the same degree as LongTMR3IGF-I.
Indeed, insulin stimulation of CHO cells in serum-free culture results in less phosphorylation of Akt, a 
protein kinase that plays a key role in controlling the balance of cell survival and apoptosis, than
stimulation by LongTM

p yp y
R3IGF-I. The levels of MAPK phosphorylation however, were comparable

regardless of whether the serum-free media adapted cells were stimulated by insulin or LongTMR3IGF-I.
This appears to be due to the high basal levels of MAPK phosphorylation in cells adapted to serum-free 
media. 

1. INTRODUCTION

The production of therapeutic proteins relies heavily on the large-scale culture of 
eukaryotic cells that secrete the protein of interest into the media. There is a strong 
drive within the biopharmaceutical industry towards the development of serum-free 
manufacturing processes primarily because of the potential for introducing 
pathogenic contaminants, such as viruses, bacteria or prions. Chinese hamster ovary
(CHO) cells can be maintained in serum-free media by the addition of insulin or an
insulin-like growth factor-I (IGF-I) analogue, LongTMR3IGF-I. It has been 
demonstrated that LongTMR3IGF-I is capable of supporting growth of CHO cells and 
the production of recombinant proteins in serum-free culture at concentrations 100-
1000-fold lower than required for insulin (1,2,3). CHO cells have 10-fold fewer 
insulin receptors (IR) than Type I IGF receptors (IGF-IR) (2) and insulin maintains 
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cell viability only at supra-physiological concentrations. Therefore, it has been
hypothesised that insulin’s actions are also mediated via the IGF-IR.

In this study we have examined the role of IR and IGF-IR activation and 
activation of two key anti-apoptotic signalling molecules in CHO cells in response
to stimulation by insulin and LongTMR3IGF-I at concentrations relative to those used 
to maintain cell viability.

2. MATERIALS AND METHODS

CHO K1 cell lines (ATCC) were maintained in a 1:1 mix of DMEM and Ham’s F12 
medium (D/F12). Recombinant LongTMR3IGF-I was manufactured at GroPep Ltd, 
and bovine insulin was obtained from Sigma (St Louis, MO, USA). Anti-phospho-
tyrosine, anti-phospho-Akt and anti-phospho-MAPK antibodies (Cell Signaling 
Technology, Beverly, MA, USA), anti-IRβ antibody (GroPep), anti-IGF-IRβ
antibody (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA), or anti-β-actin 
antibody (Sigma) were prepared at the appropriate dilutions in 5% skim milk in tris 
buffered saline containing 1% Tween-20.

CHO K1 cells adapted to grow in serum-free media (SFA cells) were stimulated 
for 10 minutes with various concentrations of insulin or LongTMR3IGF-I. Cells were
also grown in D/F12 with 10% FBS to confluence, starved for 48 hours, before
being stimulated with insulin or LongTMR3IGF-I. Stimulated cells were lysed with a
buffer containing phosphatase inhibitors. The cell lysates were incubated with the 
appropriate anti-receptor antibody followed by protein-G-sepharose. The
immunoprecipitated receptors and lysates were prepared in SDS sample buffer,
separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes 
were immunoblotted with the appropriate dilutions of primary antibody, the
appropriate HRP-conjugated secondary antibody and detection was by enhanced 
chemiluminescence (Pierce, Rockford, IL, USA). The ratio of phosphorylated 
protein to total protein was calculated as the relative intensities for the protein band 
of interest. 

3. RESULTS AND DISCUSSION

We have examined the activation of both the IR and the IGF-IR in CHO K1 cells
after stimulation with insulin or LongTMR3IGF-I at various concentrations. The 
concentrations used in these stimulation experiments are 10 times that required for 
maintenance of cell cultures because of the insensitive nature of the immunoblots 
and the short time period of stimulation. We have shown that LongTMR3IGF-I and 
insulin both stimulate the IR and IGF-IR (Fig. 1). However, LongTMR3IGF-I
stimulates both receptors to a greater degree than does insulin, at 200-fold lower 
concentrations.
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Figure1: The levels of activation of the IR (a) and the IGF-IR (b) after stimulation of SFA
CHO K1 cells with insulin (ins) or LongTMRM 3IGF-I (LR3). This is represented as the relative 

intensities of phosphorylated receptor as a ratio of the total amount of receptor 
immunoprecipitated as detected by immunoblot. 

We hypothesise that there are IGF-IR/IR hybrid receptors that have a higher affinity
for IGF-I than insulin as the greater activation of the IR at these concentrations of 
LongTMR3IGF-I would be unexpected with homodimeric IR alone. The role of 
hybrid receptors is currently being investigated by the transfection of kinase-
defective, dominant-negative IGF-IR and IR into CHO cells. 

The phosphorylation of Akt and the MAP kinases (MAPK) was also examined 
after stimulation with various concentrations of LongTMR3IGF-I and insulin. Akt is a
key signalling molecule that regulates the balance of cell survival and apoptosis. 
Phosphorylation of Akt leads to inhibition of Bad, caspase-9 and other apoptotic 
signalling molecules. The MAPKs are involved in many signalling pathways and the
phosphorylation of these proteins leads to cell proliferation, survival and 
differentiation. Both the IR and the IGF-IR have been demonstrated to mediate their 
effects through these two signalling intermediates. In SFA CHO K1 cells Akt 
phosphorylation is greater with LongTM

gg
R3IGF-I than with insulin, at 200-fold lower 

concentrations (Fig. 2). MAPK phosphorylation was similar with both
LongTMR3IGF-I and insulin treatment (results not shown). However, the basal levels 
of MAPK phosphorylation in these cells was high. When the same experiments were
performed in cells grown in FBS and starved for 48 hours, basal levels of MAPK 
and Akt phosphorylation were negligible and LongTMR3IGF-I stimulated both to a 
greater degree than did insulin (Fig.3). This suggests that high basal levels of MAPK 
phosphorylation may be a consequence of the adaptation of CHO K1 cells to serum-
free D/F12 media.

(a) (b)
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Figure 2: The level of activation of Akt after stimulation of SFA CHO K1 cells with insulin
(ins) or LongTMRM 3IGF-I (LR3). This is represented as the relative intensities of 

phosphorylated Akt as a ratio of the total amount of protein loaded as detected by 
immunoblot.
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Figure 3: The level of activation of Akt (a) and p42/MAPK (b) after stimulation with insulin 
(ins) or LongTMRM 3IGF-I (LR3) in CHO K1 cells, grown in 10% FBS and starved for 48 hours. 3

These results demonstrate why LongTMR3IGF-I is better able to stimulate cell
proliferation and maintain cell viability than insulin even though LongTMR3IGF-I
is used at 200-fold lower concentrations. It also indicattt es that LongTMR3IGF-I may 
be useful for adapting CHO K1 to serum-free conditions as it reduces cell death on 
removal of serum. Indeed, it has previously been demonstrated that LongTMR3IGF-
I potentiated the rapid adaption of a recombinant CHO cell line to manufacturing 
media (3), decreasing the time taken to obtain stable clones and to scale-up to
production levels. 
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Abstract. An NS0 myeloma cell line has successfully been adapted to a protein-free medium without 
animal-derived components. The antibody yield in this medium is almost three-fold that in a traditional
serum-medium. Kinetic studies of specific growth rate and specific product formation show that the
antibody production in the serum-medium is strongly coupled to cell division while in the protein-free
medium it is not. We propose that the large difference in growth and productivity profiles is due to the 
difference in supply and origin of growth factors. In the serum-medium proliferation is dependent on and 
related to factors present in the serum while in the protein-free medium the cells have adapted to an 
environment without serum-derived factors. Instead, the cells have started to produce their own factors 
through which they control their proliferation. We are currently trying to identify and characterise such 
conditioned medium factors and so far we have discovered at least one factor at about 20 kDa with a clear 
positive effect on cell growth.

1. INTRODUCTION 

Animal cells have traditionally been cultured in serum supplemented media. Clinical 
applications of produced recombinant proteins however demands fully defined 
protein-free media without animal derived components. Designing such a medium 
for NS0 cells is more difficult than for other mammalian cell lines due to their need 
for cholesterol and lipid supplementation (Keen and Hale, 1996). The frequent 
proprietarity of commercial media further complicates research on medium 
composition. In this study we show that it is possible to culture NS0 cells in a fully
defined protein-free media without animal derived components. 

2. RESULTS 

2.1. Growth and production in traditional serum-medium and protein-free medium

A batch shake-flask culture of NS0 myeloma cells in serum-medium is characterised 
by fast growth and rapid onset of apoptosis at day t three (Figure 1a). The final 
antibody concentration is 70 mg/L. Successful adaptation of the NS0 cell-line to a 
protein-free medium without animal-derived components t resulted in a five-day 
culture with a final antibody concentration of 195 mg/L (Figure 1b). 
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Figure 1.  Growth and production of NS0 myeloma in DMEM with 10% FBS (a) and 
modified Serum-free and Protein-free Hybridoma Medium (Sigma-Aldrich, Sweden) (b).

Viable cells (�) and antibody concentration (�). 

2.2. Specific growth rate and specific product formation rate 

Calculation of specific growth rate and specific product formation rate shows that 
the kinetics in the two media is very different. In the serum-medium product 
formation is strongly coupled to cell division (Figure 2a) while in the protein-free
medium it is not (Figure 2b). 

Figure 2. Specfic product formation rate plotted as a function of specific growth rate for NS0
myeloma cultured in serum-medium (a) and protein-free medium (b). 

2.3. Conditioned medium factors

Conditioned medium was concentrated using a 3 kDa cut-off filter and then 
fractionated on a gel-filtration column with a separation span of 3-70 kDa.  The 
effect of different fractions on cell growth was investigated using fractionated fresh 
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medium and running buffer as controls. So far, at least one fraction with a clear 
positive effect has been discovered (Figure 3). The protein content in this fraction is
shown in Figure 4. Proteins with suspected activity are now being identified with N-
terminal sequencing. 

3. DISCUSSION 

The successfull adaptation of NS0 myeloma cells to a protein-free medium and the
profound difference in growth and productivity profiles in this medium compared to
the serum-medium indicates that the cells themselves possess a proliferative control 
system.  During the adaptation process the removal of serum-derived growth factors
forces the cells to activate this system. By producing different factors the cells start 
to, in an autocrine manner, control their growth and maybe also the termination of 
proliferation. Understanding the role of these conditioned medium factors is of vital
importance for developing novel strategies to improve growth and productivity in
NS0 cell cultures.
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Figure 4. Protein content in
chromatography fraction form 
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1. INTRODUCTION

Human monoclonal antibodies have a large potential to be used for diagnosis and 
therapy of various diseases, such as cancer, allergy, and so on. However, there exist 
some problems on sensitizing antigens to the human in order to obtain the antigen-
specific human antibodies because of ethical and moral reasons. In vitro
immunization method (IVI), in which primary B cells are activated to produce
antigen-specific B lymphocytes, was established to solve this problem. In our 
previous study, we have established an IVI of human peripheral blood lymphocytes
(PBL) against soluble proteins such as Cholera toxin B subunit (CTB), KLH or Rice
allergic protein (RA) (Ichikawa et al., 1999). Furthermore, using a fragment peptide 
of CTB or RA, we have demonstrated that peptide antigen can be useful ast
sensitising antigen on IVI. However, some of proteins were difficult to produce
antibodies because of serious effect on PBL on IVI, suff ch as cytotoxicity, 
autoimmune response, change in the cytokine balance, and so on. TNF-α is a 
pleiotropic cytokine primarily produced by activated macrophages to response to a 
variety of inflammatory agents, so it is difficult to use as sensitizing antigen on IVI. 
Furthermore, Anti-TNF-α chimeric monoclonal antibody Infliximab have been
reported to improve symptoms of rheumatoid arthritis and Crohn's disease, and 
approved for treatment of these disease (Targan et al., 1997, Maini et al., 1999).  In
this study, we tried to establish an in vitro immunization protocol against peptide
fragments derived from tumor necrosis factor-α (TNF-α) for production of antibody 
for clinical use.

2. MATERIALS AND METHODS 

©  Printed in the Netherlands. Springer.2005
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2.1. Antigens 

Recombinant human IL-2 were purchased from Genzyme corporation (Cambridge,
MA, USA). Recombinant human IL-4 and recombinant human TNF-α were 
purchased from Pepro Tech EC LTD. (London, England).  Two synthetic peptides, 
TNF-αpep(1) (1VRSSSRTPSDKPVA14: rich-hydrophilic region) and TNF-αpep(2)
(83AVSYQTKVNLLS94: TNF receptor binding region), and their peptides coupled 
with KLH (TNF-αpep(1)-KLH, TNF-αpep(2)-KLH) were obtained from Sigmaαα
Genosys Japan Co. Ltd. (Hokkaido, Japan).  

2.2. Isolation of human lymphocytes

Human peripheral blood lymphocytes (PBL) were separated by density-gradient 
centrifugation from several healthy donors. After separation, the lymphocyte layer 
was harvested and them washed three times with ERDF medium. Lymphocytes from 
peripheral blood were treated with 0.25 mM Leu-Leu-OMe (LLME) to remove the
cytotoxic T cells, CD8+ suppressor T cells, and natural killer cells before use. 

2.3. In Vitro Immunization 

In vitro immunization of PBL was performed in 24 well culture plates. LLME-
treated PBL were cultured for 8 days in ERDF medium containing 10 % fetal bovine 
serum, 2-mercaptoethanol, Muramyl dipeptide (MDP), IL-2, IL-4 and TNF-
α antigens.

2.4. Measurement of antibody production 

Antibody production levels in culture supernatants were measured by a sandwich 
enzym-linked immunosorbent assay (ELISA). Antigen specificity of produced 
antibody was tested by a direct ELISA and enzyme-linked immunospot (ELISPOT)
assay.

3. RESULT AND DISCUSSION

First, in order to examine the effect of TNF-α antigen, we performed IVI of PBL 
derived from healthy donors against various dose of TNF-α, TNF-αpep(1), and αα
TNF-αpep(1)-KLH with IL-2 (10 units/ml), IL-4 (1 ng/ml) and MDP (10 µg/ml). 
Eight days after sensitization, we harvested culture supernatants of each treatment 
and measured antibody production levels by ELISA. As a result, IgM or IgG 
antibody production of PBL was not enhanced by adding each antigen in 
comparison with control. Using TNF-α  protein form as sensitizing antigens, we
couldn’t detect antigen-specific antibody production response from PBL on IVI. But 
we found that TNF-α-specific antibodies were generated in IVI by using TNF-
αpep(1) or TNF-αpep(1)-KLH, especially 0.1 µg/ml TNF-αpep(1) (Table.). In 
addition, by an ELISPOT assay analysis, TNF-α-specific IgM-generated B cells 
were demonstrated to increase by immunization with 0.1 µg/ml TNF-αpep(1). 
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Furthermore, we examined IVI of PBL derived from different donors against TNF-d α
antigens with same conditions of previous study. As a result, we observed  increase  

Table. Effect of antigen form and antigen dose on antigen production of immunized PBL.

Concentration of 
immunogloblins (µg/ml)

Anti-TNF-α antibody 
production

Antigen Dose (µg/ml) IgM IgG IgM IgG 

Control 0 1.805 9.076 - -

TNF-α 10 0.690 11.622 - -

1 1.954 11.096 + + 

0.1 2.432 10.810 + -

TNF-α pep(1) 10 2.760 10.847 + + 

1 6.362 11.084  ++  - 

0.1 4.516 11.462  +++  -

10 2.624 10.318  ++  -TNF-α pep(1)-
KLH 1 3.205 10.535  ++  - 

0.1 2.401 10.306 - + 

 of TNF-α specific IgM antibodies production of every donor’s PBL which were
stimulated against TNF-αpep(1) in vitro. Next, we studied IVI of PBL against TNF-
αpep(2), which was composed hydrophobic amino acid residue and was a TNF
receptor binding region. As a result, we couldn’t detect antibody production 
response of PBL with the same condition of using TNF-αpep(1). However, 
restudied and changed concentrations of IL-4 from 1 ng/ml to 10 ng/ml or MDP 
from 10 µg/ml to 1 µg/ml, we could detect the increase of TNF-α specific antibody
production from PBL stimulated with TNF-αpep(2). These results indicate that anti-
TNF-α antibody can be produced by the IVI method using TNF-α fragment peptide
as sensitizing antigens. Moreover, a fragment peptide can be useful as a sensitizing
antigen on IVI instead of protein form which is difficult to use as an antigen. 

Taken together with our previous report, we have succeeded in the production of 
antigen specific human antibodies by IVI of PBL against three distinct proteins and
their peptides as shown above, we conduct here that IVI of human PBL is a useful 
method of generating antigen-specific human antibody in vitro.
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Abstract We have previously reported that in vitrot immunization (IVI) protocol enables antigen specific 
antibody production from Leu-Leu-Ome (LLME)-treated human peripheral blood lymphocytes (PBL) by
stimulating with antigen in the presence of IL-2, IL-4 and muramyl dipeptide (MDP). In the course of our 
studies to optimize the antibody production, we evaluated the cytokine production profiles in the IVI
protocol. IL-10 was produced in non-treated PBL, which was thought to be one of reasons for inability of 
non-treated PBL to produce antibody, and also produced in LLME-treated PBL 1 wk after the antigen
sensitization, where antibody production was strongly enhanced. Furthermore, IL-10 added to the LLME-
treated PBL before the antigen sensitization, antibody production decreased. However, IL-10 added to the 
LLME-treated PBL at the antigen sensitization augmented antibody production level. These results
strongly suggest that IL-10 might play an important role in the activation and/or inactivation of T cells, B 
cells and antigen presenting cells at the antigen sensitization, where IL-10 might alter the cellular milieu, 
resulting in the suppression or activation of antibody production. In the present study, we tried to further 
evaluate the function of IL-10 in antibody production in the IVI protocol. Results showed that IL-10
added before the antigen sensitization targets CD8 T cells, which might lead to elicit the suppressive
function of T cells, while IL-10 added at the antigen sensitization elicits Th2 type responses via 
suppressing IFN-gamma and augmenting IL-4 production. 

1. INTRODUCTION 

Human monoclonal antibodies are thought to be best suited for clinical use, but 
techniques to produce human mAb haven’t yet been well established. One method to
produce human mAb is the in vitro immunization technique, in which antigen-
specific B lymphocytes taken from peripheral blood are activated by specific 
antigen, and are induced to produce antigen specific mAb [1]. We have previously
improved this technique and demonstrated that muramyl dipeptide (MDP),
interleukin-2 (IL-2) and IL-4 were effective as additive fro inducing the production
of antigen-specific antibody from human PBLs in vitro [2]. We previously found 
that antibody production can be seen in the LLME-treated PBL, but not in non-
treated PBL [3]. During our study, we evaluated the cytokine production profiles in
the IVI protocol. IL-10 was produced in non-treated PBL, which was thought to be
one of reasons for inability of non-treated PBL to produce antibody; while IL-10 
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existing in later period of LLME-treated PBL would enhance antibody production. 
In the course of our studies to optimize the antigen specific antibody production, we 
evaluated the function of IL-10 in the IVI protocol. 

2. MATERIALS AND METHODS 

2.1. In vitro immunization

Human peripheral blood lymphocytes (PBL) were separated from healthy donors by
using lymphocyte separation medium. PBLs were treated with Leu-Leu-OMe to
remove the cytotoxic T cells, CD8+ suppressor T cells and natural killer T cells.
LLME-treated PBLs were cultured in ERDF medium containing 10% heat
inactivated FBS, MDP (10 µg/ml), IL-2 (10 units/ml), IL-4 (10 ng/ml), 2-
mercaptoethanol (20 µM), and mite extract (10 µg/ml). IL-10 (50 or 100 ng/ml) was 
simultaneously added with antigen.  

2.2. Enzyme-linked immunosorbent assay (ELISA)

Supernatants were collected on IVI 2 days, 4 days, and 7 days and applied to
ELISA. Absorbance at 405nm was measured using ELISA reader. Total antibody 
production and specific antibody production were detected by ELISA.

2.3. Cytokine expression profiles

PBLs were collected on IVI 2 days, 4 days and 7 days. CD4+, CD8+ T-cell subsets
and CD19+ B cells were separated by using MS Separation column and MiniMACS 
according to manufacturer’s recommendations. Two hundred ng of total RNA of 
each sample was used in reverse transcription. The same amount of each cDNA 
sample was amplified under the following condition: 94°C 30 s, 60°C or 62°C 30s
and 72°C 1 min by using specific primers for GAPDH and several cytokines.

3. RESULTS AND DISCUSSION

PBLs isolated from healthy donors were immunized in vitro. IL-10 added with mite 
extract (10 µg/ml). The concentration of IL-10 is 0 ng/ml, 50 ng/ml or 100ng/ml
respectively. Supernatants were collected on IVI 2 days, 4 days, and 7 days and 
applied to ELISA. As showed in Figure 1, total IgG production was enhanced by IL-
10 addition. With regard to other types of immunoglobulins and antigen-specific 
antibodies, we obtained almost the same results. In order to further evaluate the
function of IL-10 on antibody production in the IVI protocol, we separated CD4+,
CD8+ T cell subsets and CD19+ B cells on IVI 2 days, 4 days and 7 days. We then
evaluated the effects of IL-10 added simultaneously with antigen on cytokine gene
expressions of those cells. As showed in Figure 2, gene expression levels for IL-2
and IFN-gamma were greatly repressed by IL-10 addition, demonstrating that IL-10 
added with antigen suppressed Th1 type cytokine production both in CD4+ and 
CD8+ T cells. Furthermore, IL-10 added with antigen enhanced the gene expression 

.
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Fig. 1  The effect of IL-10 added with antigen on antibody production

Fig. 2 The Effect of IL-10 Added With Antigen on Gene Expression of Cytokines

levels of IL-4 and IL-10 in CD4+, CD8+ T-cell subsets and CD19+ B cells, indicating 
that IL-10 addition in the IVI protocol would stimulate Th2 type responses, which
leaded to enhancement of antibody production. Previous studies showed that IL-10 
added to the LLME-treated PBL before antigen sensitization, antibody production 
decreased. These results suggest that IL-10 might play an important role in the
activation and/or inactivation of T cells, B cells and antigen presenting cells at the
antigen sensitization. 

In conclusion, our study has showed that IL-10 added before the antigen 
sensitization targets CD8 T cells, which might lead to elicit the suppressive function 
of T cells. Moreover, IL-10 added at the antigen sensitization elicited Th2 type
responses via suppressing IFN-gamma and augmenting IL-4 production. 
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3.   Yamashita M, Katakura Y, Ichikawa A, Teruya K, Shirahata S (2002) Animal Cell Technology: Basic 
& Applied Aspects, Volume 12, 231-234. 

 CD4+ T cells CD8+ Tcells 
NO IL-10         IL-10                NO IL-10     IL-10 

0d  2d  4d 7d   2d  4d  7d      0d  2d  4d  7d  2d  4d 7d
 IL-2
 IFN- γ
                     0d    2d     4d    2d     4d         0d    2d    4d     2d    4d 

IL-4
 IL-10
 CD19+ B cells 

     NO IL-10        IL-10    
   0d   2d     4d     2d    4d  

 IL-4
  IL-10 

2 days 7 days

IL-10 = 10
IL-10 = 100

IL-10 = 0
8

6

4

2

0Ig
G

 p
ro

du
ct

io
n(

µ
g/

m
l)



F. Gòdia and M. Fussenegger (Eds.), Animal Cell Technology meets Genomics, 155-157.
155

K. CALLES1, E. LINDSKOG2, Å. NOSSED2, I. SVENSSON2,
 L. HÄGGSTRÖM2

EXTRACELLULAR HISTONE H4 FROM SF9 CELLS IS
ANTIMICROBIAL

1KaroBio AB, SE-141 57 Huddinge, Sweden, 2 Department of Biotechnology, 
Royal Institute of Technology, SE-106 91 Stockholm, Sweden 

Abstract. Spodoptera frugiperda Sf9 cells produces an extracellular, truncated form of histone H4 (H4-
N12). H4-N12 was suspected to have antimicrobial effects. To investigate this, conditioned medium from 
Sf9 cell cultures was concentrated and fractioned on a gel filtration column. The fractions containing H4-
N12, were collected, pooled and the buffer exchanged (to citrate buffer). Bacillus megaterium was 
incubated in the histone H4 fraction and a drastic loss in viability could be observed already after a couple
of minutes compared to a control culture in the same buffer. Incubation of Escherichia coli showed
similar results, however with a slower decrease in viability. Further, the bacteria displayed a substantial
leakage of intracellular proteins after exposure to the histone H4 fraction. Cell lysis was confirmed by
microscopic investigation. 

1. INTRODUCTION

We have identified an extracellular protein in Sf9 cell culture supernatants as a 
truncated form of histone H4 (H4-N12), by N-terminal sequencing.  

Extracellular histones or histone-fragments are known to have antimicrobial 
activity (1). For example, histone 2A has been shown to be a precursor of buforin I,
which is an antimicrobial peptide in the stomach of the toad Bufo bufo gargarizans 
(2).

The effects of the extracellular histone H4 on different bacteria were therefore 
investigated.  

2. MATERIAL AND METHODS 

Medium from a seven day Sf9 cell culture was used for histone preparation. After 
concentration and gel chromatography of the medium a purified fraction of Histone
H4 was collected (Figure 3, lane 2). Compared to the original medium the proteins 
in this fraction were concentrated 27-fold.  

To investigate the antimicrobial activity, 0.1 mL of either Escherichia coli or 
Bacillus megaterium, was mixed with 0.9 mL of the histone fraction in 10mM
citrate buffer (pH 5.6) to a final OD of 0.5. As a control 0.1 mL bacterial culture was
mixed with 0.9 mL of the citrate buffer. The mixtures were incubated at 37°C for E.
coli and 30°C for B. megaterium. Samples for viable count, OD measurements and 
SDS-PAGE gel analysis were taken at different time points.
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3. RESULTS

The addition of histone fraction to Bacillus megaterium cultures decreased the cell 
viability and optical density drastically (Figure 1 and 2). Addition of histone fraction 
to E. coli cultures showed similar results, however with a less drastic drop in
viability (not shown). 

Figure 1. Survival of B. 
megaterium in buffer with or 
without histone fraction 

Figure 2. OD
600

 profiles of B. megaterium
in buffer with or without histone fraction 

Analysis of culture supernatant on SDS-PAGE showed that the amount of 
extracellular proteins had increased in the culture with histone fraction, indicating
that cell lysis had occurred (Figure 3). Further, micrographs of B. megaterium after 
exposure to the histone fraction confirmed this (Figure 4). These results indicate that 
H4-N12 interferes with membrane permeability.

Figure 3. SDS-PAGE. Samples taken at 0 and 60 minutes from the culture supernatant 
of the control and of the B. megaterium and Histone H4 mixture. Lane1: Control at 0
min, lane 2: Histone fraction at 0 min, lane 3: Molecular weight marker, lane 4:
Control after 60 min, lane 5: B. megaterium and histone fraction mixture after 60 min. 
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Figure 4. Bacillus megaterium after 25 minutes of incubation in buffer (A) and in 
histone fraction (B) 

4. DISCUSSION

The results from this study show that a histone fraction, obtained from conditioned 
medium of Sf9 cell cultures, displayed an antimicrobial effect. An interesting d
question is whether an Sf9 culture would have the ability to defeat a microbial 
contamination. Since the environment would be different in the culture compared to
the conditions in these experiments, the bacterial response is difficult to foresee. The 
histone fraction used for these experiment was concentrated 27-fold compared to the
original conditioned medium. Experiments with a histone fraction at the same 
concentration as in the culture is being carried out at present.
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Abstract. Using a motorized Zeiss-Axiovert 200M microscope equipped with a gas- and temperature-
controlled incubation chamber, we performed studies on calcium phosphate (CaPi) transient transfection 
of CHO-DG44 cells. Over a 24-hour period, images were captured every 10 minutes with bothr
fluorescent and normal light. Enhanced green fluorescent protein (EGFP) was used as a reporter. The 
following observations were made: 

1. CaPi gene transfer and subsequent recombinant protein expression is fast; within 2.5 hours
after transfection the first EGFP positive cells became visible. 

2. Cells with detectable EGFP expression exhibited an extended cell cycle that was 6 – 10 hours
longer than that of EGFP-negative cells. 

3. The first cells to express EGFP were cells that underwent mitosis 1 – 2 hours after CaPi
addition. EGFP expression in both daughter cells post-mitosis occurred only for cells that 
underwent mitosis after the glycerol shock. 

4. Cells with exceptionally high EGFP expression level remained round for unusually long 
periods of time. 

Keywords: calcium phosphate, Chinese Hamster Ovary cells (CHO), Green Fluorescence Protein (GFP),
live imaging, transient transfection, mitosis.

INTRODUCTION

Live imaging microscopy is an excellent tool to study transient transfection using 
fluorescent proteins as markers. Cells can be monitored visually before, during and 
after transfection. Counting fluorescent and non-fluorescent cells gives thet
transfection efficiency as well as information on cell proliferation when correlated 
with time. Live imaging has the advantage over flow cytometry to allow 
morphological and time-dependent cell-by-cell analysis of the observed adherent 
populations. It also allows us to obtain information on the global time frames that 
encompass the activities between transgene transport to the nucleus and subsequent 
intracellular product accumulation.  
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RESULTS AND DISCUSSION

In the transfected cell population the first EGFP expression became visible
approximately 2.5 hours post-glycerol shock. About 90% of the EGFP positive cells
either underwent mitosis or appeared to prepare for mitosis (rounding up) but did 
not divide. The ratio of executed and non-executed mitosis in the early EGPF-
expressing cells was around 3 to 5.  

The first visible EGFP-positive cells eventually developed a strong fluorescence, 
indicative of accumulation of a large intracellular quantity of EGFP.  None of these
cells underwent a second mitosis. They all became round after 7 to 15 hours post 
first observation of EGFP and some of them lost fluorescence after a few hours.
Only cells that proceeded through mitosis post glycerol shock resulted in two EGFP-
positive daughter cells (Fig. 1). None of the cells undergoing mitosis between the
time of DNA addition and glycerol shock (first visible EGFP-positive cells)
produced two EGFP-positive daughter cells – only one of them was positive. We 
assume that a non-homogeneous plasmid distribution within the cell was responsible 
for the asymmetry in expression.

Fig 1. EGFP-positive daughter cells appear post mitosis. ~90% of the positive cells express
EGFP post-mitosis or post-aborted mitosis. The time passed since glycerol shock is indicated 

in hours and minutes in the lower part of each image. GFP-positive cells appear brighter 
than the others. 

It appears that mitosis facilitates DNA entry into the nucleus. The same may be said 
for the glycerol shock since it results in a 50% reduction of cell volume (own 
observation) and thus an increase in the intracellular plasmid concentration. 

Batard et al. (2001) have recently shown that cells with a high copy number of 
plasmid following transfection exhibit reduced cell proliferation and decreased 
survival. Our studies support these results since EGFP-positive cells have an
extended cell cycle compared to negative cells (Table 1).  Cells with very high 
levels of EGFP often rounded up and detached after a few hours.  The occasional 
loss of fluorescence in these cells may have been indicative of membrane leakage
and eventual cell death as blebbing was frequently observed.  
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Table 1. EGFP-positive cells have a longer cell cycle compared to negative cells. 

 Doubling time [hours] 
EGFP-negative cells 12 - 14 
EGFP-positive cells 18 - 22 

EGFP-positive cells reached a maximum of about 20% of the population by 14 
hours after glycerol shock (Fig. 2). Results in Figure 2a represent the number of 
cells counted by microscopy within a surface area of 0.34 mm2. Both EGFP-positive
and negative cells increased in number over a 24-hour time frame, with the growth
of EGFP-negative cells outpacing EGFP-positive cells. For this reason, the EGFP-
positive subpopulation of cells fell to about 15% at 24 hours post-glycerol shock.
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Fig 2. a: Number of EGFP-positive and negative CHO cells post-transfection. b: Percentage
of EGFP-positive cells post- transfection.

We observed first visible EGFP expression in cells just 2.5 hours post-glycerol 
shock.  For these transfections we used a shortened protocol, requiring just one hour 
of interaction between cells and DNA. Since maturation of GFP to its fully
fluorescent state takes about one hour in mammalian cells (Tsien et al., 1998), 
processes for transfer to the nucleus, transcription and translation took 
approximately 1.5 hours. 
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Abstract. Synchronously infected cells show a large spread in the timing of cell death. This asynchrony 
is caused neither by the number of viruses a cell receives nor by the cell cycle status of the cell at the time 
of infection. However, the cell cycle status at the time of infection influences the productivity and 
budding rate.

1. INTRODUCTION

Baculoviruses are increasingly used as an expression vector system and as a bio-
pesticide. A thorough understanding of the in-vitro kinetics of virus infection helps
to design and scale up processes that involve recombinant or wild-type baculovirus 
infections. 

Up to an optimal peak cell density (OPCD) – usually 30 to 40% of maximal peak 
cell density – the yield increases with cell density; thereafter the volumetric yield
drops sharply (Wong et al. 1996). Due to this reason, cell densities are kept around 
or below the OPCD in most processes.

All available infection kinetics models are based on the assumption that the
infection is entirely controlled by the virus and thus determined right at the start of t
the infection. Infected cells proceed through a certain sequence of events such as
virus genome reproduction, viral protein expression, and finally cell lysis.

The simpler models are based on the assumption that all infected cells proceed 
with the same pace and intensity through these different stages (Nielsen 2000). 
However, this assumption is inconsistent with the observed behaviour as cell lysis
occurs anywhere between 40 and 80 hours post infection (hpi) (Figure 1c).  t

More complex models are based on the assumption that the timing and intensity 
of these events depend on the number of viruses each individual cell receives (Licari 
and Bailey 1992; Hu and Bentley 2000), which provides a possible explanation for 
the spread in the timing of cell death. 

Other explanations could be the cell cycle state of the infected cell at the time of 
infection or various unspecified events that occur within a cell. 

This study investigates whether the number of infectious viruses and/or the cell m
cycle state at the time of infection causes the observed asynchrony of baculovirus 
infection kinetics. 
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2. RESULTS AND DISCUSSION

2.2. Multiplicity of Infection (MOI) 

If a cell culture is infected with more than 3 active viruses (or plaque forming units – 
PFU) per cell, all cells become infected within a short time-frame; this constitutes a
synchronous infection. If a culture is infected with an MOI of 15 PFU/cell, it can be 
assumed that <1% of all cells will receive less than 6 PFU/cell and <1% of all cells
will receive more than 25 PFU/cell. 
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Figure 1. Infection using different MOIs. 

Three Sf9 insect cell cultures at a cell density of 1.4*106 cells/ml (30% of the
OPCD) were infected at an MOI of 5, 15, and 45 PFU/cell. The infection kinetics of 
these cultures were identical in viral genome replication (determined by real time 
PCR), recombinant protein (β-galactosidase) production, and viability (Figure 1).
Further they were also identical in cell volume increase and viral budding rate (data 
not shown).

Therefore, the assumption that the timing and intensity of these events depend on 
the number of viruses each individual cell receives can be dismissed for 
synchronous baculovirus infection at a cell density below or at the OPCD. 

2.2. Cell Cycle 

Immediate early genes of the baculovirus influence the cell cycle of the host cell 
(Prikhod'ko and Miller 1998). Hence, it seems likely that the cell cycle phase at the 
time of infection has an influence on the infection kinetics.

 R. HAAS, ET AL.
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Figure 2. Infection of cells at different cell cycle phases.

Cells at a cell density of 1.8*106 cells/ ml (35% of the OPCD) were separated 
according to their sizes (or cell cycle phase) by means of centrifugal elutriation. 
Subsequently, the cells were infected at an MOI of ~30 PFU/cell to ensure
synchronous infection.

No difference in the timing of cell death was observed between cells infected at 
different cell cycle phases (Figure 2c). Hence, the cell cycle phase does not cause 
the observed asynchrony in the timing of cell death. 

An increased viral genome replication, recombinant protein production (Figure
2A & B), and viral budding rate (data not shown) were observed with a later 
positioning in the cell cycle at the time of infection. This is the first time that this 
cell cycle dependent asynchrony in synchronously infected culture has been 
observed. We speculate that this effect is caused by an increased protein production 
system of cells at a later stage of the cell cycle phase rather than the genetic cell 
cycle status itself. 
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1. INTRODUCTION 

Bioartificial liver support using immobilized hepatocytes in a hollow fiber 
bioreactor is the most encouraging approach to overcome the increasing problem of 
donor organ shortage in liver transplantation surgery. One of the main challenges is
the continous supply of hepatocytes at any time a medical application is needed. The
coordination of hepatocyte propagation and their medical application without any 
intermediate step is a complicated venture and hardly practiable since any 
application of the bioartificial liver system is unpredictable. Therefore, after 
cultivation the cells have to be maintained under conditions which enables storage 
over a certain period of time and subsequently facilitates a rapid recovery of the 
hepatocytes. Cryopreservation is a well established method in cell culture 
technology. Investigations with primary hepatocytes of several species including 
man provided maintenance at 90% viability (1). However, cell recovery is decreased 
– values as low as 22% of the initial cell amount have been reported (2). 
Furthermore, cryopreservation requires the addition of potentially toxic compounds 
like dimethyl sulfoxide. These compounds have to be removed from the hepatocyte
culture prior to medical application. This is unreliable, costly and time-consuming. 
Methods which avoid harmful cryoprotective additives are preferable. Such a
method can be the storage at temperatures slightly above the freezing point. Hence, 
we investigated the preservation potential of an enriched standard cultivationf
medium at 4°C and physiological pH with a special focus on the impact of 
controlled oxygen concentrations during the chilling procedure and the subsequent 
hypothermic storage on cell survival and recovery in a pO2- and pH-controlled 1-L 
bioreactor.
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2. MATERIALS AND METHODS

Two immortalized murine hepatocyte cell lines (HepT and K105) and the human
hepatoma cell line C3A were used. The murine lines were propagated by 
microcarrier cultivation (CultiSpher® G, Percell, Astorp, Sweden); C3A was
expanded by spheroid cultivation.  The hepatocytes were cultivated and 
subsequently preserved in a pO2- and pH-controlled 1-L-bioreactor. The main
feature of the bioreactor itself is a membrane stirrer with 2 m of a polypropylene 
hollow fiber membrane tubing for bubble free aeration. Temperature was adjusted 
by a cooling and heating circulator bath. Hypothermic preservation was performed 
according to table 1.

Table 1. Oxygen conentration (O2) of the different preservation modes during chilling and 22

subsequent preservation of the hepatocyte cell lines in the pO2- and pH-controlled bioreactor 
system. The pH was each perpetuated at its physiological value (pH 7.2). AHP = anoxic 

hypothermic preservation, NHP = normoxic hypothermic preservation, HHP = hyperoxic 
hypothermic preservation, MAHP = modified anoxic hypothermic preservation

Mode Chilling (37°C → 4°C)→ reser ation (at 4°C)

AHP O2 = 0.00 mg L
-1

O2 = 0.00 mg L
-1

NHP O2 = 2.75 mg L
-1

O2 = 2.75 mg L
-1

HHP O2 = 8.76 mg L
-1

O2 = 8.76 mg L
-1

MAHP O2 = 8.76 mg L
-1

O2 = 0.00 mg L
-1

Cell densities were estimated automatically by the CEDEX system (Innovatis,
Bielefeld, Germany) based on the trypan blue exclusion method. Glucose and lactate 
were determined with an automatic analyzer system based on enzymatic and 
electrochemical reactions (YSI 2700, Yellow Springs Instruments, Yellow Springs, 
OH, USA). The free amino acids in the culture supernatants were analysed with an 
automated reversed phase high performance liquid chromatography system (RP-
HPLC) with precolumn derivatization using the o-phthaldialdehyde method. 
Ammonia detection was performed by using a spectrofluorimetric method based 
upon o phthaldialdehyde (OPA) derivatisation. 

3. RESULTS

The maintenance of cell viability was depending both on the type of preservation
procedure and the hepatocyte cell line. Independent from conditions during chilling
and hypothermic preservation, the human hepatoma cell line C3A died rapidly 
within approximately 24 hours (fig. 1). Comparable results were achieved with 
K105, except under modified anoxic conditions (MAHP). In this case the decrease
of the viable cell number could be reduced to a rate of 25.8 ±4.8% per day (fig. 1). 
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Figure 1. Cell loss of HepT, C3A
and K105 during hypothermic 
preservation in the 1-L
bioreactor in relation to the 
preservation mode. AHP: anoxic 
hypothermic preservation; NHP: 
normoxic hypothermic
preservation; HHP: hyperoxic
hypothermic preservation, a)
cell loss within the first 48 hours 
of preservation, b) cell loss 
during preservation beyond 48 
hous; MAHP: modified anoxic 
hypothermic preservation.

Figure 2. Residual metabolic
activity (percentage) of Hep T 
during modified anoxic 
hypothermic preservation 
(MAHP) in the 1-L bioreactor 
in relation to the metabolic
activity of HepT during 
cultivation under physiological 
conditions.

The most robust hepatocyte cell line under hypothermic conditions was HepT.
Remarkably, cell viability of HepT was stable within the first 48 hours of 
hypothermic storage under hyperoxic conditions (HHP) but decreased subsequently 
with a rate of 20.1 ±0.5% per day. Modified anoxic conditions (MAHP) emerged as 
the best way to preserve HepT hypothermically over several days. In this case the 
decrease of the number of viable cells could be limited to a rate of 2.3 ±0.3% per 
day (fig. 1). The metabolic activity of HepT under modified anoxic hypothermic
conditions (MAHP) was reduced to a minimum in relation to the normal metabolic
activity under physiological conditions (fig.2). Cell recovery correlated inversely 
with cell impairment during hypothermic preservation (fig 3). Preservation of HepT
under modified anoxic hypothermic conditions (MAHP) for up to 9.5 days, resulting
in a comparative moderate loss of viable cells, facilitated a rapid subsequent 
recovery. Hypothermic, non-freezing storage under defined pO2 and pH conditions
is an alternative to cryopreservation for a comparatively short period of time. Rapid 
recovery of the hepatocytes can be obtained. Nevertheless, the ideal conditions for a 
successful preservation have to be estimated discretely for each hepatocyte cell line. 
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Figure 3. Proliferation activity (percentage) of HepT during normothermic recovery
proportional to proliferation activity under physiological conditions in relation to the

preceeded hypothermic preservation mode in the 1-L bioreactor. 
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Abstract. The epithelial MDCK cell line which is considered as an alternative system for influenza virus
vaccine production is known to consist of different cell subtypes. We showed previously that phenotypic
and genotypic characteristics of cells were profoundly modified with cell culture conditions, i.e., culture
medium and passage number (KESSLER et al,; 2001). Questions arose as to 1) whether changes occur as 
a consequence of cell subtype selection or result from cell de-differentiation and 2) whether these changes 
are capable to influence MDCK cell responsiveness to influenza virus infection. In order to bring some 
piece of information to these questions, we cloned MDCK cells cultivated in serum-supplemented 
medium or adaptated to serum-free Ultra-MDCK medium (BioWHITTAKER). Several sub-clones were
selected under each culture conditions on the basis of morphological characteristics and were then studied 
in terms of karyotype and phenotypic markers (PNA binding, TEER). In addition susceptibility to
influenza virus infection was analyzed by using a pannel of fourteen A/H3N2 strains ranging from 
A/Hong Kong/1/68 virus to A/Sydney/5/97 virus
Key words: MDCK, Trans-epithelial electrical resistance (TEER), peanut lectin (PNA), carbonic 
anhydrase (CA), influenza virus.

1. MATERIALS AND METHODS

For cloning, MDCK cells grown in either FCS-supplemented EMEM or serum-free
Ultra-MDCK medium (BioWhittaker/Cambrex) were seeded in 96 well plates, at 
limiting dilution (1 cell / well) in the same medium and medium changes were 
performed twice a week. After subsequent trypsinization, cells were controlled for 
PNA binding and CA activity. Clones of interest were selected and cells were frozen 
6-8 passages post cloning. PNA (Peanut lectin) binding was controlled using a 
biotinylated PNA (Vector and an HRP-avidin (Zymed) Trans-epithelial electrical 
resistance (TEER) was measured across cell monolayers grown on permeable 
supports (T-Clear inserts, Costar) using the Millicell ERS system (Millipore). 
Karyotype analysis was performed using a modification of the GTG banding 
procedure described by Seabright (1971).

Fourteen A/H3N2 influenza strains isolated from 1968 to 1999 were selected and 
used after three passages in MDCK cells adapted to Ultra-MDCK medium. All 
infections of MDCK clone cells were performed at a 10-5 m.o.i. Susceptibility of 
clones to influenza infection was tested in terms of infectious particle productivity
on wild-type MDCK cells, hemagglutination activity using using hen red blood 
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cells, neuraminidase activity on fetuin substrate (Aymard-Henry et al, 1973) and 
immunofluorescence with anti nucleoprotein monoclonal antibody and polyspecific
polyclonal anti-serum. 

2. RESULTS AND DISCUSSION

2.1. Analysis of MDCK clones 

Six clones derived from Ultra-MDCK medium-adapted cells at p62 FBS-EMEM, p9 
Ultra-MDCK (2E2, 2B11, 2G10, 1H8) or p72FBS-EMEM, p155 Ultra-MDCK 
(B11 A8) and six clones derived from FBS- EMEM grown cells at p89 (AD8, BF12,
AG1, BD7, BF5, BH2) were selected for subsequent analysis. Table1 summarized 
the results obtained when analyzing the karyotype, PNA binding and TEER of SFM
grown and FBS grown clones which were used twelve passages and ten passages
post cloning respectively.

Table1. Phenotypic and genotypic characteristics of clones

PNA TEER
+++ ++/+ ±/- No Low 

<500Ω.cm
2

Medium

<4000Ω.cm
2

High

5000Ω.cm
2

78-81
chr

AD8
BF12

2G10
B11
2E2

A8
AG1
BD7
BF5
BH2

BF5
BH2

AD8
A8-

2G10
B11

AG1
BD7
2E2

BF12

>84 chr. 2B11 1H8 2B11
1H8

No
TEER

BF5
BH2

Low 
TEER AD8

2G10
B11

A8

High
TEER

BF12
2B11

2E2
AG1
BD7
1H8

Ultra-MDCK grown clones (in bold in Tables) were shown to belong to two 
different genotypes as a function of their low (78-81 chromosomes) or high (>84
chromosomes) modal number while all six FBS-grown clones (underlined in Tables) 

Figure1. PNA binding
A- +++, B-++/+, C-±/- 

A B C
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exhibited a unique low modal number. Seven different phenotypes resulted from the 
different combinations between PNA binding (Figure1) and TEER activity of 
clones; five of them were associated with the low modal number genotype 
exclusively while the two others were found associated with both low and high 
modal number genotype (Table2). Two clones, 1H8 and AD8, exhibited both 
genotypic and phenotypic profiles similar to those of  C7 and C11 clones which 
were previously described by Gekle et al (1994) and Wünsch et al (1995) as 
representative of Principal cells and Intercalated cells respectively. The isolation of 
seven additional phenotype/genotype clone profiles demonstrated without ambiguityff
the extraordinary plasticity of MDCK cells which were shown capable to completely
modify their phenotype and/or genotype with culture conditions. 

Table2. MDCK cell phenotypic/genotypic profiles

No/Low PNA Medium PNA High PNA 

TEER=0 Medium
TEER 

High
TEER

Medium
TEER

High
TEER

Low 
TEER 

High
TEER

Low 
chr.

BF5
BH2

A8 AG1
BD7

2G10
B11

2E2 AD8 BF12

High
chr. 1H8 2B11

2.2. Susceptibility of MDCK clones to influenza virus infection 

Cells from 1H8, 2B11, 2G10 and 2E2 clones were tested for their comparative
susceptibility to infection with A/H3N2 influenza strains. Results showed: 1- a 
difference in susceptibility of clones to A/H3N2 infection, with a frequently highest 
sensitivity of 2E2 cells. The difference observed with each virus, between the
highest and lowest values of infectious titre as a function of clones allowed ranging 
viruses in three groups (Table3). 2- For each virus/MDCK clone pair, a differential
sensitivity was observed when considering the different antigens : hemagglutinin, 
neuraminidase and infectious particles. 3- Using immunofluorescence test,    
differences were shown as a function of clones in the kinetic of synthesis of viral 
antigens.



174 N. KESSLER, ET AL.

Table3.Grouping of A/H3N2 viruses with clone differences in sensitivity 

Difference between

highest/lowest

log TCID50 values with clones 

A/H3N2 strains 

<0.5 log A/Vic/3/75- A/Shang/16/89- A/Beij/32/92

0.5 <log<1 A/Bgk/1/79- A/Sich/2/87- A/Guiz/54/89

>1 log 

A/HK/1/68- A/Miss/1/85- A/Beij/353/89

A/Shangd/9/93- A/Johan/33/94-

A/Nanch/933/95- A/Syd/5/97- A/Pan/2007/97 
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EXTRACELLULAR METALLOPROTEASES AND
THEIR INHIBITORS EXPRESSED BY THE IFN-γ

PRODUCING CHO-320 CELL LINE.

Cellular Bioengineering group.  Institut des Sciences de la Vie & Université 
Catholique de Louvain, 1348 Louvain la Neuve, Belgium.

1. INTRODUCTION

Chinese Hamster Ovary (CHO) cells are among the most widespread expression 
system for production of proteins requiring post-translational modifications for their 
biological activity. Serum- and animal protein-free cultivation increases biosafety 
and facilitates purification procedures, but it raises the problem of recombinant 
product proteolysis due to loss of several inhibitors present in serum. Here we report 
nutritive medium dependent and independent expression of matrix metalloproteases
(MMP) and natural inhibitors by the IFN-γ producing CHO-320 cell line. γ

2. MATERIALS AND METHODS 

CHO-320 cell line, a gift from Dr. A. Marc (Nancy, France), was cultivated in  
suspension in BDM [1] supplemented with ITS (1%, v/v)), pluronic F-68 (0.1%, 
w/v) and rice protein hydrolysates from either Quest (Maarsen, The Netherlands)
(Q-CBDM) or CWBI (Liège, Belgium) (C-CBDM). Zymographies were performed 
under non-reducing conditions in a SDS-PAGE gel enclosing gelatin (0.5%, w/v) as 
substrate. Proteases were visualized as clear bands on a dark background. Reverse 
zymographies were performed similarly but with 10 times concentrated conditioned 
media and exogenous active MMP added during incubation to allow the 
visualization of inhibitors as dark bands. Western-blotting were performed with 
polyclonal antibodies raised to human IFN-γ (Endogen, Woburn, USA), mouse 
MMP-14 or mouse TIMP-2 (Santa Cruz Biotechnology, Santa Cruz, USA).  

3. RESULTS AND DISCUSSION

We have previously identified a secreted MMP, as proMMP-9, in the culture 
medium of CHO-320 cells. This MMP is continuously expressed with limited 
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activation occurring along the death phase [2]. We now describe MMP-14, another 
member of the MMP family, but detected at the outer side of the plasma membrane.
Fig. 1 shows that MMP-14 is expressed under three different molecular forms: 
proMMP-14, active MMP-14 and an inactive degradation product. The type of rice 
peptones added to the nutritive medium did not affect the expression at the
transcriptional level, since MMP-14 mRNA levels are not different when CHO-320RR
cells were cultivated in either Q-CBDM (panel b, lane 1) or C-CBDM (panel b, lane 
2). At a post-translational level, the proteic activity decreased during cultivation in 
C-CBDM (panel b, lane 2). 

Figure 1: MMP-14 expression. CHO-320 cells cultivated for 4 days in Q- (1) or C-CBDM 
(2). 50 µg of whole cell lysates were analysed by western-blotting detecting MMP-14 (panel 
a). mRNA from the same cells were isolated, reverse transcribed and amplified by PCR using 

primers of β-actin and MMP-14 cDNA (panel b).ββ

We also found that natural inhibitors of the tissue inhibitors of metalloproteases
(TIMPs) are secreted by the CHO-320 cells to counteract proteases expression. 

Figure 2 : TIMPs expression. CHO-320 cells were cultivated for 4 days in either Q-(1) or C-
CBDM (2). Media were then concentrated 10x and analysed by gelatin reverse zymography 
(panel a) or western-blotting with polyclonal antibodies raised against TIMP-2 (panel b).

Gelatin reverse zymography and western-blotting (fig. 2) revealed that two members 
of the TIMPs family are expressed in the conditioned media. In fact, TIMP-1 is the 
only member of the family displaying glycosylation and has an apparent MW of 
28 kDa. TIMP-2 that is not glycosylated, has been identified by western-blotting at 
22 kDa. The expression of these proteins was unaffected by the cultivation in either 
Q- (1) or C-CBDM (2). Interestingly, TIMP-1 is the natural inhibitor of MMP-9 and 
TIMP-2 is implicated in MMP-14 inhibition. This strongly suggests a coordinated 
expression of proMMP-9/TIMP-1 and (pro)MMP-14/TIMP-2 in CHO-320 cells.  

β -actin-actin

MMP-14MMP-14
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Active MMP-14Active MMP-14
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When CHO-320 cells were cultivated in C-CBDM (fig. 3, upper panel), a 70 kDa 
MMP appeared in the conditioned medium which is immunologically distinct from 
(pro)MMP-9 and still under characterisation by mass spectrometry. In the same
culture conditions, western-blotting analysis of recombinant IFN-γ (fig. 3, lower 
panel) revealed proteolysis as bands of lower molecular weight than the non-
glycosylated (0N) protein appeared after 4 days of cultivation.  

Figure 3: Medium dependant expression and proteolysis. Conditioned media of CHO-320
cells cultivated in Q-CBDM (left part) or C-CBDM (right part) were subjected to gelatin
zymography (upper panel) or western-blotting (lower panel) with polyclonal antibodies 

raised against human IFN-γ. 0N, 1N and 2N are respectively the non-, mono- and γγ
bi-glycosylated forms of the recombinant IFN-γ  monomer.γ

Experiments are in progress to further characterise proteases and their inhibitors in 
CHO-320 cells as well as the different effects of plant peptones on these pathways.

4. CONCLUSIONS 

Expression of proteases and IFN-γ proteolysis are tightly depending on the cultureγ
conditions.  MMP-14 expression is lower in C-CBDM than in Q-CBDM while the
70 kDa metalloprotease only appeared in C-CBDM conditioned media. We showed 
also that IFN-γ undergoes proteolysis when the 70 kDa metalloprotease was γ
expressed.
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NOVEL SMALL-MOLECULE AKT1 INHIBITORS 
DISCOVERED BY REDISTRIBUTION™-BASED HIGH-

THROUGHPUT SCREENING 

BioImage A/S, Copenhagen, Denmark, www.bioimage.com 

1. INTRODUCTION 

1.1 Redistribution™ 

Redistribution™ is a novel approach for discovering drugs that specifically
modulate the function of intracellular signalling proteins by modulating their 
translocation behaviour without affecting their inherent catalytic activity. 
Intracellular translocation of selected targets labelled with a proprietary Green 
Fluorescent Protein (GFP) is quantified in living cells in high throughput.
Redistribution™ allows identification of drug candidates aimed at targets which 
previously have proven difficult to modulate with high selectivity. 

1.2 Akt1 as a target for translocation modulating drugs 

The PI3-Kinase pathway regulates multiple cellular responses such as cell 
proliferation, growth and survival. One of the main effectors of PI3-K is the kinase
Akt/PKB. Akt activity is frequently elevated in primary carcinomas most frequently 
due to PTEN gene loss. Akt activation provides growth factor-mediated cell survival
by phosphorylating and inactivating Bad, Caspase 9, and Forkhead transcription
factors, all of which can induce apoptosis. A drug that inhibits translocation of Akt 
to the plasma membrane is predicted to specifically decrease Akt activity

2. RESULTS 

2.1 Akt1 Redistribution™ assay

Activation of growth factor receptors induces PI3-K dependent formation of PIP3 at 
the plasma membrane. The PH domain of Akt has high affinity for PIP3, and 
mediates transient translocation of Akt from the cytoplasm to the plasma membrane 
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following growth factor stimulation. We have developed a cell-based assay to screen 
for drug candidates that selectively inhibit Akt1 translocation using insulin
signalling as our model system.

A CHO cell line stably expressing the human insulin receptor and GFP-tagged 
Akt1 is utilized in an antagonist-type assay. Akt1 translocation to the plasma 
membrane is initially stimulated by insulin. Subsequently, cells are treated with 
compounds that potentially reverse the insulin-induced translocation using the PI3-
Kinase inhibitor wortmannin as a reference compound. The redistribution of Akt1–
GFP is measured as a change in fluorescence intensity over time using a FLIPR 
(figure 1ab). 

Figure 1. A) Schematic presentation of Akt1-GFP translocation in our RedistributionTM assay.
B) Schematic diagram showing the FLIPR trace throughout the experiment. C)

Representative images of FKHR-GFP-expressing U2OS cells with (top) and without (bottom)
stimulation with 10 µM LY294002 

2.2 High Throughput Screening and Secondary Characterisation of Hits

We have screened a library of 65000 compounds in our Akt1 Redistribution™ 
assay. The potency to inhibit translocation expressed as percent activity was 
determined for all compounds by normalising to wortmannin treated cells. The 
average Z’-factor of the screen was 0.59. The screen yielded 130 hits that were
confirmed in retest. 

To further characterise our hit compounds, we developed a set of secondarymm
assays. One such assay, measures the induction of nuclear translocation of FKHR-
GFP. FKHR (forkhead) is a direct Akt target and is retained in the cytoplasm during
periods of high Akt activity. Therefore, Akt pathway inhibitors are expected to lead t
to accumulation of FKHR in the nucleus. Nuclear accumulation of FKHR is thus a 
good downstream readout of Akt pathway inhibition (figure 1c, table 2). 

Our second characterisation assay measures translocation of Btk-GFP from the
cytoplasm to the plasma membrane. Like Akt, Btk contains a PH domain and 
translocates to the plasma membrane in response to the same stimuli as Akt. This 
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assay therefore allows us to discriminate between compounds that affect Akt 
directly and specifically, and those that act either upstream of Akt or antagonise PH 
domains non-specifically (table 2). 

Furthermore, we have tested hit compounds for their inhibitory activity in a set 
of kinase assays, including Akt1 itself, PI3-Kinase, and the Insulin receptor tyrosine
kinase (InsR-TK). Finally, selected hit compounds have been assayed for specific
growth inhibitory effects in a panel of human tumour cell lines that are either f
dependent or independent of PI3-Kinase/Akt pathway activity (table 2).

To illustrate the type of hit compounds that result from a pathway-type screen 
such as ours, partial data for two different compounds is shown below. Table 2
outlines the activity profiles of the two compounds in the Akt1 screening assay and 
secondary assays. 

Compound A is conceivably a PI3-kinase inhibitor like the reference compound 
wortmannnin. Compound B has no inhibitory effect on upstream selectivity assays.
Therefore compound B most likely works at the level of Akt although this remains 
to be formally proven in binding assays. Both compounds show selectivity in the
tumour cell line proliferation assays, indicating that inhibitors at multiple levels in 
the PI3-kinase pathway are candidates for anti-cancer drugs (table 1). 

Table 1. Mean IC70 of compounds A and B in 4 day cell proliferation assays

Cell line Origin PI3-K pathway
dependency

Cmpd A
IC70 (µM)

Cmpd B
IC70 (µM).

OVCAR-3 ovarian dependent 9.7 1.3 
SKOV-3 ovarian independent 55.0 6.4
MDA-MB-468 breast dependent 6.3 0.4t
MDA-MB-231 breast independent 35.6 5.0 

Table 2. Assay summary for two compound examples 

Assay Assay Level Cmpd A Cmpd B
Akt1 translocation screening inhibition inhibition
FKHR translocation functional, downstream translocation translocation 
Btk-PH translocation selectivity, upstream inhibition none 
Akt1 kinase assay characterisation none none 
InsR-TK kinase assay selectivity, upstream none none
PI3-K kinase assay selectivity, upstream inhibition inhibition 
Cell Proliferation  functional, downstream selectivity selectivity 
Likely activity  PI3K inh. Akt1 inh.

3. CONCLUSION 

We conclude that the Redistribution™ approach is a valid strategy for discovering 
novel drug candidates that specifically and efficiently targets the dynamics of 
important signalling pathways, here exemplified by an Akt1 translocation inhibitor.ff
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INFLUENCE OF MISTLETOE EXTRACTS AND ITS
COMPONENTS ON IN VITRO PHYSIOLOGY OF 

CANCER CELLS

a: HSW, Hochschule Wädenswil, Grüntal, CH-8820 Wädenswil, Switzerland 
 b: Paracelsus-Spital, Bergstrasse 16, CH-8805 Richterswil, Switzerland 

Abstract. The effect of various mistletoe preparations on cancer cells are well known [1]. We compared 
the induced cytotoxicity of ash and apple mistletoe extracts with common cytostatics such as Cisplatin,
Paclita-xel and Doxorubicin. The effectiveness of these cancer therapeutics were depending on the 
concentration of the active agent, the cancer cell line and the presence of fetal calf serum (FCS) or 
mistletoe polysaccharides in the culture medium.

1. INTRODUCTION 

The actual cancer therapy with mistletoe preparations is based on the tumor pro-
gression and the physical and mental health of the patient in general. The mistletoe 
therapy was established in 1922 by Rudolf Steiner and Ita Wegmann and is the most 
common in Germany today [3].  Mistletoe extracts contain a multitude of substances
that have immunstimulatory and cytotoxic or anti-tumorigenic and antimetatstatic
effects, including viscotoxins and lectins (ML-I, ML-II, ML-III, VisalbCBA). 

The mistletoes for the preparations derive from different trees. The final 
mistletoe extract is available as freshly pressed or fermented juice depending on the
specific production process of the manufacturer. These different treatments result in
a wide range of products.

The variety of the mistletoe preparations and the individual responsiveness of the
patient to the mistletoe extract demand an effort to prognosticate the optimal therapy
with the best individual medicament. In this sense we showed that the cytotoxicity
of a distinct mistletoe extract is different regarding different cancer cell lines. 

2. RESULTS

2.1. Effect of mistletoe extracts and cytostatics on the proliferation of the breast 
cancer cells MFM-223 and KPL-1

The extract of fresh apple mistletoe (Abnoba®Mali-2) and ash mistletoe (Abnoba® 
Fraxini-2) as well the chemotherapeutics Cisplatin, Paclitaxel and Doxorubicin were
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added to the breast tumor cells MFM-223 and KPL-1 in decreasing concentrations
from 10-1 to 10-4 mg·ml-1. The toxic influence on the cells was controlled observing
the cell proliferation (BrdU incorporation), the mitochondrial activity (MTT) and the
cell viability (LDH). It was shown that mistletoe preparations have comparable,
dose-de-pendent cytotoxic effect on cancer cells to common cytostatica. The 
viability of KPL-1 cells was diminished in the range of 60-80% when the 
concentration of  chemothera-peutics was 10-1 mg·ml-1. Lower doses from 10-2 to 10-

4 mg·ml-1 of Abnoba®Mali-2, Abnoba® Fraxini-2, Cisplatin and Doxorubicin had 
no influence on the cell prolifera-tion. Paclitaxel showed no effect on KPL-1. In 
contrast, the MFM-223 cell line reacted very sensitive to Paclitaxel in all
concentrations tested, even at 10-4 mg·ml-1 80% of the cells were killed. 10-1 and 10-2

mg·ml-1 Doxorubicin and the two mistletoe extracts lo-wered the viability of MFM-
223 to 10-20%, whereas Cisplatin had a cytotoxic effect only at a concentration of 
0.1 mg·ml-1.

2.2. The influence of mistletoe lectins, viscotoxin and mistletoe polysaccharides on
the growth of MOLT-4 

The most powerful, cytotoxic agent of mistletoe extract was described to be the 
mistletoe lectin I (ML I) and viscotoxin [2]. We tested how isolated ML I and visco-
toxin influenced the proliferation of MOLT-4 in the presence and absence of FCS.
Finally, we supplemented the culture medium with mistletoe polysaccharides in 
com-bination with ML I or viscotoxin. We found, that viscotoxin only destroyed 
cells in high concentrations of 9 µg·ml-1, whereas ML I stopped cell proliferation in 
the range of 2.5 ng·ml-1 in the presence of FCS. In the culture medium without FCS, 
the ML I were diluted to 0.0025 ng·ml-1 without any loss of toxicity compared to the 
highest dose of 250 ng·ml-1. The addition of mistletoe polysaccharides (MS) reduced 
the toxic effect of ML I. However, viscotoxin seemed to stimulate the cell
proliferation when mistletoe polysaccharides were present. 

2.3. Mistletoe applications on primary breast cancer cells

Isolated breast cancer cells of three patients were cultured in the presence of three 
different mistletoe preparations: Abnoba Fraxini-2 (ash) corresponds to a fresh
pressed extract, Isacodor M (apple) and Q (oak) were fermented mistletoe juices. All
prepara-tions showed cytotoxic effects in the highest concentrations of 01 mg·ml-1:
only 20% of the cells from patient 2 survived, the viability of the cells from patient 1 
and 3 was re-duced in the range of 40 to 50 %. Cells of patient 1 reacted the most 
sensitive to Fraxi-ni-2, whereas cells of patient 3 were sensitive to Iscador M.

3. CONCLUSION 

We conclude, that mistletoe extracts show comparable results to common cytosta-
tics regarding the mitochondrial activity of tumor cells in vitro. 
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The active agents of mistletoe, the mistletoe lectins and viscotoxin, can be 
influen-ced by FCS or mistletoe polysaccharides regarding cell proliferation.

Different mistletoe preparations have different cytotoxic effects on primaryt
breast cancer cells from different patients.
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1. INTRODUCTION 

The number of therapeutic antibodies and recombinant proteins developed has risen
dramatically over the past decade.  This explosion in therapeutic antibody research
was followed with immediate success as Rituxan® and Herceptin®, the first 
therapeutic antibodies accepted by the FDA for non-Hodgkin's lymphoma and breast 
cancer respectively and lately immunotherapeutics showed indications in the 
inhibition of prion replication and slowing down the disease (White et al, 2003).  
Over 90% of the potential therapeutic antibodies are at the clinical trial stages.  This
trend is likely to increase with the timing of proteomic research.  The type of 
diseases targeted include arthritis (Kevorkov & Futlik, 2000), Asthma (Nelson, 
2003), HIV (Tsamis, 2003) and stroke (Wiessner, 2003).  Clinical trials and in 
market therapeutic antibodies are produced in vast quantities depending on the 
market requirements and trial demands.  

Analysis of these products is vital throughout the product life cycle from 
development to final release.  The widely employed techniques for such purposes 
are SDS-PAGE electrophoresis, Protein A HPLC and ELISA assays which require 
multiple operators and can result in protruded time line. The use of these techniques 
is necessitated to have an understanding of the product quality issues and titre
assessment.  The current advances in proteomic research and increased therapeutic
antibody development requires more efficient technologies and platforms with multi 
analytical/parameter capabilities to deliver the data with minimum resource and at a
rapid speed to facilitate the anticipated throughput, this is were the 2100 Bioanalyser 
(Figure 1) proves its usefulness.  This technique has been evaluated at Lonza
Biologics for the analysis of monoclonal antibody (IgG4). This is referred to as Lab 
Chip technology and is based on microfluidics where sample preparation, fluid 
handling and biochemical analysis are carried out within the confines of a
microchip. The chips comprise of microchannels fabricated in glass that create an
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interconnected network of gel matrix reservoirs and pathways.  This technology has
fully automated analytical and data processing capability. 

At Lonza Biologics we have employed the 2100 Bioanalyser at selected stages of 
product manufacturing development and compared it with the conventional mm
techniques.  Some promising data were obtained. Lonza Biologics, part of Swiss-
based Lonza Group, is a contract manufacturer of biotherapeutics derived from tt
mammalian cell culture.  

2. METHOD AND SAMPLE PREPARATION

4 µl of sample was added to 2 µl of sample buffer (± -MCE).  Sample was heated 
in boiling water for 1 minute. After cooling the sample was spun at 13K RPM for 15 
seconds.  This was followed by the addition of 84 µl of distilled water.  6.0 µl of 
sample and ladder was applied into the protein chip wells where proteins are 
separated by the acrylamide sieving process.  The protein chip was loaded onto the
2100 Bioanalyser and each protein is then induced by fluorescent excitation at 633
nm. All the reagents are provided in the 2100 Bioanalyser protein 200 plus kit 
(http://www.chem.agilent.com/Scripts/PCol.asp?lPage=50).

3. RESULTS AND DISCUSSION

Antibody analysis using 2100 Bioanalyser at early stages of the manufacturing
development process (Figure 1a & 1b) showed that titre and antibody integrity 
information are essential in the selection process of cell line clones.  Rapid trending 
of the product titre and overall profile of the fermentation medium containing the 
product in real time at line was only realised using the 2100 Bioanalyser and 
specific Lonza Biologics sample preparation method.  The titre, total % and quality 
of the product and other product related fragments were trended at line (Figure 2 &
3).  Product purification processes require on-going monitoring of the status of the 
antibody after each purification steps for titre, % purity and quality of the product.  
2100 Bioanalyser provided these data at line.  The data have direct impact on the 
purification process development strategy (Figure 4).  The 2100 Bioanalyser wast
used for the medium selection process.  Various medium specifications, including
protein free media were used to grow CHO cells and the intact antibody, light chain
(LC), and heavy chain (HC) products were analysed (data not shown).
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3.1 Antibody Assembly Development Process 

Figures1a and 1b 
Electropherograms for the profile of culture supernatant containing  intact monoclonal 

antibody and other fragment obtained from preliminary overgrown transfected cell lines.
Figure 2b Intact monoclonal antibody titre

3.2 Fermentation Development Process

Figure 2  Electropherograms of intact monoclonal antibody and other fragments in culture
supernatant analysed using 2100 Bioanalyser at line.  Samples were collected at different 

intervals across two weeks pilot scale fermentation process
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Figure 3 
A The titre of the intact antibody in culture supernatant analysed at-line.  

B The % total of the intact monoclonal antibody. 
C-The rise in antibody fragments across fermentation process.
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3.3 Purification Development Process
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Figure 4   Monoclonal antibodies undergo several stages of purification.  At each stage of 
purification process development, the 2100 Bioanalyser was used to assess product quality 

and purity.
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fragments and other contaminants. P1 to P3 are the different purification

processes, P3 being the final purification step.
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3.4 Concluding remarks 

The data presented here shows for the first time the applicability of 2100
Bioanalyser for the simultaneous determination of the titre, integrity, and % purity 
of monoclonal antibodies throughout the manufacturing  and purification 
development process. 

2100 Bioanalyser can be used for the analysis of both monoclonal antibodies and 
other recombinant proteins produced in mammalian cell culture. 

The 2100 Bioanalyser allows at line analysis at a rapid pace relative to the
conventional techniques.  This introduces improved efficiency in the process of 
therapeutic antibody manufacturing development.  This ultimately reduces the time 
line required to manufacture products for clinical trials and market supply.  
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TOXICOLOGICAL EVALUATION OF HAINE RIVER 
WASTE-WATER SAMPLES TO APPROPRIATELY

SENSITIZED CULTURED FATHEAD MINNOW CELLS
COMPARED WITH THE MICROTOX®  METHOD 

IPH, Afdeling Toxikologie, Wytsmanstraat 14,B-1050 Brussel, Belgiuma and
ISSeP, Section Environnement, rue du  Chéra 200, B-4000 Liège, Belgiumb

Abstract. Our previously described neutral red uptake (NRU) inhibition assay on cultured fathead 
minnow (FHM) fish cells revealed a good correlation as well with fish as with Daphnia magna toxicity
data. The major drawback was the lower sensitivity of the cytotoxicity assay. This was, therefore, adapted 
in several ways, and was used to evaluate the cytotoxicity of waste-water samples. A good correlationy
with the Microtox results was observed [1]. In order to validate these results we repeated these
experiments on water samples obtained from another river.

INTRODUCTION

The waste-water samples were taken on the Haine river (Belgium) in 2001. It 
concerned waste-water from a water collector (samples s), metal industry (samples 
x), sewage treatment plants (samples t and u), and petrochemical industry (samples 
v, w, y and z). The samples were sterilized by filtration on a Millex-GS filtre (0.22 
µm). The NRU was measured on cells seeded at a density of 90.10³ per microtiter 
plate well after 24h, with or without 400 µM buthionine-sult foximine (BSO) [1].
FHM cells were considered to be intoxicated when the NRU was reduced by at least 
15% compared with that of control cultures. The results are compared with toxicity 
data obtained by the Microtox assay, which is based on the inhibition of 
luminiscence of the bacterium Vibrio fisheri [2], and was performed as described 
[3]. These results were quantified by the TU20 and TU50, corresponding to
respectively 100/EC20 and 100/EC50, EC20 and EC50 being the exposure
concentrations causing 20 and 50% inhibition of luminescence.

The results are summarized in Table 1. The sampling points covered 
different kinds of industrial activity. In the course of the year the largest NRU 
differences were observed for sampling places w, y and z. Only 11 samples were
toxic to FHM cells in the absence of BSO, but 20 samples were toxic in the presence 
of BSO. This shows that a reduced glutathione content in the cells increased the 
sensitivity of the assay. Dose-response toxicity was obtained for most toxic samples. 
In the Microtox assay 17 samples were toxic based on the TU20 and 11 based on the 
TU50. The toxicity in both assays is compared in Table 2. These results correlate 

©  Printed in the Netherlands. Springer.2005
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well with those obtained before on a series of waste-water samples collected in
another river basin [1]. 

Our results confirm that the FHM assay in the presence of BSO allows to detect 
the toxicity of environmental water samples with a sensitivity which is comparable
to  

Table1. Toxicity results for the whole series of waste water samples. The cytotoxicity in FHM 
cells is expressed as the neutral red uptake in % of the control cells.

________________________________________________________________________________

Sample Microtox®

________________ 50% water         50% water _____________________

N°             Date              (- BSO)            (+ BSO)                   TU20a TU50a

_________________________________________________________________________________

s1  12/02 110 ± 2 70 ± 9b 9.4 - 
s2  19/03 106 ± 7 76 ± 10b 29.0 7.5
s3  28/05 46 ± 19b 55 ± 10b 8.6 - 
s4  01/10 94 ± 9 90 ± 10 - -
s5  19/11 114 ± 4 85 ± 13b - -
t1  05/02 111 ± 19 99 ± 15 - -
t2  26/02 110 ± 12 122 ± 13 - -
t3  07/05 103 ± 14 109 ± 8 - -
t4  03/09 121 ± 17 121 ± 12 - -
t5  05/11 98 ± 12 87 ± 9 - -
u1  05/02 104 ± 14 112 ± 26 - -
u2  26/02 108 ± 17 120 ± 17 - -
u3  07/05 108 ± 18 106 ± 5 - -
u4  03/09 101 ± 13 109 ± 2 3.6 -
u5  05/11 120 ± 9 109 ± 3 - -
v1  12/02 139 ± 7 104 ± 10 12.0 2.8 
v2  19/03 134 ± 7 123 ± 9 7.2 - 
v3  28/05 105 ± 15 114 ± 8 8.8 2.2
v4  01/10 113 ± 8 134 ± 27 - -
v5  19/11 114 ± 9 158 ± 11 - -
w1  19/02 41 ± 9b 14 ± 1b 200.0 89.0 
w2  26/03 65 ± 7b 12 ± 1b 88.0 24.0
w3  11/06 8 ± 2b 20 ± 4b 150.0 68.0 
w4  17/09 46 ± 18b 11 ± 1b 35.0 17.0
w5  26/11 83 ± 6b 71 ± 6b 14.0 5.1
x1  19/02 92 ± 19 78 ± 7b 9.0 - 
x2  26/03 115 ± 19 73 ± 26b - -
x3  11/06 90 ± 17 95 ± 8 - -
x4  17/09 110 ± 12 76 ± 13b - - 
x5  26/11 115 ± 8 102 ± 14 - -
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Table 1. (continued) 
_________________________________________________________________

y1  12/03 110 + 5 90 ± 10 - -
y2  02/04 110 ± 1 79 ± 3b - -
y3  18/06 14 ± 4b 18 ± 1b - -
y4  10/09 116 ± 19 81 ± 9b - -
y5  03/12 114 ± 4 110 ± 12 - - 

z1  12/03 85 ± 7 82 ± 4 b 5.2 - 
z2  02/04 111 ± 6 78 ± 9b - -
z3  18/06 18 ± 5b 18 ± 1b 16.0 7.7
z4  10/09 15 ± 3b 18 ± 2b 290.0 150.0 
z5  03/12 13 ± 2b 16 ± 1b 24.0 13.0
_________________________________________________________________________________
aThe TU20 and TU50 represent the number of times the
water sample has to be diluted to obtain the EC20 and 
EC50, respectively;  - = lower than the quantitation
limit of 2.2. bToxic.

Table 2. Comparison of the toxicity of the 40 waste water samples in the FHM assay (in the 
presence of BSO) and in the Microtox assay. The numbers of water samples are given.

____________________________________________________________________
Toxic in                                                                   Not toxic in

                            FHM assay Only toxic in      Only toxic in          FHM assay or 
                           & Microtox    Microtox         FHM assay               Microtox

____________________________________________________________________
Based on TU20 13 4 7 16

Based on TU50 9 2 11 18
_____________________________________________________________________________________

that of the Microtox method. Since the results of this study are highly comparable 
with those of the previous study [1], we can conclude that toxicity data obtained 
with cultured fish cells can be used for ecotoxicological research. Any in vitro
cytotoxicity laboratory can perform this kind of assays. No concentration or 
fractionation of the water samples is necessary. 

The General Direction for Natural Resources and Environment is acknowledged 
for providing the waste-water samples. We thank Patricia Naport (ISSeP) and Els
Jonckers (IPH) for their excellent technical assistance.
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3D-CULTIVATION AND CHARACTERISATION OF 
OSTEOGENIC CELLS FOR THE PRODUCTION OF

HIGHLY VIABLE BONE TISSUE IMPLANTS

 German Research Centre for Biotechnology (GBF), Braunschweig 

1. INTRODUCTION 

Bone tissue engineering represents a novel strategy to restore the function of  bone
in various indications in orthopaedic reconstructive surgery such as high impact 
trauma, anterior/posterior spinal fusions, non-union fractures, tibial plateau 
fractures, hip fractures or total hip revisions, bone void fillings after tumor removal
or cranio-maxillofacial applications. It is based on the in vitro 3D-cultivation of 
osteoprogenitor cells on biocompatible and bioresorbable, osteoconductive scaffold 
materials. The engineered tissue is then used for implantation instead of scaffolds 
without cells, which lack satisfactory mechanical long-term stability or autologous 
material from the iliac crest which requires subsequent filling of the void volume
after transplantation. 
For comprehensive monitoring of the proliferation, directed differentiation and 
mineralisation of osteogenic cells an assortment of invasive and non-invasive 
analytical methods is necessary.
A novel bone-specific DNA microarray for simultaneous determination of tissue-
associated genes has been developed and used for the identification of relevant non-
invasive analytical methods which are essential for an adequate in-process control
during the manufacturing of scaffold materials settled with cells which are intended
for implantation. This analytical tools have been used to monitor cultivation
processes performed with a novel miniaturised fixed-bed perfusion bioreactor 
system.

2. MATERIALS AND METHODS 

Experiments were performed with primary cells isolated from femura and tibiae of 6 
weeks old female New Zealand White rabbits with a weigth of approx. 800 g 
(Charles River Laboratories) or femura of 5 weeks old female Wistar WKY rats. 
Human primary cells were isolated from specimens of a heterotopic ossification and 
from spongiosa arising after hip bone surgery. Cell proliferation was monitored by 
WST-1 assay (Roche), DNA-quantification with Hoechst 33258, counting of viable

©  Printed in the Netherlands. Springer.2005



200 M. BARTHOLD ET AL.

cells in a hemocytometer with trypan blue as well as the determination of D-glucose,
L-lactate and LDH in the culture medium. Cell differentiation was analysed by 
determination of membrane-bound and soluble alkaline phosphatase (AP), ELISAs 
for Collagen I C-terminal propeptide (Quidel) and Osteocalcin (BTI), as well as 
calcium deposition (calcein fluorescence). Further analysis was performed on the 
transcriptional level by reverse transcriptase-polymerase-chain-reaction (RT-PCR) 
and a cDNA chip containing 57 bone-specific gene markers. 
3-dimensional culture was carried out on camceram calcium phosphate scaffolds
(Camimplants) with a porosity of approximately 90% and a volume of 1 cm3.
Seeded carriers were cultured in small-scale fixed-bed bioreactors (working volume
= 30 ml, meredos) with a batchwise or continuous media exchange (10 ml per day)
and an internal perfusion of the carriers of 200 µl min-1.

3. RESULTS AND DISCUSSION

3.1 Development of Serum-reduced Media 

After establishment of suitable isolation and cultivation protocols for osteogenic 
cells from rat, rabbit and human serum-reduced media with improved performance
were developed. Because of the higher risk of an immune response due to the use of  
xenogenic (FBS) or allogenic serum in high concentrations of usually 10 to 15%, a
substantial reduction of serum is of great importance for maximising the rate of 
success in implantation experiments. The cells isolated from different species turned 
out to have different requirements for optimum cell proliferation and differentiation.mm
Results of the media optimisation for rat osteogenic cells are shown in Fig. 1. Best t
performance was obtained using a medium based on our in-house formulation ZKT-m
I and supplemented with 1% FBS, insulin, transferrin, albumin plus bFGF and 
PDGF-BB as cytokines (11). The addition of osteogenic supplements (13) resulted  

1 MEMα + 15% FBS 
2 MEMα w/o serum 
 3 ZKT-I + 15% FBS
 4 ZKT-I + 1% FBS 
 5 ZKT-I w/o serum 
 6  ZKT-I + 1% FBS + insulin, transferrin,  

albumin (ITA) 
 7 ZKT-I + 1% FBS + ITA + bFGF
 8 ZKT-I + 1% FBS + ITA + PDGF-BB
 9 ZKT-I + 1% FBS + ITA + EGF
10 ZKT-I + 1% FBS + ITA + IGF-I
11 ZKT-I + 1% FBS + ITA + bFGF + 

PDGF-BB
12 ZKT-I + 1% FBS + ITA + bFGF + 

PDGF-BB + EGF
13 ZKT-I + 1% FBS + ITA + bFGF + 

PDGF-BB + osteogenic supplements 

Figure 1. Comparison of different serum-reduced media formulations for an improved 
cultivation of osteogenic rat cells. Vitality was measured using the WST-1 assay and 
normalised setting MEMαMM supplemented with 15% FBS (1) to 100%.α
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in a reduced cell proliferation but accelerated differentiation into the osteoblast 
lineage. In contrast to the optimised medium for rabbit cells EGF showed no
beneficial effects in cultures of rat cells. Principally, rabbit cells in culture medium 
supplemented with allogenic rabbit serum grew faster than those in medium m
supplemented with FBS. However, rabbit serum was found to significantly support m
rabbit cell differentiation into the adipocyte lineage even after removal of the 
majority of lipids by ultracentrifugation. For both species cell growth and 
differentiation was markedly improved using the optimised culture media when
compared to culture media supplemented with 15% serum. In addition, the directed 
alteration of the composition of cytokines and specific osteogenic factors allowed a 
better control of the maturation of cells. 

3.2 DNA Microarray and In-process Analytics 

During the cultivation of osteogenic cells it is very important to get detailed 
information about the differentiation status of the osteogenic cells. In 3-dimensional
culture cells are not directly accessible without damaging the structure of the newly 
developed tissue. Thus, scaffolds with cells intended for use as an implant require
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Figure 2. Comparison of gene expression levels of human osteoblasts obtained from a
heterotopic ossification, which are cultivated in medium supplemented with either 10%
human serum (expression level set to 1) or 10% FBS as measured with a DNA microarray.r
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the use of non-invasive analytical methods. These are based on the analysis of 
soluble factors which can be quantified in the cell culture supernatant. We have 
identified the formation of l-lactate as a good parameter for the measurement of the 
overall metabolic activity, the release of lactate dehydrogenase as an indicator for 
cell death, collagen I C-terminal propeptide as a marker for early stage
differentiation, soluble alkaline phosphatase as a marker for the intermediate stage
of differentiation and osteocalcin as a marker for matrix mineralisation. To get a 
more compehensive overview about the expression of bone-specific genes a DNA 
microarray has been developed for human osteogenic cells. Requiring the isolation
of a large amount of  RNA from cells this technology can only be used for the 
analysis of samples which are not intended for subsequent implantation. Thet
microarray allows a direct comparison of different cultures of  human cells as it is 
shown in Fig. 2.

A B

C     D 

Figure 3. Comparison of the cultivation of human osteogenic cells grown in different culture
media. Analysis of selected marker genes on the proteinous level after 17 days of cultivation.
A - Expression of an early differentiation marker (collagen I as measured by the cleaved, 
soluble C-termimal propeptide). B - Expression of an intermediate differentiation marker 
(soluble alkaline phosphatase). C - Late differentiation marker as measured by calcium
deposition in the extracellular matrix. D -  von-Kossa-stain of mineralised matrix (after 31 
days). 

Cells cultivated in a medium supplemented with 10% human serum were compared 
with cells grown in the same medium supplemented with 10% FBS. Gene
expression on the transcriptional level was verified for selected proteins and calcium 
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deposition as shown in Fig. 3. Since the cell differentiation in the presence of human 
serum is accelerated, collagen I, a differentiation marker characteristic for the early 
phase is already down-regulated at day 17 when compared to the culture with 10% 
FBS. In contrast, markers characteristic for later phases of cell differention (alkaline 
phosphatase, calcium deposition) can be found at considerably higher concen-
trations. In summary, cell differentiation, the formation of extracellular matrix and 
its mineralisation are significantly accelerated in the presence of human serum. 
The quantitative determination of collagen I and alkaline phosphatase together with
an osteocalcin ELISA (not suitable at high FBS concentrations) represent valuable 
tools for a non-invasive in-process control. 

3.3 Three-Dimensional Culture

Tissue engineered implantable bone is based on suitable bioresorbable and 
osteoconductive scaffold materials which are settled with osteogenic cells in vitro.
Preferably this cultivation should be performed under well-defined and reproducible 
conditions. However, most of the cultivations were carried out using relatively
simple, non-controlled equipment such as spinner flasks and roller bottles
(Sikavitsas et al., 2002), rotating centrifuge tubes kept attt an angle (Baksh and t
Davies, 2000) or perfusion chambers (Goldstein et al., 2001). We have developed a
novel continuously perfused cultivation system based on a miniaturised bioreactor 
which can be operated as a fixed-bed system (Fig. 4).  

A            B

Figure 4. A - Schematic diagram of the bioreactor set-up. Medium circulation is performed by 
pump no. 3. Continuous medium exchange is accomplished by pumps 1 and 2, and controlled 
by a level sensor. B – Reactor vessel.

The development and optimisation of 3D bone cultures in this bioreactor system was 
first established in the rat model as shown in Fig. 5. A circulation of 200 µl min-1

and an oxygen concentration of 20% air saturation were found to be optimal for the
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cultivation. Based on the optimised process parameters a process with continuous
medium exchange was set-up and compared to a conventional static culture as 
described (Fargali et al., 2003). This process proved to be superior with regard to 
cell growth and directed differentiation as well as extracellular matrix formation and 
mineralisation. 

Figure 5. Optimisation of different process parameters for the 3D cultivation of rat osteo-
genic cells of the 4th passage. Cells were grown in a serum-reduced medium (no. 13) as 
described above.

The developed cultivation process based on suitable, serum-reduced culture media,
an adequate in-process control and well-defined culture conditions showed  
promising results for the generation of implantable bone tissue.  
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QUESTIONS AND ANSWERS 

Elephterios Papoutsakis, Northwestern University, US: 

How much material you need to make the microarray analysis ? how many cells do 
you need to harvest ?  

Volker Jäger, GBF, Germany:

It is about 1 or 2 million cells. You have to sacrifice the whole scaffold for such an 
experiment. 

3D-CULTIVATION AND CHARACTERIZATION OF OSTEOGENIC CELLS
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INFLUENCE ON EXTRACELLULAR MATRIX
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INTRODUCTION

Tissue-Engineering was defined by R. Langer and J. P. Vacanti in 1993: „Tissue 
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Figure 1. Principle of „Tissue Engineering“ 
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engineering is an interdisciplinary field that applies the principles of engineering and 
the life sciences toward the development of biological substitutes that restore,
maintain, or improve tissue function“[1]. 
Ideally autologous cells are isolated and combined in vitro with a biologically
degradable matrix to form a temporary tissue substitute, which should develop into
new, functional tissue at the implantation site degrading the synthetic components
(figure 1). For generation of neo- or pre-tissue constructs in Tissue Engineering not 
only cell amplification and proliferation is of relevance, but also the formation of 
appropriate extracellular matrix components to generate functional tissues. In fascia 
substitute construction there are high demands on tissue mechanics and proper 
development of a functional connective tissue is crucial. The formation of an 
appropriate extracellular matrix has not been a current focus in research, though it is t
known that the activation of the pentose phosphate pathway is of benefit for the 
formation of secondary metabolites. Also the use of fructose instead of glucose as a
carbon source increased the specific vector production of TeFly cells significantly
[2]. In our study we compared fructose as an alternative carbon source for the
cultivation of human primary tenocytes and measured specific collagen I and 
collagen III formation, the major extracellular matrix components of tendon tissue. 
In addition we took the major components in collagen synthesis (glycine, L-proline,
L-aspartic acid, L-methionine) into consideration and elevated the concentration by
factor 10 compared to the base Medium (DMEM), or added missing amino acids at 
the same molarity. 

MICROTITER ASSAY TO DETERMINE SPECIFIC COLLAGEN EXPRESSION 

Collagen I and III is specifically stained by the sirius red dye. This was used by 
Tullberg-Reinert et al. [3] to develop a spectrophotometric microtiter assay. In
addition the sirius red staining method allows a morphological observation of cells 
as well as a localization of collagen deposition. With regard to that this method is 
superior to radioactive tracing methods or hydroxyproline measurements. In figure 2 
an example of a sirius red stained cell culture is shown. 

Figure 2. Cell culture stained with sirius red 
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We combined this method with the Alamar Blue® [4] cell count without causing 
interference. This allows specific collagen expression rates of in vitro cultured cells
to be determined. These combined assays are an ideal tool for screening experiments
with focus on matrix formation as a basis for Tissue Engineering. 

INFLUENCE OF CARBON SOURCE ON ALAMAR BLUE® METABOLISM 

Initially we believed one could neglect the altered metabolic state of cells on
Alamar Blue® metabolism fed by alternative carbon sources. However, while 
preparing calibration curves, it was clearly seen that a switch of carbon source from 
glucose to fructose had a considerable effect on the slope of the calibration curves 
with cultured primary human tenocytes (figure 3) reflecting the activation of 
different metabolic pathways. 

Thus, it was important to cultivate corresponding cultures under the same conditions
as the experimental cultures to generate reliable calibration curves for analysis. 
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INFLUENCE OF MEDIUM COMPONENTS: GLUCOSE VS. FRUCTOSE AND
AMINO ACID SUPPLEMENTATION 

The change from glucose to fructose as a carbon source resulted in an increase in
the specific collagen I, III expression in cultivated primary human tenocytes after 3
weeks of cultivation (figure 4). At that time all cultures reached confluency and 
showed about equal levels of cell concentration (figure 5). 
Surprisingly the addition of amino acids, being the major components in collagen 
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Figure 4. Specific collagen expression of primary human tenocytes after 3 weeks of 
cultivation with different media compositions
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synthesis, at those high levels had an unexpected adverse effect and resulted in a
decrease in specific collagen expression (figure 4) without having a considerable 
effect on cell growth itself (figure 5).

SUMMARY

A microtiter assay for specific collagen expression was established as shown in 
the example of cultivation of primary human tenocytes, which could be a nice tool 
in Tissue Engineering. Working with cells under different metabolic states clearly
showed an alteration in metabolism of Alamar Blue® indicating that cells conditions 
have to be considered when using this method for cell counting, but they also could 
suggest that this method could be used as a potential indicator for metabolic 
alterations in cells. Fructose replacing glucose as carbon source favours specific 
collagen I,III expression in primary human tenocytes, without having a visible effect 
on total cell numbers after 3 weeks of cultivation. In contrast to expectations, 
addition of amino acids relevant for collagen synthesis lowers specific collagen 
expression at the high concentrations used in this study. 

REFERENCES

Langer, R. Vacanti, J.P.: Science 260, 920-6. (1993) 
Merten, O.-W. Rochette, C. Fiamma-Geny, C. Leger, W. Danos, O.: ESACT-Abstracts, O7.04 (2001)
Tullberg-Reinert, H. Jundt, G.: Histochem Cell Biol, 112(4), 271-6 (1999) 
Ahmed, S.A. Gogal Jr., R.M. Walsh, J.E.: J Immunol Meth 170, 211-24 (1994)

CARBON SOURCE INFLUENCE ON PRIMARY HUMAN TENOCYTES



212

QUESTIONS AND ANSWERS 

Allan Miller, CIL, Belgium:

You rightly emphasized the role of the extracellular matrix as well as the chemistry 
of the microenvironment in the differentiation of stem cells. People normally use 
feeder layers which are made of gamma-irradiated or mytomycin-treated mouse 
embryonic and then they put the cells they want to differentiate onto these feeder 
layers. Do you have the same results if you grow these mouse embryonic fibroblast, m
detach the cells to leave the extracellular matrix and then using the mouse 
embryonic fibroblats’ conditioned medium plus this conditioned surface. Do you
obtain the same results as when you just grow your cells onto gamma-irradiated or 
mytomycin-treated fibroblats ? 

Dieter Möbest, Chirurgische Universitätsklinik Freiburg, Germany: 

Our first aim is to have a practical approach and find media as defined as possible, 
and try to get a platform such as conditioned medium, but it would be interesting to 
find out specific factors and we have related projects ongoing to check the influence 
of extracellular matrix components on the differentiation  status of the cells. But for 
this project we are trying to keep it as simple as possible.

David Jayme, Gibco, Invritogen, US:

You noted that there is an improved specific production rate of ECM with the
fructose substitution, but you also noticed that there was a decreased proliferative 
rate, and I wonder if you have been able to dissociate these two reasons for the
increased specific production: fructose substitution or slower proliferation.
Secondly, your amino acids substitution information was kind of surprising. I
wonder if you have some dose-response data, or individual additions, or whether 
you add all of them together at one single concentration.

Dieter Möbest, Chirurgische Universitätsklinik Freiburg, Germany: 

About the kinetics, after three weeks you had a confluent layer of cells, and also the 
same cell amount. We also tried some other strategies, such as one week on glucose 
to increase cell numbers, and then switch to the fructose medium and we got similar 
results. Regarding the amino acids, this was a preliminary experiment. It would 
certainly be a good idea to check them one by one, and do dose-response tests.

D: MÖBEST, ET AL.
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DESIGN AND CHARACTERIZATION OF
CARDIOMYOCYTE-DERIVED MICROTISSUES 

Abstract. Classical mammalian cell culture focuses on growing established cell lines as two-dimensional 
monolayers or suspension cultures. However, in such cultivation conditions mammalian primary cells
may loose key morphological characteristics and specialized functions. By contrast, three-dimensional
(3D) cell culture may preserve specific function and cell phenotypes since the 3D arrangement of cells 
favors (i) in vivo-like cell shape, (ii) intercellular crosstalk as well as (iii) development of a complex 
extracellular matrix. Thus, 3D cultivation may create unique microenvironments required for key 
processes including differentiation, proliferation, apoptosis and angiogenesis. We have refined the
hanging drop technology to produce fully functional and beating myocardial microtissues that maintain
the differentiated morphology typical for cardiomyocytes. Myocardial microtissues derived from primary
mouse and rat cardiomyocytes as well as mixed populations, reflecting the cell type composition of 
rodent hearts, were characterized for muscle-specific cell morphologies, extracellular matrix components
as well as VEGF (vascular endothelial growth factor) production. Novel findings included (i) a linear 
correlation between cell number and microtissue size, (ii) intensive cell-cell contacts, (iii) 
maintenance/development of cardiomyocyte-specific cell structures, (iv) development of an extracellular 
matrix, and (v) size-dependent VEGF production of microtissues which is expected to increase 
vascularization and tissue integration following implantation. We also established human HIV-1-based 
transduction of cardiomyocytes that revealed increased specific productivity of microtissues compared to 
isogenic populations cultivated as monolayers.

INTRODUCTION

Heart disease is the major cause of morbidity and associated mortality in 
industrialized countries affecting over sixty million patients per year in the USA
alone [1]. Therefore, cardiac tissue engineering remains a high priority as
transplantations and artificial hearts only cover about 10% of current clinical needs 
and/or fail to offer any long-term therapeutic perspectives. For the treatment of 
smaller heart lesions, engineered heart cell suspensions and undersized cell 
aggregates may be sufficient [2].

So far, 3D cultivation for production myocardial tissues was often dependent on
artificial scaffolds consisting for example of alginate polymers [3f ] or cell/collagen 
mixtures [4]. Although scaffolds enable artificial tissues to grow in a desired shapeff
they may cause post-transplantation side effects resulting from toxic degradation 
products, induction of inflammatory reactions and poor resorption [5]. Alternative
strategies to produce scaffold-free artificial tissues are taking advantage of the 

1Institute of Biotechnology, Swiss Federal Institute of Technology, ETH Hoenggerberg, CH-
8093 Zurich, Switzerland, Phone: +41 1 633 3448, Fax: +41 1 633 1234,
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2Institute of Cell Biology, Swiss Federal Institute of Technology, ETH Hoenggerberg, CH-2

8093 Zurich, Switzerland 
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aggregation of mammalian cells following cultivation in shake flasks, on non-
adhesive surfaces [6] or gravity-enforced assembly in hanging drops [7]. Attempts to 
shape artificial cardiac-like cell aggregates have mainly been based on physical 
assembly of isolated primary cardiomyocytes since the emergence of 
cardiomyocytes in spheroid cultures of human embryonic stem cells was stochastic
and strategies for rational differentiation of this pluripotent cell type into cardiac 
cells are still in its infancy [8].

We have refined the hanging drop cultivation technology to design functional
heart microtissues from purified primary neonatal rat (NRC) and mouse (NMC) y
cardiomyocytes as well as cardiomyocyte-containing cell mixtures reflecting the 
natural cell composition of neonatal rodent hearts. Owing to the 3D cultivation
method the size of the microtissue could be adjusted and contraction maintained for 
over 3 weeks. 

One of the major challenges associated with implantation of bioartificial tissues 
is their connection to the host vascular system. We could induce the endogenous 
production of the vascular endothelial growth factor (VEGF), a potent inducer of 
vascularization, by modulating the size of the myocardial microtissue. 

In order to enable rational molecular interventions in myocardial microtissues to 
refine cell phenotypes or to engineer production of desired protein therapeutics, we 
have evaluated lentiviral transduction systems for straightforward transgene delivery
into cardiomyocytes cultivated in two or three dimensions.

RESULTS AND DISCUSSION

Production of myocardial microtissues

The hanging drop cultivation technology was successfully adapted and refined to 
produce myocardial microtissues of neonatal rat (NRC) and mouse (NMC)
cardiomyocytes. Under optimized culture conditions 1’200 rat cardiomyocytes form 
in a single hanging drop a myocardial spheroid of 130 ± 11 µm in diameter with 
near 100% efficiency within four days (Figure 1A; B). Microtissues derived from 
mouse populations of 1’200 cardiomyocytes reached 170 ± 12 µm in diameter at the
same time point. As myocardium-derived cells are terminally differentiated and 
proliferation-inert corresponding myocardial microtissues show an invariant 
size/time profile when cultivated for a period of several days. Pure NRC cultures as
well as mixed NRC populations reflecting the cell type composition of rodent heart 
produce myocardial microtissues of comparable size (130 ± 11 µm). Since the 
overall size of myocardial microtissues is a direct function of the proliferation-
incompetent cardiomyocyte cell number it can be varied over a wide range (NRC:
130 ± 11 µm – 230 ± 11 µm; NMC 170 ± 12 µm – 320 ± 19 µm) by adjusting the
concentration of the cell suspension between 1’200 to 10’000 cells/hanging drop 
(Figure 2).

NRC-derived microtissues started rhythmic contraction 48 h after addition of 
phenylephrin, which could be maintained for over three weeks. A video motion of 
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contracting mouse and rat myocardial microtissue can be accessed at 
http://www.biotech.biol.ethz.ch/martinf/staff/jens.html. Myocardial spheroids 
rapidly synchronized their beating frequencies upon inter-microtissue contacts,
which exemplifies the capacity of myocardial microtissues tof form functional tissue 
interactions. In contrast to NRC-derived microtissues, NMC-based myocardial 
spheroids initiate sustained contraction in the absence of any chemical stimuli 
following aggregation.

Figure 1. Generation of a myocardial microtissue in hanging drops after 1 day (A) and 4 days
(B). Immunohistological characterization of seven-days-old neonatal rat (NRC; D), mouse

(NMC; C) myocardial microtissues as well as NRC- coated fibroblast feeder spheroids (E, F). 
(A-C). Striation of cardiomyocytes was visualized by staining sarcomeric alpha-actinin
indicated by the arrows (C; D; E; Fi). Cell-cell contacts were visualized by �-catenin

staining (Fii).



216

Figure 2. Cell number-size correlations of NRC and NMC-derived myocardial microtissues
cultivated for four days in hanging drops. Since NRC’s as well as NMC’s are proliferation-
incompetent, the microtissue size is a function of the initial cell concentration inoculated in 

the hanging drop.

Characterization of Myocardial Microtissuesf

In vitro generation of three-dimensional heart structures from isolated 
cardiomyocytes requires maintenance of shape and myofibrils while keeping the
mechanical flexibility. Also, electrical continuity between the cells has to be 
maintained by intercalated disks, specialized cell-cell junctions, which are abundant 
in heart structures. We have used a combination of immunofluorescence labelingm
and confocal microscopy to characterize whether cardiomyocytes retained in vivo-
like morphology when grown as myocardial microtissues. In NRC- and NMC-
derived myocardial microtissues striation of myofibrils could be observed (Figure 
1C; D). Also, β-catenin-specific expression throughout the entire myocardialt
microtissues indicates tissue-like cell-cell interactions within these myocardial 
spheroids while individual cells retain their typical cell morphologies associated 
with mature cardiomyocytes. 

Similarly, cardiomyocytes coated directly onto a feeder spheroid assembled from 
myocardial fibroblasts, the cardiomyocytes were evenly distributed on the surface, 
showed intact cell-cell contacts as evidenced by β-catenin staining and demonstrated 
characteristic orientated rod-shaped morphology as well as intercalated discs (Figurey
1E; F).

As the extracellular matrix is an important modulator of differentiation we 
analyzed the composition of the ECM in myocardial microtissue compared to 
monolayer cardiomyocytes. Differences could be observed in Collagen I and IV
expression, which could be detected solely in microtissues whereas fibronectin and 
laminin were observed in both cultivation types (data not shown).
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Rational generation of artificial tissues beyond a certain size as well as their 
connection to the host capillary system following implantation requires 
vascularization [10]. Therefore, we have analyzed vascular endothelial growth factor 
(VEGF) expression, a potent inducer of angiogenesis, which is induced under 
hypoxic conditions [11], in cardiomyocyte monolayers and myocardial microtissues. 
Whereas NRC’s cultivated in monolayers and myocardial microtissues up to 130 ±
11 µm in diameter show no VEGF expression, oversized (230 ± 11 µm in diameter) 
myocardial microtissues assembled from produce this growth factor at high levels
suggesting hypoxic conditions inside the spheroid. Similar results were obtained 
with NMC’s cultivated as monolayers and microtissues (Figure 3).

Figure 3. VEGF (vascular endothelial growth factor) -specific immunostaining of neonatal 
rat (C; D) and mouse (A, B) myocardial microtissues. Myocardial microtissue produced from 
1’200 NRCs (A, 130 µm in diameter) and NMC’s (B, 170µµ µm in diameter show only low level µµ

VEGF expression. By contrast, VEGF-specific immunostaining of oversized myocardial 
microtissue produced from 10’000 NRC’s and NMC’s (NRC: 230 µm in diameter; NMC: µµ

320 µm) display increased VEGF expression.µµ

Lentiviral Transduction

Therapeutic interventions in mammalian tissues and artificial organs require an 
efficient DNA transfer technology. We have assessed the potential of third-
generation self-inactivating lentiviral particles encoding either the enhanced yellow
fluorescent protein (EYFP; pMF351, 5’LTR-ψ+ψ -PhCMV-EYFP-3’LTRR U3; [12]) or the
secreted α-amylase (SAMY; pMF364, 5’LTR-ψ+ψ -PEF1α-SAMY-3’LTRR U3; [13]) 
under control of the human PhCMV or PEF1α promoters to transduce cardiomyocyteα
monolayers as well as NRC-derived myocardial microtissues. 

In order to assess the specific heterologous protein production capacity of 
mammalian cells grown in monolayers and microtissues, freshly isolated NRCs and 
ERCs (embryonic rat cardiomyocytes) were transduced with SAMY-encoding 
lentiviral particles. Whereas the monolayer culture produced respectable 5 µU/cell
α-amylase NRCs assembled in myocardial microtissues secreted over 6-fold more 
SAMY per cell. Owing to their high ectopic protein production capacity 
microtissues may eventually become as valuable for in vivo delivery of protein 
therapeutics in gene therapy scenarios as for tissue engineering/replacement 
therapies.

A CB D
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Figure 4. Quantification of SAMY production of 1’200 NRCs and ERC’s (embryonic rat 
cardiomyocytes) transduced with pMF364 (5’LTR-ψ+ψ -PEF1P α-SAMY-3’LTRα U3)-derived SAMY 33

(secreted α-amylase)-encoding lentiviral particles followed by four-day maintenance in αα
monolayer cultures or hanging drop cultures to form myocardial microtissues.
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QUESTIONS AND ANSWERS 

Hitto Kaufmann, Walter and Eliza Hall Institute of Medicine, Australia: 

A general question regarding viability of the cells. Is there anything known about the
cell death mechanisms of the cells in these droplets, is apoptosis or necrosis
occurring ? Does this depend on the size of the droplets  ? 

Jens Kelm, Institute of Biotechnology, ETH-Zurich, Switzerland: 

We have not evaluated if the cells were becoming apoptotic after a while, but as we 
see that the  VEGF secretion is induced only in large-sized tissues (up to a size of 
200-250 µm in diameter) and we can maintain the myocardial microtissues for over 
three weeks in culture while still contracting, I do not think the cells undergo
apoptosis.

Nesredin Mussa, Lonza Biologics, UK: 

It is very interesting to see how you increase the size of the cells. My question refers
to alpha-actinin.  Did you compare the structure of alpha-actinin in your culture to 
the structure of in vivo-extracted alpha-actinin ? 

Jens Kelm, Institute of Biotechnology, ETH-Zurich, Switzerland: 

We use alpha-actinin mainly to visualize the spheroid and the location of the 
cardiomyocytes, we have not done any comparison of the alpha-actinin cytoskeleton
of our in vitro-generated tissues compared to the in vivo situation. 

Juergen Lehmann, University of Bielefeld, Germany: 

If you use the hanging drop technology over a long time you may need to renew the 
medium, how is the technology for this ? 

Jens Kelm, Institute of Biotechnology, ETH-Zurich, Switzerland: 

If you use very large-sized microtissues of 10’000 cells the medium will last for 
about 10 to 15 days. This time span is long enough to generate those microtissues.
After you have generated those microtissues you can harvest them and you continue
to cultivate them in non-adhesive culture dishes, so that there will be no nutrient 
limitations. 

CARDIOMYOCYTE-DERIVED MICRO TISSUES
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PROCESS DEVELOPMENT FOR STANDARDIZED 
GENERATION OF MONOCYTE-DERIVED DENDRITIC 

CELLS: APPLICABILITY IN BREAST CANCER 
IMMUNOTHERAPY

Institute of Biotechnology 2, Forschungszentrum Jülich GmbH, 52425
Jülich, Germany; h.bohnenkamp@fz-juelich.de

Abstract. There is increasing interest in the generation of dendritic cells (DC) for cancer immunotherapy.
In order to utilize DC in clinical trials the necessity of standardized, reproducible and easy to use 
protocols are the matter of interest. We describe here the process development for the generation of DC as
the result of investigation of culture conditions as well as consumption rates of medium and cytokines.
Furthermore we compared cells from healthy donors and breast cancer patients. Our studies demonstrate
that highly viable DC (94±2%) can be produced from CD14+ monocytes enriched via immunomagnetic
beads in a high yield (28±6%) with X-VIVO 15, 400 U/mL GM-CSF and 2000 U/mL IL-4 without serum 
and feeding. For maturation different cocktails (TNF-α, IL-1β, IL-6, PGE2 and TNF-α, PGE2) were
compared. The cells expressed typical surface molecules of mature DC and induced high proliferative 
response in mixed lymphocyte reactions which led to IFN-γ producing T-lymphocytγ es. DCs from breast 
cancer patients were found similar to those from healthy donors. These data suggest that the using of this
optimized protocol result in highly mature DC suitable for clinical application.

1. INTRODUCTION

The use of dendritic cells as potent stimulators for immunotherapeutic vaccination 
of cancer is a very promising approach to overcome the tumour escape in immune 
surveillance (Costello et al., 1999). To date, several clinical trials have been 
performed utilizing DC preparations, which demonstrated anti-tumour responses
(Nestle et al., 1998; Thurner et al., 1999; Kikuchi et alt ., 2001; Kobayashi et al., 
2001). Mainly monocyte derived DC were used because they are easy to obtain after 
enrichment of monocytes by magnetic separation or adherence, followed by 
differentiation using GM-CSF and IL-4 (Romani et al., 1994; Sallusto and 
Lanzavecchia, 1994). For studies where DCs are to be cultured ex vivo and then 
reintroduced to the patient, it is advisable to avoid fetal calf serum or any kind of 
foreign antigen due to possible infections and immunogenicity. However, the use of 
autologous serum or plasma may cause non-standardized cultivation conditions and 
so is best to avoid.

Here we describe the development of a standardized protocol, which circumvents
the disadvantages of non-uniform culture conditions caused by supplemented serum,
non-defined cell densities and adherence steps. Furthermore, the protocol eliminates
the need for feeding the cells, which increases the risk of contamination. In this k
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study we have examined the influence of several important cultivation parameters to
optimize and setup the serum-free generation of DC in X-VIVO 15. Cell density, 
GM-CSF and IL-4 concentration, medium components like glucose, lactate and 
amino acids were assessed. Moreover the influence of different maturation cocktails 
(TNF-α, IL-1β, IL-6, PGE2 and TNF-α, PGE2) on the maturation status of DC was 
investigated. This protocol was transferred to clinical application by using cells from 
breast cancer patients of different clinical stages. The generated moDCs were found 
similar to those from healthy donors indicating the suitability of the developed 
protocol.

2. MATERIALS AND METHODS

Cells:  mononuclear cells from peripheral blood of healthy
donors and breast cancer patients

Isolation of cells:  Ficoll density gradient followed by Miltenyi MACS 
CD14+ enrichment 

Culture Medium:  X-VIVO 15 (Bio Whittaker)
Cytokines:  rhuGM-CSF (LeucomaxTM, Norvartis), rhuIL-4, rhuTNF-

α, rhuIL-1β, rhuIL-6 (all from R&D), PGE2 (Sigma) and 
rhuIL-2 (from BHK 21 cells, kindly provided by Dr.
Wagner, GBF)

Cytokine analysis: enzyme linked immunosorbent assay (ELISA, Becton 
Dickinson), ELISpot (IFN-γ, R&D), cytometric bead γγ
array (Beckton Dickinson)

Cell analysis:  Flow cytometer (FACSCalibur, Becton Dickinson) 
Mixed lymphocyte reaction, phagocytosis, wash-out test 

3. RESULTS

3.1. Bioprocess development 

3.1.1. Cell density 

To investigate different cell densities 3.3*105, 6.6*105, 1.3*106 and 2.6*106

monocytes mL-1 were inoculated and cultivated in X-VIVO 15 supplemented with 
800 U mL-1 GM-CSF and 500 U mL-1 IL-4 for 6 days. For 2 additional days a
maturation cocktail (TNF-α: 1000 U mL-1, IL-1β: 1000 U mL-1, IL-6: 1000 U mL-1,
PGE2: 1 µg mL-1 (0.003 µM)) was added. No significant differences in yield and 
phenotype have been observed between a cell density of 3.3*105 and 1.3*106 mL-1,
while 2.6*106 mL-1 resulted in a 25% lower cell number and a reduced HLA-DR,
CD80, CD86 and CD83 expression. Metabolic analysis showed an increase in
lactate concentration at the highest cell density at ≥ 25 mmol L-1 which caused a
decreased culture pH and might be responsible for the lower yield. Accumulation of 
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metabolic products like lactate produces an acidic environment and therefore 
inhibits proliferation (Carswell and Papoutsakis, 2000; Bohnenkamp and Noll, 
2002). Due to a cost-effective utilization of the cultivation system in terms of 
highest yield of matured moDC per volume, all further experiments were performed 
at a cell density of 1.3*106 mL-1 inoculated monocytes. 

3.1.2. GM-CSF and IL-4 concentration

Before determination of the necessary cytokine concentration a stability test was 
done. Vials containing medium and cytokines were incubated at 37°C and 5% CO2

for 8 days. Both cytokines remained stable during the investigated period of time. 
The GM-CSF concentration was tested using 200, 400 and 800 U mL-1 while the IL-
4 concentration remained at 500 U mL-1. For 400 and 800 U mL-1 yield and 
phenotype was comparable to the previous experiment. 200 U mL-1 GM-CSF
resulted in the same number of DCs but in a lower expression of CD80, CD83 and 
CD86. A GM-CSF ELISA showed that the 200 U mL-1 were exhausted completely 
while in the other two experiments about 300 U mL-1 were consumed (296 U mL-1

and 320 U mL-1 respectively). 
In an experimental setup, similar to that described above, IL-4 concentrations of 
500, 1000 and 2000 U mL-1 have been compared. The GM-CSF concentration
remained at 800 U mL-1. The IL-4 ELISA indicated that only at an initial
concentration of 2000 U mL-1 the IL-4 was not limiting, as we could still measure 
25 U mL-1 after 8 days of cultivation and phenotypic analysis showed a homogenous 
population of matured moDC only for the highest IL-4 concentration. However,
yield and viability of DCs was found similar with all concentrations.

3.1.3. Maturation cocktails

To simplify the used maturation cocktail containing the four cytokines: TNF-α:
1000 U mL-1, IL-1β: 1000 U mL-1, IL-6: 1000 U mL-1 and PGE2:1 µg mL-1

(0.003 µM), we analyzed a cocktail consisting of just two: TNF-α: 1000 U mL-1 and
PGE2: 18 µg mL-1 (0.054 µM). We found in 12 experiments similar results in yield, 
viability and phenotype for both cocktails.

3.2. Immunobiological analysisl

3.2.1. Phenotype

Using the optimized cultivation parameters (1.3*106 monocytes mL-1, 400 U mL-

1 GM-CSF, 2000 U mL-1 IL-4, no feeding), determined in the prior experiments, 
generation of moDC in 75 cm2 T-flasks has been performed. No difference was
observed regardless of the cultivation system. The mean yield as calculated from 
inoculated CD14+ monocytes was 28 ± 6% with a mean viability of 94 ± 2% (n = 6). 
Figure 1 indicates the mean percentage of positive dendritic cells for important 
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surface antigens like HLA-DR, HLA-A,B,C, costimulatory molecules like CD40, 
CD80 and CD86, the intracellular adhesion molecule (ICAM-1) CD54 and the 
standard maturation marker CD83. 
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Figure 1. Phenotype of moDC generated with the optimized protocol. Illustrated are results
as mean (±(( SD) from six independent experiments.±

3.2.2. Phagocytosis 

The phagocytosis capacity of immature and matured moDCs were analysed 
using fluorescence-labeled latex beads (2 µm). Dendritic cells were incubated for 2h 
and 20h at 37°C and 5% CO2. Immature dendritic cells showed a very much higher 
uptake of beads than matured (figure 2). 

Figure 2. Uptake of fluorescence-labeld latex beads of immature and matured moDC. 

3.2.3. Mixed lymphocyte reaction 

Dendritic cells matured with TNF-α: 1000 U mL-1, IL-1β: 1000 U mL-1, IL-6: 
1000 U mL-1 and PGE2: 1 µg mL-1 (0.003 µM) or TNF-α: 1000 U mL-1 and PGE2:
18 µg mL-1 (0.054 µM) were either cultivated with T-cells at a ratios of 1:10 in the 
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presence of 100 U mL-1 IL-2 after 92h and 163h or incubated with T-cells at ratio of 
1:5, 1:10 and 1:20 without IL-2. Determination of prot liferation by counting (IL-2
cultivation) or BrdU incorporation (without IL-2 - colorimetric) showed a strong
allostimulatory response. 

Figure 3. Mixed lymphocyte reaction: determination of T-cell proliferation by counting and 
by BrdU incorporation.

3.2.4. Cytokine profile 

Supernatant after DC generation was tested for following cytokines: IL-2, IL-4,
IL-5, IL-10, IL-12p70, GM-CSF, TNF-α and IFN-γ. Supernatant of matured 
dendritic cells were positive for IL-4, GM-CSF and TNF-α, indicating no limitation
of these cytokines. IL-10 could be found in low amounts (  35 pg mL-1) while IL-
12p70 could not be determined (detection limit  5 pg mL-1) after 8 days of 
cultivation.  
Using an IFN-γ secretion assay and CD25 staining after mixed lymphocyte reaction  γ
66% to 72% of T-cells could be analyzed positive for the cytokine and the high 
affinity IL-2 receptor. 
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3.2.5. Wash-out test 

After 8 days dendritic cells were inoculated in fresh medium without cytokines 
and incubated for one more day. Over 95% of all cells remained non-adherent,
showed the same morphology and phenotype.

3.3. Transfer to clinical application

For the transfer to clinical application blood samples from 8 different breast 
cancer patients were used. Following the setup of the optimized protocol dendritic 
cells were generated resulting in same yield, viability and phenotype than in prior 
experiments with healthy donors.
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QUESTIONS AND ANSWERS 

Martin Fussenegger, ETH-Zürich, Switzerland:

In one of your slides you mentioned magnetic beads separation of monocytes. Is 
there a particular reason for that ? 

Hermann Bohnenkamp, Forschungszentrum Jülich, Germany:

There are a couple of reasons, especially that you can easily analyse six different 
cytokines at once, in one specimen of about 50 µl, and this is also easier to analyse 
in the computer after the FACS analysis. Otherwise you have to do a lot of ELISA 
tests to get the same results. So we use this technology simply because it is easier. 

Diana Schuhbauer, Hoffmann La Roche, Basel, Switzerland:

I have a question regarding the cytokine profile from the dendritic cells, that you 
showed in your last slide. If you said that they are only producing  IL-10, if you 
want  to use them in breast cancer, then you would prefer to have dendritic cells
actually stimulating the TH1 or CTL pathway ?

Hermann Bohnenkamp, Forschungszentrum Jülich, Germany:

IL-10 is also present at a very low amount, that means 35 picograms/mL if we use
this very high cell density, and I would wonder if such low amounts would do 
anything.  

Alain Miller, Celltech: 

In your FACS analysis you showed high expression of dendritic markers, I wonder 
what is you negative control there ? 

Hermann Bohnenkamp, Forschungszentrum Jülich, Germany:

As a negative control we compared with immature denditric cells and of course with 
monocytes, you can analyse them and see the difference in expression between
immature and mature dendritic cells,  and the second is the mean fluorescence
intensity increase with the HLA-A,B,C  and HLA-DR, but as well you have of 
course to make lymphocyte reactions for the control to check the stimulation of T-
cells.

MONOCYTE-DERIVED DENDRITIC CELLS 
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1Cell Culture, Sigma-Aldrich, St. Louis, MO, United States, 2University of 
Kentucky, College of Medicine, Markey Cancer Center, Lexington, KY, 

United States. 3Stemgenix, Amherst, NY, United States.

1. INTRODUCTION 

Hematopoietic stem cells (HSC) have the ability to repopulate the hematopoietic
system by differentiating into all of the necessary erythroid, lymphoid, and myeloid 
lineages. Due to this rare ability, HSC are used as therapeutic agents in the treatment 
of malignant and benign diseases of the blood forming and immune systems. There
have been many advances in the area of clinical HSC research, but the availability of t
suitable cells for transplantation still remains a major limiting factor.  

HSC can be isolated from three different sources: umbilical cord blood (CB),t
bone marrow, and mobilized peripheral blood. CB is currently the preferred source
because it has been shown to have a lower risk of graft versus host disease (GVHD), 
presumably due to its immunological naiveté. However, because the volume of CB
is limited, each umbilical cord has only enough cells to successfully transplant a 
small child. In order to transplant an adult, the HSC from CB must be expanded ex
vivo. The expansion must be performed in a manner to ensure that the HSC not only
differentiate along appropriate hematopoietic lineages, but also self-renew, leaving 
undifferentiated stem cells in the expanded culture. In order to expand these very 
specific cell types, an optimized serum-free medium and cytokine cocktail are 
needed.

To this end, Stemline  Hematopoietic Stem Cell Expansion Media were 
developed for the expansion of HSC. They are serum-free media that allow for 
expansion of both differentiated and undifferentiated HSC. Stemline™ and 
Stemline™ II are both able to expand HSC from CB, bone marrow, and mobilized 
peripheral blood. In bench-scale and clinical-scale expansions, both media have
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shown promising results in expanding a mixed population of cells that remain fully 
functional.  

2. MATERIALS AND METHODS

Cell Preparation. For all experiments, cryopreserved, human CD34+ cells were
obtained from independent suppliers (Stemgenix; AllCells, LLC) and were handled 
in a manner consistent with the supplier’s instructions with regard to storage and 
reconstitution.

Serum-Free Expansion Medium Preparation.  Stemline™ Hematopoietic Stem 
Cell Expansion Media (Sigma-Aldrich; also marketed as HSC GEM™ 
(Stemgenix)), X-VIVO-15 (BioWhittaker), HPGM (BioWhittaker), QBSF-60 
(Quality Biological), StemPro-34 (Life Technologies), and StemSpan H3000 (Stem 
Cell Technologies) were purchased fresh and stored according to the manufacturer’s
recommendations. One ml of each medium was pipetted in triplicate in 24-well
culture plates to which SCF, TPO and G-CSF were added to a final concentration of 
100 ng/ml each. CD34+ cells were added to each well at 1.0 x 104 cells/ml and 
allowed to proliferate in a humidified incubator at 37°C and 5% CO2 for 10-14 days.  

Flow Cytometry. Cells were stained with CD34-FITC and CD38-PE (Becton
Dickinson). Single color controls were used to set the color compensation and PIr
was included to determine cell viability. 50,000 events were collected for each 
sample on a BD FACScan.

Clinical-Scale Expansion. A 2-step, clinical-scale assay (McNiece, et al.,
Experimental Hematology 2000. 28: 1181-1186) was set up for a comparison study
between Stemline™ and Stemline™ II. 

3. DISCUSSION 

Stemline™ media were developed for the ex vivo expansion of hematopoietic stem 
cells from cord blood, mobilized peripheral blood, and bone marrow. Stemline™ 
media expand CD34+ cells from all three sources better than other commercially 
available, serum-free HSC media. Figure 1 is a representative graph of a bench-scale 
expansion of CD34+ cells from cord blood. As demonstrated in Figure 1, Stemline™ 
expands CD34+ cells from CB better than or equal to the other HSC media. 
Stemline™ II is a newer version of the medium that demonstrates an increased 
expansion potential for CD34+ cells. Similar results have been seen for several CB, 
mobilized peripheral blood, and bone marrow donors (data not shown).
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Figure 1: Expansion of CD34+ cells from cord blood in Stemline™ and Stemline ™ II 
compared to other commercially available, serum-free, HSC media. 

To further determine the media’s potential for expanding CD34+ cells, a two-step
clinical-scale expansion was performed using both Stemline™ and Stemline™ II. 
Figure 2 (left) illustrates the fold increase of total nucleated cells after 14 days in 
culture.  Both media are able to expand CD34+ cells, but Stemline™ II has an
increased expansion potential (approximately 2X) as demonstrated in figure 2.  This
increased expansion is necessary in the early stages of a transplant to ensure its 
success.

Figure 2: (Left) Comparison of Stemline™ to Stemline™ II in a clinical-scale expansion of 
CD34+ cells from cord blood. (Right) Flow cytometric analysis on CD34+ cord blood cells 

from clinical-scale expansion.

After expansion, the cells were characterized using flow cytometry (Figure 2, 
right) and colony-forming unit assays (data not shown). Testing the functionality of 
the expanded cells is important in order to determine if the cell population is a mix 
of early and late progenitors that will ensure a successful transplantation.  The cells 
were analyzed for expression of CD34 and CD38. Flow cytometric analyses of the 
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clinical-scale expansions reveal that Stemline™ and Stemline™ II expand 
comparable numbers of early progenitor cells (CD34+/CD38-). Stemline™ II also 
has the additional benefit of a higher capacity for the expansion of the 
CD34+/CD38+ late progenitors required for short-term engraftment. NOD/SCID 
mouse studies are also underway in order to determine the long-term engraftment 
potential of the expanded cells.

The excellent performance of the Stemline™ media for the expansion and 
maintenance of functionality of CD34+ cells makes both media superior to all other 
commercially available, serum-free, HSC media. Additionally, Stemline™ media
have Device Master Files (DMF) and are formulated in a state-of-the-art cGMP 
facility making them well suited for clinical applications.  

S. L. LEUGERS, ET AL.
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Abstract : The aim of the project for  which the present work is a very first step is to define cell culture 
conditions and devices that increase the ability of mesenchymal stem cells (MSC) to proliferate in vitro.
Adhesion, mobility and growth of the cells on different microcarriers were  tested in different conditions 
in order  to select the most appropriate strategy to scale-up production for future cell therapy 

1. INTRODUCTION

Recent studies (1,2) demonstrated that mesenchymal stem cells (MSC) derived from 
mesoderm could differentiate  into cells of the the germ layers ( ecto- and 
endoderm), showing therefore a previously unexpected "plasticity". In particular, 
MSC can differentiate into neurons. 

As MSC proliferate extensively in vitro without obvious senescence or loss of 
differentiation potential, they may be an ideal source for therapy of inherited  or 
degenerative neurological diseases including spinal cord injury.

One of the numerous challenges of cell-based tissue engineering strategies is to 
expedite the delivery of large number of progenitor cells (of the order of 500 million 
cells) to the repair and/or  regeneration site. The aim of the project for which the
present work is a very first step is to define cell culture conditions and devices that 
increase the ability of MSC to proliferatef in vitro so that  they can be used as a 
sufficient source of tissue for transplantation. The final goal  of this approach wil be 
the development of a process to produce adult MSC cells at large scale in conditions 
where differentiation potentialities can be maintained . 

2. MATERIAL AND METHODS 

Early passages of the cells used ( kindly supplied by Dr B. Rogister and S. Wislet),
were tested for their adhesion  and mobility properties on a number of relevant 
substratum, including different kinds of commercial microcarriers.  

They were grown as it will be published elsewhere (3), essentialy using DMEM 
with 10% of fœtal  calf  Serum. Cells were tested aas reported before briefly (4) in 
one series of experiments between passage 16 and 19, and further studied at 
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passages  higher than 22  (from cells frozen at passage 17 by our suppliers).The data 
reported here concerned mainly studies made using Cytodex 3 at 5 mg/ml.

3. RESULTS

3.2. MSC culture in monolayer 

Using 75 cm2 Tissue Culture flasks ( Nunc) for MSC culture, cells of different 
morpholigical aspects and size can still  be observed  after passage 16-19. In some
culture plates,  cells are standing for long periods of time as foci of about 1000 cells 
without obvious multiplication after slight trypsinisation procedure. In some other 
culture plates cells spread on all the available surface after seeding. This indicate 
that some signals, that should be better studied and controlled in the future, affect 
the behaviour of the cells.

3.3. Migration of MS cells from the monolayer 

In confluent monolayers of MSC (between passage 16 and 19), added Cytodex 3 
microcarriers were fully colonised in 24 to 48 hours in static conditions.

The free space left on the plate after harvesting part of the microcarriers after 
colonisation was slowly reoccupied in function of time by newly dividing cells. An 
immediate readdition of more Cytodex 3 does not lead to an immediate colonisationt
of the fresh beads. This indicate that either we selected some kind of cells on the
first round of the  migration test, or that some factors of unknown nature which were 
consumed in the first wave of cell migration, are necessary for the subsequent step.

3.4. Transfer of colonised microcarriers to TC treated or untreated plates 

After transfer to fresh  24 wells plates , depending on the case ( either "TC treated"
or "untreated"), one of the following observations are made: 

• On "TC treated" dishes: most of the cells ( at passage 16-19) were
maintained on the microcarriers in the static conditions and some cells 
detached from the microcarriers , and  spread and divide after 48 hours on 
the plate surface. However, up to now a long term propagation of the few
cells attached to the plate after leaving microcarriers in these conditions 
was not obtained ; cells are dying  after one or two rounds of division. 

• On " untreated" dishes: cells were detached readily from the microcarriers 
and aggregated in suspension to each other before repidly dying. At the
present time we have not investigated further what is the critical factor 
causing those different behaviours.  

It should be mentioned that these mobility properties as observed with early passage
cells are not reproduced with cells at later passages (higher than 22). 
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4. CONCLUSIONS AND PROSPECTS 

The present very first tep taken towards large scale production of MSC indicate that 
at early passages (lower than 16-19): 

• MSC  attach, spread and divide on Cytodex 3.
• MSC  migrate from monolayer to fresh Cytodex 3, indicating that they 

present very active mobility properties. 
• MSC colonising microcarriers when transfered  to a "TC treated dish"  may 

leave the beads to form a new monolayer on the plate. 
• The TC treated plate left free from cells after migration of an early passage 

monolayer to microcarriers were invaded by new dividing cells. Only one
round of this propagation was observed with  the cells at passage higher 
than 19 used for this experiment. 

The observed  properties provided useful information to control expansion of stem 
cells in the required amounts  needed for cell therapy.

A careful study should however now extend our observations in order to 
characterize and control  the differentiation  state of the dividing MSC in the 
different steps we have taken. We should also investigate the effect of the factors 
affecting the different MSC behaviours observed in the different conditions studied,
leading either to non dividing foci or continuously dividing monolayers.
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1. INTRODUCTION

Embryonic stem cells (ESC) are derived from the inner cells mass of blastocysts. 
They are capable of unlimited, undifferentiated proliferation in vitro (self-renewal) 
[1], [2] and can form various somatic cell types [3] including beta-like cells, 
cardiomyocytes and neural cells upon differentiation via embryoid bodies (EBs). 
Stem cells are of increasing importance as a potential source for cell based therapies 
[4]. Therefore, scalable technologies are required to provide cell sources that may be
used for tissue replacement. Aim of this study was to develop a scalable bioprocess
to propagate embryonic stem cells in suspension, while maintaining their 
pluripotentiality.

2. MATERIALS AND METHODS

We investigated culture and functional characteristics of J1 murine embryonic stem 
cells (mESC) grown in conventional monolayer culture or on microcarriers in
suspension (figure 1). Cells were seeded on gelatine-coated 100mm dishes at 2x106

cells in 10 ml culture volume and cultivated for 7 passages (48 h per passage) in the 
presence of 10% FCS and leukemia inhibitory factor (LIF) [5] (figure 2, A). Prior to y
cultivation on beads in stirred suspension culture a variety of microcarriers was
pretested in stationary culture with regard to supporting mESC attachment and 
growth. Based on this analysis fibronectin–coated Cytodex 1 beads were chosen for 
spinner flask cultures. Spinner flasks were inoculated with 50 ml culture volume at 
2x105 cells/ml with or without 3 mg fibronectin–coated Cytodex 1 beads/ml. Cells
were cultivated in spinner flasks (100 ml Bellco spinner vessels, 30 rpm) for 3 
passages (72 h per passage). At the end of every passage cells were harvested by 
trypsinization and reseeded on freshly prepared microcarriers. Cell numbers were 
determined by trypan blue and crystal violet staining. Expression of embryonic stem 
cell specific markers SSEA-1 [6] and E-cadherin [7] was determined via flow
cytometry. To investigate differentiation capacity of mESC, expanded on 
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fibronectin-coated Cytodex 1 beads, ability to form cardiomyocytes (4 days EB-
formation without LIF, 5 days differentiation in gelatine-coated dishes) was tested.

3. RESULTS 

In stirred suspension cultures 
without microcarriers mESC
formed large aggregates 
resulting in poor proliferation.
FACS analysis of these 
cultures after 3 passages 
revealed an extensive decrease 
of SSEA-1 and E-cadherin
expression indicating loss of 
stem cell characteristics (data 
not shown). Formation of 
large aggregates was also 
observed in the presence of 
various micro-carriers tested 
(plastic beads, Cytodex 3, 
Cytodex 1 without fibronectin
coating; figure 1, B). In 
contrast, addition of 
fibronectin-coated Cytodex 1
microcarriers resulted in
improved adhesion of mESC 
to the beads and overall 
aggregate formation was
reduced (figure 1, C). Cell 
densities of up to 106 cells/ml
were observed in spinner 
cultures with fibronectin-
coated Cytodex 1, resulting in
a 5fold cell expansion within 72 h (figure 3, B). Such growth rates corresponded to
values observed in conventional monolayer cultures (figure 3, C). Stem cell 
morphology and expression of SSEA-1 and E-cadherin remained unchanged over 3 
passages (table 1) in suspension. Also, cells expanded on fibronectin-coated 
Cytodex 1 beads efficiently differentiated towards cardiomyocytes indicated by 
beating clusters and cardiomyocyte specific immunohistochemistry upon
differentiation (data not shown). 

A

B

C

Figure 1. Microscopic analysis of mESC grown in
dishes (A), on Cytodex 1 (B), and on fibronectin-

coated Cytodex 1 microcarriers (C).
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4. DISCUSSION 

In summary, we have successfully established a bioprocess to propagate murine 
embryonic stem cells in suspension, on fibronectin-coated Cytodex 1 microcarriers. 
Stem cell characteristics including growth rates, expression of stem cell markers and 
differentiation capacity were unaltered. Scale-up of the established spinner flask 
process to larger bioreactor volumes deemed feasible compared to conventional
monolayer cultures 
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Table 1. Expression of embryonic stem cell specific markers SSEA-1 and E-cadherin was 
measured via flow cytometry

Cells SSEA-1 E-cadherin
mESC (expanded in monolayer culture) 97.22% 94.42%
mESC, (expanded on microcarriers) 
Spinner 1 97.72% 89.49%
Spinner 2 98.05% 89.75%
Spinner 3 94.93% 81.58%
Spinner 4 96.35% 91.46%
mESC (5 days differentiation)  7.46% 27.73%
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1. INTRODUCTION 

Bone substitution products have been identified as the major products in demand for 
state-of-the-art orthopaedic reconstructive surgery including spinal fusions, trauma, 
fracture non-unions and cranio-maxillofacial applications. One promising strategy is 
to use highly porous scaffold structures of bioresorbable and osteoconductive
materials such as calcium phosphate ceramics for in vitro propagation and directed 
differentiation of preferably autologous osteogenic cells. These viable scaffolds are
intended for subsequent implantation. As a necessary prerequisite a suitable animal 
critical-sized defect model has to be established. New Zealand White rabbits were 
chosen for that purpose and standardised protocols for the isolation and 
characterisation of mesenchymal stromal cells (MSCs) had to be developed 
including the ability of these cells to differentiate into bone tissue in vitro.

2. MATERIALS AND METHODS

All experiments were performed with cells isolated either from bone marrow of 
femura and tibiae of 6 weeks old female New Zealand White rabbits or from bone 
marrow of the femura of 4-6 week old female Wistar WKY rats. Cell proliferation
was screened by WST-1 assay (Roche). DNA was quantified by Hoechst 33258 and 
viable cells were counted with a hemocytometer using the trypan blue exclusion
method. Cell differentiation was monitored by the analysis of characteristic markers 
(e.g. osteocalcin ELISA or histological staining). 3D-culture was carried out on
camceram calcium phosphate scaffolds with a porosity of approximately 90% and a 
total volume of 1 cm3 in a miniaturised fixed-bed bioreactor system or static
cultures. Cell attachment, proliferation and matrix formation were also followed by
electron microscopy (DSM 982, Zeiss, Jena).

©  Printed in the Netherlands. Springer.2005
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3. RESULTS AND DISCUSSION

3.1 Cell Characterisation in 2D Culture 

To characterise rabbit MSCs of the first four passages after isolation with regard to 
their potential for proliferation, differentiation and mineralisation, cells were 
cultured in ZKT-I basal medium containing 10% FBS and the osteogenic 
supplements L-ascorbic acid, β-glycerophosphate and dexamethasone for 30 days. 
All subcultures showed the typical sequence of differentiation stages with 
proliferation as well as development, maturation and mineralisation of extracellular 
matrix. Distinct nodules are formed which can be identified by staining for 
membrane-bound alkaline phosphatase (Fig. 1A) and by von-Kossa-staining for 
calcium deposition (black nodules; Fig. 1B).

3.2 Effect of Different Growth Factors on in vitro Expanded Rabbit MSCs 

To minimise the risk of virus contamination and immune response after 
implantation, the use of serum-free or serum-reduced media for rabbit MSCs is 
preferable. Rabbit MSCs were grown in different culture media supplemented with 
recombinant growth factors, hormones, vitamins and  two different sera (FBS and 
rabbit serum) in the presence of osteogenic supplements as mentioned above. After 
5 days of culture the proliferation of cells was measured. The best performance was 
achieved in ZKT-I supplemented with PDGF-bb, b-FGF, EGF, insulin, transferrin, 
and albumin. Epidermal growth factor (EGF) was showing the strongest synergistic 
effect as a mitogenic factor in combination with other cytokines. Cells with a typical
elongated, spindle-shaped morphology of mesenchymal progenitor cells were found 
(Fig. 1C). FBS was shown to be superior to rabbit serum, since the presence of 
higher concentrations of rabbit serum supported also differentiation into adipocytes.

A B C

bound alkaline phosphatase (A) or calcium (von-Kossa-staining) (B). Viable osteogenic 
progenitor cells were fluorescence-stained with the LIVE/DEAD kit (Molecular Probes) (C). 
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3.3 Three-Dimensional Culture 

For the manufacturing of implantable bone tissue based on scaffold materials under 
well-defined and reproducible conditions a novel continuously perfused bioreactor 
system was developed. The development and optimisation of 3D bone cultures was
first established in the rat model. Rat osteogenic cells of the 4th passage were 
cultivated in a serum-reduced medium containing PFGF-bb, b-FGF, insulin,m
transferrin, albumin and osteogenic factors. 7 days post inoculation the cytokines 
were removed to enhance the differentiation. Compared to a static 3-D culture
proliferation and mineralisation of the cells was substantially improved in the
bioreactor (Fig. 2). Rabbit cells were also tested in 3D culture with regard to  
attachment, growth and production of collagen I (Fig. 3).   

Figure 2. Proliferation (A) and mineralisation (B) of rat osteoblasts on calcium phosphate 
scaffolds in static culture and in the bioreactor system.

10 µm

CB

500 µm

A

 Figure 3. SEM study of osteoblast-like rabbit cells cultivated in the novel serum-reduced 
culture medium on calcium phosphate scaffolds in static culture : A – Scaffold 24 h after 
inoculation. B- Scaffold 10 days after inoculation. C- Cells 10 days after inoculation forming 
collagen fibrils.

A novel culture medium with reduced serum content was shown to have a superior 
performance with regard to proliferation and directed differentiation of osteogenic
rabbit cells. Protocols for a standardised cell isolation and 2-D culture were
established and optimised. In 3-D culture the use of the novel bioreactor system 
resulted in a significantly improved cell growth, formation of extracellular matrix
and mineralisation when compared to static culture conditions.  
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1. INTRODUCTION

The prognosis for patients with medullary thyroid carcinoma (MTC), a rare tumor of 
the parafollicular C cells of the thyroid gland, is very poor as the tumor metastasizes 
very early and presently the only curative therapeutic option is radical surgery. Thus, 
the search for new therapeutic strategies is of fundamental importance.  

A highly promising approach in antitumor therapy is the activation of the
patient’s immune system against the malignant cells. One of these strategies aims at 
the stimulation of resting T-cells by dendritic cells (DCs)1. The ability of MTC 
tumor lysate pulsed DCs to stimulate anti tumor response against MTC has been 
published2. In the case of MTC the small tumor size and hence small amounts of 
tumor lysates impede repeated treatment of the patients, a drawback we want to
overcome by establishing autologous tumor cell lines. These cells are difficult to
cultivate and the spontaneous outgrowth of continuously growing cell lines is rare. 
Although we have succeeded in establishing several MTC cell lines3,4, clinical
application is hampered by low success rates and the long time necessary for 
generation of sufficient cell material to pulse DCs. Therefore, a fast and efficient 
protocol for generation of cell lines is required. Since telomerase is considered to 
play a crucial role in maintenance of cell growth5, our project is focused on the 
introduction of hTERT into MTC cells after explantation. In order to elucidate ther
role of telomerase biology in our already established MTC cell lines, we
characterized these cells for telomerase activity and telomere length as well as for 
maintenance of cell specific markers. Additionally, we started to establish a 
transfection protocol for MTC cells. 

©  Printed in the Netherlands. Springer.2005
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2. METHODS AND RESULTS 

2.1. Establishment of MTC cell lines 

Primary MTC cultures were established from patients with progressive MTC usingm
optimized protocols3,4. The majority of cell lines have been derived from metastatic 
tumor tissue (e.g. MTC-SK, RARE, SINJ), however, recently we have been
successful in establishing two cell lines from primary tumors (e.g. SHER I).

MTC-SK has been continuously cultured for over 4 years (more than 200
passages), RARE and SHER have been propagated for about 30 passages, so far. In
contrast, SINJ ceased growth after 47 population doublings. 

2.2. Characterization of MTC cell lines 

Immunocytochemical characterization
Cell line characterization was performed as described before3,4. Cells were analyzed 
for neuroendocrine markers such as calcitonin (CT), calcitonin gene-related peptide
(CGRP), bombesin (GRP), neuron specific enolase (NSE) and somatostatin (SRIF). 
Positive reactivity was assessed semi-quantitatively and data were demonstrated by
multiplying the staining intensity and the number of positive cells (+: weak, ++:
moderate, +++: strong). The cell lines show characteristics of the original tumor 
tissue such as the positive reaction with antibodies directed against CT, CGRP and 
GRP (table 1).

Table 1. Immunocytochemical characterization of MTC cell lines (n.d....not determined).

Cell line CT CGRP GRP NSE SRIF 
MTC-SK ++ +++ +++ +++ -
RARE n.d. ++ + +++ n.d. 
SINJ +/++ +/++ ++ ++ -

Determination of telomerase activity 
Telomerase-activity was determined by a modified protocol of the conventional
TRAP-assay optimized for real-time PCR6 (Figure 1 left). A serial dilution of 
Hek293, a human adenovirus immortalized kidney epithelial cell line, served as 
standard and positive control. Cell lysates treated with RNAse were used as negative 
control. Telomerase-activity of samples was expressed in relative values 
corresponding to the activity of a calculated number of Hek293. 

Determination of telomere length
Telomere length was determined by Flow-FISH analysis (Figure 1 right)y 7. Whole
cells were labeled in situ with a telomere specific fluorescein conjugated PNA-
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probe. For negative control the PNA-probe was substituted by H2Odd. Cells were
counterstained with propidium iodide and analyzed using m flow cytometry. G1 
population was gated and telomere specific fluorescence was determined. 
QuantumTM 24 FITC-labeled standard beads were used to convert the mean
fluorescence values into Molecules of Equivalent Soluble Fluorochromes (MESF). 

Figure 1. Relative telomerase-activity (left) and telomere length expressed as MESF (right) of 
the MTC cell lines MTC-SK, RARE, SINJ and SHER I, at different passage levels.

2.3. Optimization of transfection efficiency of MTC cells

Gene transfer into MTC cells was performed using the NucleofectorTM Technology
(AMAXA). For optimization of gene introduction we used the Cell Line
Optimization NucleofectorTM Kit and the gfp reporter gene. Flow cytometric
analysis of transfected SHER I showed a transfection efficiency of up to 40%. 
Figure 2 shows gfp expressing SHER I cells.

Figure 2. MTC cell line SHER I was transfected with a plasmid encoding the  fluorescent 
protein gfp for optimization of gene introduction. Cells were analyzed by light (left) and 

fluorescence microscopy (right). 
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3. DISCUSSION 

Since telomerase is considered to play an essential role in maintaining cell growth in 
vitro5 we analyzed the impact of telomere biology on the growth capacity of MTC 
cells. All analyzed metastatic MTC tumor cell lines show low telomerase activity 
after in vitro explantation and long telomeres. Additionally, we detected a loss of 
DNA from the ends of the telomeres over the cultivation period. Nevertheless,
reactivation of telomerase at higher passage level allows the metastatic cell line
MTC-SK to enter a phase of continuous cell growth. In contrast, when telomerase is 
not reactivated cells stop dividing such as SINJ cell line, having about 47
generations before entering senescence. Cells from primary tumor tissue show
shorter telomeres and low telomerase activity compared to metastatic tumor cells.
Although more data are required to confirm our preliminary results, we suggest that 
telomerase activity as well as the maintenance of telomere structure are intrinsic and 
crucial components for fast and efficient expansion of MTC cell lines in vitro. This 
hypothesis is currently tested by ectopic expression of the catalytic subunit of human 
telomerase (hTERT) in primary MTC tumor cells, the protocol for which has been 
established during this study. Using hTERT we will be able to establish new MTC
cell lines within a minimum time frame. Therefore we are convinced that this 
technology will allow the generation of sufficient and appropriate tumor cell 
material for pulsing autologous DCs. 
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Abstract. Electrolysed-reduced water (ERW) contained Platinum nanocolloids (PtNCs) of 1-10 nm, 
suggesting that PtNCs in ERW functioned as active hydrogen donors and scavenge intracellular reactive
oxygen species (ROS). Electron paramagnetic resonance (EPR) analysis revealed that synthesized PtNCs 
of about 2 nm scavenged superoxide anion radicals and DPPH radicals. Synthesized PtNCs scavenged 
intracellular ROS and suppressed the growth of human leukemia K562 cells.

1. INTRODUCTION

Electrolyzed reduced water is molecular hydrogen-rich alkaline water, which is 
produced near cathode during electrolysis of water. ERW can scavenge reactive
oxygen species (ROS) in vitro and in cultured cells. The ROS-scavenging activity of 
ERW was correlated with the content of platinum eluted from platinum electrodes, 
suggesting that Platinum nanocolloids (PtNCs) of nm sizes in ERW functioned ast
active hydrogen donors. Here, we synthesized PtNCs and examined their ROS-
scavenging activity and the growth suppressing effect on  K562 cells. 

2. 2. MATERIAL AND METHODS 

2.1. Preparation of chemically synthesized PtNCs

The PtNCs were synthesized by ethanol reduction from H2PtCl6. The solution
containing with 0.04 % H2PtCl6, 0.5 % Tween 80, 40 mM Phosphate buffer (pH 7.0) 
and 10 % ethanol was incubated for 10 hours at 60 °C. The solution was then
filtrated for desalt and concentrated by ultrafiltration using the 10,000 molecular 
weight cut membrane. 

2.2. Determination of superoxide anion radical- and DPPH radical-scavenging 
activity of PtNCs 

©  Printed in the Netherlands. Springer.2005
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The reaction mixture for measuring DMPO-OOH spin adducts specific to 
superoxide radical contained 0.2 mM hypoxanthine, 125 µM diethylenetriamine-
pentaacetic acid, 40 mM sodium phosphate buffer (pH 7.8), 10 mU of xanthine 
oxidase, 0.19 M 5,5-dimethylpyrroline 1-oxide (DMPO) and 150 µl of sample.  The
samples for measuring 1,1-diphenylpicryl-2-hydrazyl (DPPH) radical were mixed 
with 100µl of 200 µM DPPH, 40 mM phosphate buffer (pH 6.0) solution in a tube. 
Electron paramagnetic resonance (EPR) spectra were recorded 90 sec after mixing
the solution on a JEOL JESREIX spectrometer using an aqueous quartz flat cell. r

2.3. Cell culture and measurement of cell proliferation.

Human leukemia K562 cells were cultured in RPMI 1640 medium supplemented 
with 10% inactivated FBS under an atmosphere of 5% CO2/95% air at 37°C. Cells
were seeded in a 35 mm dish at the density of 1x105 cells/ml and measured the cell
number three days after treatment with PtNCs in hydrogen gas-saturated water.

2.4. Measurement of intracellular ROS scavenging activities by flowcytometer 

The amount of intracellular ROS, especially the intracellular H2O2, was determined 
by using a fluorescent dye, 2’,7’-dichlorofluorescin-diacetate (DCFH-DA). Cells 
were pre-cultured for 10 min in Ca2+, Mg2+-free HBSS buffer with hydrogen gas 
ventilated ultrapure water containing each amount of PtNCs. After the removal of 
the supernatant, 5 µM DCFH-DA was added and incubated for 10 min. After 
resuspended in PBS, intracellular redox state of cells was analysed immediately 
using a flowcytometer.

3. RESULT AND DISCUSSION

3.1. Scavenging activity of PtNCs on superoxide radical and DPPH-radical 

Transmittance electron microscopic analysis and dynamic light scattering anaysis 
revealed that ERW contained PtNCs of 1-10 nm, suggesting that PtNCs functioned 
as active hydrogen donors and scavengers against ROS (data not shown).
Antioxidative activity of PtNCs was examined using biological in vitro system. 
DMPO-OOH signal which is from superoxide anion radical was inhibited by 10
ppm of PtNCs compared with 0 ppm of PtNCs (Figure 1 a), suggesting that PtNCs 
scavenged ROS. Effects of PtNCs on EPR signal of DPPH radical were investigated 
with saturated hydrogen water. As shown in Figure 1 b, 1 ppm of PtNCs completely
scavenged the DPPH radical, suggesting that PtNCs has the ability of generating 
active hydrogen from hydrogen molecule.
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Figure 1. a. 0 ppm of PtNCs (an upper signal), 10 ppm of PtNCs (a lower signal). b. 0 ppm of PtNCs with 
hydrogen (an upper signal), 1 ppm of PtNCs with hydrogen (a lower signal) 

3.2. Intracellular ROS-scavenging effect and growth-suppressive effects on K562
cells of PtNCs 

We examined the intracellular ROS-scavenging activity of PtNCs. As shown in 
Figure 2, PtNCs in the hydrogen gas-saturated solution scavenged intracellular ROS
of K562 cells. However, PtNCs only did not scavenge intracellular ROS, suggesting 
that active hydrogen generated by the catalytic action of PtNCs scavenged 
intracellular ROS. In order to examine a physiological function of PtNCs, the effect 
of PtNCs on the proliferation of K562 cells were examined by measuring the cell
number three days after PtNCs treatment. The suppression of the proliferation of 
K562 cells was not observed by the treatment with PtNCs only. However, in thet
presence of hydrogen gas, PtNCs suppressed the proliferation in a dose-dependent 
manner (Figure 2). PtNCs in the nitrogen gas-saturated solution did not suppress the tt
proliferation. These results suggested that active hydrogen generated from hydrogent
gas by the catalyst of PtNCs suppressed the proliferation of K562 cells.   

Figure 2. a. Left peak; PtNCs with H2HH , right peak; PtNCs with N2NN . b. Open square; none saturated water 
(control), closed circle; nitrogen saturated water, closed square; hydrogen saturated water. 
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Abstract. High product yield, product quality and stable reactor culture conditions are a key to 
economically viable pharmaceutical bioprocesses. Two types of culture methods for production of 
recombinant anti-HIV-antibody were applied within this study. The tested cell line was a DHFR-

recombinant CHO cell line expressing anti-HIV antibodies (CHO-4E10; Polymun Scientific, Vienna, 
Austria).Cells were cultured in a perfused lab-scale fluidized bed Cytopilot Mini™ reactor (Amersham 
Biosciences, Uppsala, Sweden)  attached to macroporous Cytoline 1™ (Amersham Biosciences, Uppsala, 
Sweden) microcarriers  and as suspension cells in a pilot scale stirred tank bioreactor fed-batch process. 
Both processes were performed using protein-free media. The systems were compared in terms of cell 
growth, product yield and product quality. 
Both systems were equally well suited for production of the recombinant protein in terms of product yield 
and product quality, however demonstrating an economic advantage of the fluidized bed process.

 FLUIDISED BED LAB-SCALE CULTURE

Specification of fluidised bed bioreactor set-up 

This alternative commercial system is based on a bioreactor with a net volume of 2 
L. The starting carrier-bed volume was 300 ml (Cytoline 1), the seeding density was
2 x 106 cells mL-1 microcarrier. Media used were a 1:1 mixture of Dulbecco´s
Modified Eagle medium and Ham´s F-12 medium (Biochrom, Berlin, Germany).
Additional 100 mM ferric citrate, 6mM L-Gluamine and 0, 38mM methotrexate
(Sigma, St.Louis, USA), 0,25 % soy-peptone and protein free additive (Polymun
Scientific, Vienna, Austria) were supplemented. Dissolved oxygen set-point of 50 %
was controlled via a PID loop of the process control unit (PCS AG, Switzerland) and 
maintained by supplying spare oxygen to the reactor by either a simple sparger or at 
higher cell densities via a microsparger (Fujiplate Tube element, Fuji Filter 
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Manufacturing Co., Tokyo, Japan). The pH was controlled automatically by the 
process-control unit (PID loop) using CO2 and 1 M NaOH to balance deviations 
with a pH set-point of 7.1.

 Regime of fluidised bed culture 

Aim of this labour scale reactor culture was to achieve a stable production process
and a product concentration comparable to the pilot plant fed-batch culture.

Only about 7 % of the cells could be found in the supernatant 24 h after 
inoculation. 25 days after inoculation, microcarriers were fully colonised with an 
achieved average growth rate of 0.3 d-1.

On day 35, after ten days after stable culture conditions and full colonisation of 
microcarriers, perfusion rate of previous 13 times the settled microcarrier bed 
volume was decreased to 4 times. This was achieved by diminishing the residual 
glucose concentration and increasing the initial glucose concentration of the media 
from 4 to 6 and 8 g L-1, respectively. As a result product concentrations increased 
up to 102.5 µg mL-1, although specific productivity decreased from 6.3 to 3.7 µg
per day and 106 cells. Continuous accumulation of lactate (2.5 to 4.3 g L-1) during 
the increase of glucose concentration in the media could be noticed.

PILOT SCALE AIRLIFT FED-BATCH CULTURE

Specification 

The pilot scale fed-batch culture was performed in an airlift bioreactor (Chemap, 
Volketswil, Switzerland) with a working volume of 500 L by Polymun scientific, 
Austria in a row of repeated fed-batch cultures. Two stirred tank bioreactor 
processes (MBR, Wetzikon, Switzerland) served to scale up the inoculum,
whereupon the second process was operated in repeated batch mode, in order to 
achieve sufficient amounts of inculum. Starting cell number was 6.6 x 105 mL-1.
Media used for this process was in principle the same as for the FBR-culture, except 
in the content of ferric citrate, which was 250 mM for pilot scale cultures. Shot 
solution (Polymun scientific, Vienna, Austria) was continuously added over a period 
of 4 days to an extent of maximum 5% of working volume.  

METHODS FOR PRODUCT QUALITY CONTROL

- SDS PAGE of samples, either pre-treated with a reducing agent or 
untreated, on a continuous gel (PhastGel Gradient Media, Gradient 8 – 25 
%) with Phast-System™ (Amersham Biosciences, Uppsala, Sweden). Gels 
were either silver stained to detect pattern of bands or western blots were
performed followed by immunodetection (g- heavy chain and k -light chain
specific).



PRODUCTION OF ANTI-HIV-ANTIBODY

- Isoelectric focusing (IEF) of native samples: This was performed with the 
LKB 2117-001 Multiphor II Electrophoreses System (Amersham 
Biosciences, Uppsala, Sweden) on a polyacrylamide gel, kindly provided rr
by Polymun Scientific, Vienna, Austria for a pI range of 5.2 – 11. For 
detection silver staining was carried out after focussing. 

CONCLUSIONS

- 102.5 µg mL-1, the highest titer achieved in fluidised bed culture was
comparable to titers achieved by pilot scale fed-batch cultures, thus 
fulfilling the aim of the lab-scale experiment.

- Before decreasing perfusion rate fluidised bed culture could be kept in a 
stable state.

- Due to the decrease of the perfusion rate of more than 3 times, lactate
accumulated in the culture media to a moderate extent (less than double).
Furthermore, this  

- decrease had an negative effect on specific productivity and depletion of 
certain amino acids at the end of the culture had to compensated. 

- All tested samples showed equal pattern of bands (1), even samples 
collected at critical stages like at the end of fluidised bed and fed-batch 
culture. Thus it was verified that the reduction of perfusion rate had no 
negative effect on product quality in fluidised bed culture. Potential 
economical advantages of FBR culture for antibody production with this
cell line could be calculated. For a desired yield of 72 kg antibody a 
fluidised bed bioreactor culture with a settled bed volume of 1000L would 
need 180 days (7000 L bioreactor, perfusion rate of 8 bed volumes per day,
achieved product concentration of 85 µg mL-1, two carrier to carrier 
transfers and a calculated specific productivity of 5.6 µg per day and 1
million cells). Calculating with an average yield of 100 µg mL-1 and an 
operating time of 10 days for a fed batch 60 repeated fed-batches in a
12000 L bioreactor would be necessary to produce the same amount of 
antibody, resulting in 600 days of fermentation. In this calculation of time
further labour days for cleaning and restarting are not included. For further 
calculations see (2).
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Abstract. We have proposed an active hydrogen reduced water theory that active hydrogen produced by
electrolysis of water is stabilized in the form of hydrogenated metal nanocolloids in electrolyzed reduced
water (ERW) and scavenges intracellular reactive oxygen species (ROS). Because various brain diseases
are caused by oxygen stress, we examined the effect of ERW on oxidative stress-induced apoptois of 
neuronal cells. ERW suppressed the H2O2-induced cell death of mouse neuroblastoma  N1E115 cells, rat
pheochromocytoma PC12 cells and mouse neuronal stem SFME cells. ERW lowered the intracellular
ROS level of N1E115 cells, suppressing the H2O2-induced  decrease of mitochondrial membrane potential 
and intracellular ATP level, which are markers of apoptosis. These results suggested the effectiveness of 
ERW for prevention of various brain diseases caused by oxidative stress. 

1. INTRODUCTION

Neuronal cell death associates with aging and neruodegenerative diseases including 
Alzheimer’s disease [1], Parkinson’s disease [2], Huntington’s disease [3], and 
pathological conditions such as ischemia, stroke, and excitotoxicity [4][5]. In these 
diseases, it has been considered that oxidative stress is one of the causes of the
neuronal cell death. Oxidative stress is caused by reactive oxygen species (ROS)
such as hydroxyl radical (.OH), hydrogen peroxide (H2O2), and superoxide anion 
radical (O2

.-) generated in the process of respiration, associated with mitochondrial
electron transport. It has been a challenge to find out new anti-oxidants  which can 
protect brain from oxidative damage. We proposed an active hydrogen reduced 
water theory that ERW contained active hydrogen as hydrogenated metal
nanocolloids, which can scavenge intracellular ROS. We found that ERW scavenged 
ROS and protected DNA from oxidative damage [6] and stimulated glucose uptake 
into myotubes and adipocytes [7]. Anti-oxdidative reduced water will be beneficial 
for prevention of oxidative stress in brain, because water can freely pass through the 
blood-brain barrier. Here, we investigated whether ERW could suppress the 
apoptosis of neuronal cells caused by oxidative stress. 

2. MATERIALS AND METHODS
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Preparation of ERW. ERW was prepared by electrolysis of ultrapure water WW
containing 0.01% NaCl using an electrolyzing device TI-8000 or TI-200S (Nihon
Trim, Osaka, Japan) equipped with platinum-coated titanium electrodes. ERW was 
easily neutralized by a HEPES buffer in medium. 
Cell culture. Mouse neuroblastoma N1E115 cells were cultured in DMEM/F12 
medium supplemented with 10 % fetal bovine serum (FBS). To differentiate 
N1E115 cells to neuron like cells, cells were cultured in the medium with 1%
DMSO and 1% FBS for 4 days on poly-D-lysine coated dishes. PC12 cells were
cultured in DMEM supplemented with 5% FBS and 5% horse serum (HS). To
differentiate PC12 cells to neuron-like cells, cells were cultured in the medium with
0.5 % FBS, 0.5 % HS and nerve growth factor (NGF) for 4 days. SFME cells were 
cultured in D-MEM/F12 supplemented with insulin, transferrin, chemically defined
lipid concentrate, sodium selenite and epidermal growth factor (EGF). 
Viability assay. Cells were plated on a 24-well plate and differentiated.
Differentiated cells were treated with H2O2 for 24 hr. Cell viability was assayed by 
using WST-8 [7].
Measurement of intracellular ROS. Intracellular ROS were measured by using 2’,7’-
dichlorofluorescin diacetate (DCFH-DA) which is converted to fluorescent DCF
when reacting with intracellular ROS [8]. DCF fluorescence was measured by 
confocal laser scanning microscopy.

3. RESULTS AND DISCUSSION

3.1. Suppressive effect of ERW on neuronal cell death induced by H2HH O2

N1E115 cells were treated with various
concentration of H2O2. As shown in Figure 1, 
the viability decreased in a dose-dependent 
manner. ERW significantly prevented the
H2O2-induced cell death. ERW did not affect 
the cell viability in the absence of H2O2.
Similar results were obtained in the case of 
PC12 cells and SFME cells (data not shown). 
Furthermore, ERW suppressed the decrease 
of intracellular ATP and mitochondrial
membrane potential that is the markers 
of apoptosis, indicating that ERW could
suppress apoptosis of neuronal cells induced 
by H2O2 (date not shown). Figure. 1 Suppressive effect of ERW

prepared by TI-8000 on neuronal cell
death of N1E115 cells induced by H2O2.All
values represent the mean •S.D. *,p<0.05,
**,p<0.01

, .
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3.2. Scavenging effect of ERW on intracellular ROS and suppression of apoptosis 

Intracellular ROS was significantly scavenged in N1E115 cells by the treatment 
with ERW for 10 minutes in comparison with non-treated cells (control) (Figure 2).
N1E115 cells were exposed to 200 µM H2O2 for 3 hr, and the mitochondrial 
membrane potential (MMP) was measured using rhodamin 123. Fluorescence was 
measured by flow cytometry. ERW suppressed the H2O2-induced decrease of MMP. 
After the exposure to 200 µM H2O2 for 24 hr, intracellular ATP in N1E115 cells
were measured by ATP Bioluminescence Assay kit CLS II (Roche). ERW
suppressed the H2O2-induced decrease of intracellular ATP. These results suggested 
that ERW could suppress the H2O2-induced apoptosis of N1E115 cells.
 Further investigation will be necessary to demonstrate that ERW is effective to
prevent neurodegenerative diseases in vivo.

                   Figure. 2  Effect of ERW prepared by TI-8000 on intracellular ROS of N1E115 
cells  All values represent the mean •S.D. *,p<0.05 
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1. INTRODUCTION 

Multicellular spheroids are three-dimensional structures that are used to mimic small
tumors. Cellular organization of spheroids allows the formation of in vivo tumors 
much better than two-dimensional in vitro models. Spontaneous spheroid generation
is presently performed in T-flask, on agarose layer to prevent cell attachment at the 
bottom of the flasks and spheroids can then be expanded in agitated systems such as
spinner flasks. The aim of the current research is to develop a novel spheroid model 
based on tumour cells cultivated in polymer microcapsules, which could mimic in 
vivo tumors. We mainly focused on the effect of the operating conditions on the
capsule size and stability, with the objective to reach small size spheroids with a
narrow distribution.  

2. PREPARATION OF MICROCAPSULES 

To get microcapsules with polyelectrolyte semi-permeable membrane, two natural 
biocompatible polymers, namely oppositively charged polysaccharides, alginate and 
chitosan, have been used. The cell encapsulation was based on a first step of cell
entrapment in calcium alginate beads coated with alginate-chitosan membrane and 
on a second step by dissolving the alginate core using EDTA. We used either a
classical spray device or a lab-made electrostatic bead generator for the smaller 
capsules.

The encapsulated cells (e.g. MCF-7 cells) were then cultivated in RPMI medium 
supplemented with 10% FCS in Roux bottles or Erlenmeyer flasks to get the desired 
cellular spheroids.

©  Printed in the Netherlands. Springer.2005



262 A. MARC, ET  AL. 

3. INFLUENCE OF THE OPERATING CONDITIONS

3.1. Effect of incubation time and pH of chitosan solution on membrane thickness 

The thickness of the polyelectrolyte membrane could be varied within the range of 
30-60 µm as a function of several parameters. For example, it was found higher with 
a chitosan solution of pH 6.0 (table 1). Besides, though cell death occurred after 20
min of incubation, the thickness increases with the incubation time of Ca-alginate 
beads in chitosan solution (table 2).  

Table 1. Membrane thickness as a function of the pH of the chitosan solution 

pH 5.0 5.5 6.0 6.5 7.0
Membrane
thickness, µm

36 ± 6 40 ± 8 63 ± 7 25 ± 2 5 ± 2 

Table 2. Membrane thickness as a function of incubation time in chitosan solution

Incubation
time, min 

2 4 6 8 10 15 20 

Membrane
thickness, µm

36 ± 6 45 ± 8 54 ± 8 60 ± 6 63 ± 7 72 ± 9 85 ± 8 

3.2. Effect of chitosan type on the membrane stability

Three chitosan samples have been tested with molecular weights of 3.5, 30 and 50
kDa. The 3.5 and 30 kDa were obtained as described earlier (Bartkowiak and 
Hunkeler, 2000) and were kindly provided by Prof. Bartkowiak (Poland) and 
Vikhoreva (Russia). The last one was purchased from Kitozyme (Belgium). The m
capsules obtained with 3.5 and 30 kDa chitosans had a nice spherical shape and were
stable at storage for more than 20 days both in physiological solution and in FCS
containing culture medium. In contrast, the microcapsules based on 50 kDa chitosan
were completely destroyed after 3 days of incubation in culture medium.

3.3. Effect of polymer concentration and needle diameter on microcapsule size  

The mean size of microcapsules could be decreased up to a value between 300 and 
400 µm by lowering the concentration of alginate solution (table 3) and by using a
smaller needle diameter as part of the electrostatic bead generator (figure 1). 
Elsewhere a 1.2 % chitosan solution increased the bead stability by comparison with 
0.2 %, but appeared to be toxic for the cells.

Table 3. Microcapsules size as a function of the alginate concentration

Alginate concentration, % 1.5 2.0 
Mean bead size, µm 370 425
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Figure 1. : Microcapsules size as a function of needle diameter

4. LONG TERM CULTIVATION OF TUMOR CELLS

MCF-7 cells have been encapsulated from an initial concentration of 3x106 cells/ml
of alginate solution. The proliferation of the cells has been monitored using a light 
microscope. The cells grew in aggregates increasing with time in large cell clusters, 
which filled all the capsule volume. Multicellular spheroids of MCF-7 tumour cells
have been generated after one month culture without cytotoxicity of the membrane.

Figure 2: MCF-7 cells in microcapsules after 20 days (left) and 35 days (right) 

5. CONCLUSIONS AND PERSPECTIVES 

Some microcapsules of alginate-chitosan polymers have been studied. The thickness
of the membrane depends on several operating parameters. A small size of 
microcapsules between 300 and 400 µm can be reached with a narrow distribution. 
Some tumor cells can grow in the microcapsules and multicellular spheroids have
been generated. Further studies will assess photodynamic therapy on spheroids 
obtained by encapsulation of tumour cells and co-cultures of tumor and endothelial
cells inside microcapsule to mimic the cell interactions occurring in in vivo tumors. 
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INTRODUCTION

In Tissue Engineering it is essential for the generation of „neo-tissues“ to maintain
functionality (e.g. mechanical stability) during development. Closest to biology 
would be a in vivo model, but this only allows endpoint observations and gives very
limited possibilities to follow up the development of the „neo-tissues“. To 
circumvent these limitations we try to use suitable in vitro systems. Currently we are 
developing an integrated reactor-/ analysis system. For analysis of cellular systems 
in response to mechanical stimuli we introduce a bioreactor system allowing online 
analysis of biomechanical properties of cellular and biosynthetic systems. The effect 
of mechanostimulation will be investigated on pulmonary cells and in engineering of 
fascia substitutes, where neo-formation of cellular tissue should parallel the 
degradation kinetics of biodegradable scaffolds to guarantee a minimum mechanical
stability.

APPROACH

Biorector design

This system should allow defined culture conditions, application of mechanical 
stimuli, microscopic observation, and destructive free online monitoring of 
mechanical parameters. To achieve these requirements we designed a reactor 
consisting of 2 compartments separated by an elastic membrane carrying the
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„tissue“. Mechanical stimulus is generated by changing pressure and volume in the 2 
compartments which is measured for biomechanical online-characterization (figure
1). Elongation will be measured by using autofocus systems of microscopes or by 
deformation of optical grids projected on the construct thus allowing to determine 
local differences in the construct. This system also allows continuous microscopic 
observation.

Mechanical parameters derived from pressure volume data

The mechanical strain σ is not homogeneously distributed, but depends on the radius
r on the circular membrane. We are interested in analysing the geometric
distribution σ(r).

σ = E . ε             [1] 

E: modulus of elasticity, ε: relative elongation
E is determined by the pressure-volume curve of one bioreactor-compartment by
taking the elastance: 

El = ∆p/∆V     [2] 

El = (F/A)/(A.h)    [3] 

F: force acting on membrane, A: area of membrane, h: (mean) elongation of the 
membrane
With E=F/A follows: 

E = El . (A.h) = El . V(p) [4] 

Figure 1. The bioreactor consists of 2 compartments devided by the biosynthetic hybrid 
tissue. Through volume changes (∆(( V) a mechanical stimulus can be induced; pressure∆∆

∆V

∆P

∆∆H
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By determining elongation ε related to radius r the distribution of mechanical straintt
σ can be described as function of r: with [1] and [4] follows: 

σ(r) = El . V(p) . ε(r)     [5]  

Linear and/or non-linear changes in elasticity can be determined using multiple
linear regression analysis within consecutive volume portions: SLICE-analysis1,2,3 as
established in respiratory mechanics analysis. 

SUMMARY

A bioreactor was designed and characterized allowing a controlled mechanical
stimulation of biosynthetic hybrid tissues, which in addition is continuously
microscopable. Continuous biomechanical destructive free characterization of tissue 
engineered constructs is possible. A control system is under development to
determine P/V-diagrams for online determination of mechanical properties of the
construct e.g. elastisity. 
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Figure 2 a) Volume/pressure diagramm reflecting initial mechanical status, b)
linear change in elasticity, c) non-linear change in elasticity
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Abstract. Cord blood hematopoietic stem and progenitor cells (HSPC) represent an important cell source 
for transplantation of cancer patients after high dose chemotherapy if autologous cells are not suitable 
(e.g. patients with hematopoietic malignancies) and no adult allogeneic donor is available. The main
disadvantage of cord blood is the low number of cells obtained due to the small volume of blood 
collectable from umbilical cords. Without an expansion of the HSPC a transplantation is mostly limited to 
juvenile patients.We developed a novel small scale membrane bioreactor for parallelized membrane-
separated cocultivation of HSPC with stromal cells. This system imitates the natural hematopoietic 
environment with stromal growth factors, ECM components and direct cell-cell contact between HSPC 
and stromal cells while maintaining a physical separation of the cells.The mini membrane bioreactor 
consists of a turnable insert for conventional 12-well plates, wherein a thin, porous polyethylene 
membrane is fixed. Murine stromal cells adhere to the underside on the membrane and HSPC are co-
cultured on top of it. Soluble factors and stromal extensions travers the membrane, whereas cell bodies
are retained. Thus, stroma directly supports HSPC expansion without contaminating the future transplant. 
Purified CD34+ cells are cultured for 7 days in X-Vivo10 supplemented with four cytokines (Tpo, SCF, 
IL-3 and FL). Many important parameters have been investigated using this system (membrane material,
pore size, type of stromal cells, cell density, agitation, feeding, etc.). With the novel membrane reactor we 
are able to expand HSPC to high cell densities. On average, after 12 days total cells and progenitor cells
(CFC) expand 242 and 29fold. Early progenitors (CAFC) could even be expanded 39fold. 

1. INTRODUCTION 

Figure 1. Schematic picture showing the principle of the membrane-separated co-culture. 
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Human umbilical cord blood (CB) is an attractive alternative to bone marrow or 
growth factor mobilized peripheral blood as source of hematopoietic stem cells
because CB contains a high proportion of primitive progenitor cells. However, there 
are limitations to the widespread use of  CB as the cell number available is sufficient 
to reconstitute children, but the ability to engraft an adult from CB may require ex
vivo expansion at least in most cases. Therefore several strategies have been t
developed for ex vivo expansion. Out of these, coculture of CB derived stem cells 
with stromal cell lines, mostly of murine origin, has been shown to be superior to the
cultivation of isolated stem cells. Major drawback of this strategy is that the stem 
cells have to be isolated prior to transplantation, making cocultivation possible while
maintaining a physical separation of the different cells. 

2. MATERIALS AND METHODS

Cells:  cord blood CD34+, 5*103/mL 
  Stromal cell lines Sl/Sl, M2-10B4 mod and MS-5

Volume:  1 mL for suspension control (well plate)
  3,6 mL for mini-membrane bioreactor 

Culture medium: X-Vivo 10, serum-free  
Cytokines:  TPO (20ng/mL), SCF (50 ng/mL), IL-3 (10 ng/mL),

FL (50 ng/mL) 
Culture time:  7-12 days 
Readout:  cell count, CFC and CAFC assays
Animal experiment: irradiated  NOD/SCID mice were transplanted with cells 

and after 6 weeks the percentage of human cells in the
blood  and bone marrow  was determined 

3. RESULTS

3.1 Design and use of the system for membrane-separated cocultivation

The culture system consists of a turnable insert made from stainless steel fitting into
conventional 12-well plates. Within the insert a polyethylene membrane(thickness 
11 µm) with 2*107 pores / cm2 is fixed between silicon and teflon rings. In the first 
step irradiated stromal cells (5*104) were immobilized on one side of the membrane,
subsequently the insert was turned around and the CD34+ cord blood cells placed on
the other side of the membrane. 

3.2 Comparison of different pore sizes

Three different pore sizes (0.45 / 1 / 3 µm) were compared. While a pore size of 
0.45µm is too small to allow stromal cell extensions or extracellular proteins to pass
the membrane and a pore size of 3µm bears the risk of stromal cells passing the 
membrane especially if pore overlapping occurs, a pore size of 1µm enables direct 
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cell-cell contact through the membrane while the stromal cells are retained effectivly 
(Fig. 2). 

Figure 2. SEM pictures showing the cell-free top side of the membrane with stromal cells
immobilized on the opposite side 

3.3 Comparison of different stromal cell lines 

Three different stromal cell lines (Sl/Sl, M2-10B4 mod and MS-5) were compared 
for their supportive effect on hematopoietic stem cell expansion in the membrane-
separated co-culture. Expansion factors are given relative to a standard suspension 
culture. While the expansion of the total cell number and of the CFC is mainly 
unaffected, the expansion of the CAFC is strongly increased for the MS-5 cell line, 
which was used for all subsequent experiments. 

3.4 Expansion of cord blood CD34+ cells under optimised conditions 

Optimised parameters were used for the ex vivo expansion of cord blood CD34+ 
cells for 12 days. Membrane-separated cocultivation allows prolonged cultivation 
compared to suspension culture, resulting in strongly increased expansion factors.

Table 1. Expansion factors under optimised conditions

cell population suspension
culture
day 7 

membrane
coculture 

day 7 

suspension
culture
day 12

membrane
coculture

day 12 
MNC 25 33 81 242 
CFC 8 11 16 29 
CAFC 3 6 7 39 

3.5 Transplantation of NOD/SCID micef

CD34+ cells were cultivated for 7 days either in standard suspension culture or in 
the membrane-separated coculture system using the MS-5 stroma cell line. 
Afterwards cells were transplanted to irradiated NOD/SCID mice. 30% of the BM 
cells and 6% of the PB cells of the mice transplanted with cells from the co-culture 
were of human origin. Cells from co-culture showed a more than 2fold higher 
engraftment potential than cells from suspension culture. 
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1. INTRODUCTION

Type I diabetes results from the destruction of beta cells in the islets of Langerhans, 
where insulin is produced. There are more than 700,000 in Japan with severe type I
diabetes who need to precisely control the level of glucose in blood. These patients 
must increase the insulin concentration in their blood in order to avoid blindness and 
other possible complications caused by hyperglycemia, abnormally high glucoseyy
level in the blood. Although insulin injection is effective, it involves problems. The 
patients must measure their glucose level daily and inject the proper amount of 
insulin. If glucose level is excessively suppressed, the patient will go into a 
hypoglycemic coma and sometimes die. Therefore, a novel treatment that is less
dangerous is urgently required and islet beta cell or islet transplantation is one of the
most promising treatment. The transplanted islets or cells would then secrete the
appropriate amount of insulin and thereby maintain normal glucose homeostasis in 
diabetic patients.

However, many challenges remain to be overcome. Transplanted recipients 
would need to take immunosuppressive drugs for the rest of their lives in order to
keep from rejecting the tissue [1], and the supply of islets is quite thin [2]. In
addition, islet cells are damaged during organ procurement, preservation, isolation,
and transplantation [3, 4]. An especially serious problem is post-transplant damage
to the cells. Transplanted cells are exposed to several stresses, such as toxic effects
from hyperglycemia. These stresses decrease functional islet cell numbers, which
often prevents maintainence of normal glycemic levels.

In this study, we aimed to effectively prevent the death of transplanted 
islets. For this purpose, we examined anti-apoptotic genes. Bcl-2 is an anti-apoptotic
membrane protein that strongly inhibits apoptosis induced by multiple stimuli [5].
We previously reported that introduction of Bcl-2 prevented a hybridoma cell line
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from death and increased its monoclonal antibody productivity [6] and improved 
hepatoma culture [7]. 

Several researchers have already reported that introduction of bcl-2 protects islet 
beta cells from cytokine- and hypoxia-induced destruction [3]. But there are multiple
apoptosis pathways and Bcl-2 protein cannot inhibit all of these pathways. Therefore 
it is important to investigate other anti-apoptotic genes to find the most effective at 
preventing hypoxia-induced islet cell death. We attempted to introduce crmA into an
islet cell line. CrmA is derived from cowpox virus and strongly inhibits caspases, 
the initiating factor for apoptosis [8]. 

2. MATERIALS AND METHODS 

The rat insulinoma cell line RIN-5F, ATCC CRL-2058 (American Type Culture 
Collection, Manassas, Virginia, USA) was used throughout this work. The basal
medium used was RPMI 1640 medium (Nissui, Tokyo, Japan) supplemented with
10% (vol/vol) FBS. BCMG-bcl-2-neo vector and BCMG-crmA-neo vector were 
successfully transfected to Rin-5F cells. Viable and non-viable cell densities were
determined by the trypan blue exclusion method using a Neubauer improved 
hemocytometer (Erma, Tokyo, Japan). Insulin concentration in the culture
supernatant was determined with ELISA  kit (Shibayagi, Japan). 
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Fig.1 Growth curve of Rin-5F cells transfected with gene in the presence of glucose. Cells 
were treated with trypsin and harvested to fresh media at 1: 4 dilution rate at every 4-5 days.

3. RESULTS AND DISCUSSIONS

Rin-5F cells transfected with anti-apoptotic genes including Bcl-2 and crmA were
cultured in the presence of glucose at different concentration. 2 g/L is normal 
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glucose level in RPMI medium, and 6 g/L is glucose level in blood of  rat diabetes.
10g/L is extremely high concentration. As shown in Fig.1 and Fig.2, the 
proliferations of cells under hyperglycemia were inhibited and the viabilities were 
decreased. But over-expression of anti-apoptotic genes, including Bcl-2 and CrmA,
significantly improved the proliferation and viability of the cell line. 

Then we determined insulin synthesis of the cells under hyperglycemia
condition. Although insulin concentrations in the culture supernatant of cells under 
hyperglycemia were lower, over-expression of anti-apoptotic genes partly
neutralized this decrease. For example, while wild type in the presence of 6 g/L of 
glucose synthesized one fifth as much as cells in normal condition did, Bcl-2
transfectants in the presence of 6 g/L of glucose synthesized half as much as cells in 
normal condition did. 

These results suggest that anti-apoptotic technique would be useful for cell 
therapy to improve efficiency of curing diabetes. 
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INTRODUCTION

Multiple myeloma (MM) is a malignant disease characterized by the accumulation
of clonal plasma B cells in the bone marrow, osteolytic lesions, progressive bone
marrow failure and renal insufficiency. In the majority of cases the malignant 
plasma cells produce a monoclonal immunoglobulin of the IgG-, IgA or Bence 
Jones-type. Despite recent progress in pharmacological therapy, MM is still 
considered incurable and novel therapeutic approaches are demanded [1]. As the
clone-specific idiotypic determinant (Id) on the immunoglobulin can be regarded as
a specific tumor antigen, vaccination therapy with the Id as antigen have been 
suggested and performed [2, 3]. In particular dendritic cells (DCs) loaded with the Id 
antigen appear as an attractive approach in this context [4, 5]. Therefore, in 
preparation of a clinical vaccination trial of MM patients with Id-loaded DCs we 
have investigated protocols to prepare autologous DCs as well as Id protein from 
MM patients and evaluated their capacity to stimulate T cell activation in vitro.

MATERIALS AND METHODS

Preparation of Id protein: The Id was isolated from patients serum prior to the 
beginning of chemotherapy. Purification was performed by protein G-Sepharose 
affinity chromatography followed by neutralization and sterilization. 

DC-preparation: Peripheral blood mononuclear cells were isolated from 100 ml
of blood by density gradient centrifugation, resuspended in serum-free medium 
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(XVIVO15) and cultured in tissue culture dishes for 2 h. The adherent cells were
incubated in XVIVO medium supplemented with IL-4 (10

3
U/ml) and GM-CSF

(0.8-1x10
3

U/ml) for 7 days. The Id or control antigens were added at days 1 and 4.
Optimal doses of Id protein in our hands were 35-40 µg/ml. After 7 days the 
medium was exchanged and maturation was induced with IL-4, GM-CSF 
(concentrations see above), TNF- (10 ng/ml), and IL-1ß (10 ng/ml) in the
continous presence of Id or control antigen. Phenotypes of immature and mature 
DCs were analysed by flow cytometry at day 7 and at day 14, respectively. 

Immunophenotyping of the DCs was performed by flow cytometry on days 7
and 14 using the following antigens: CD 14, CD 40, CD 83, CD 86, CD1a, and 
HLA-DR

Functional activity of DCs: Function of the DCs was assessed by co-culturing
immature day 7 DCs with autologous lymphocytes, which were derived from the 
non-adherent fraction of peripheral blood cells and pre-cultured for 7 days in
XVIVO medium supplemented with 5 U/ml IL-2. Co-culture of antigen-pulsed DCs 
and lymphocytes was performed for another 7 days. On day 14 stimulation of CD4 
and CD8 T cells was analyzed by FACS after staining with anti-CD25 and anti-
CD71 mABs while T cell proliferation was assessed by flow cytometric cell cycle 
analysis of CD 4 and CD 8 lymphocytes using propidium iodide staining. In
addition, cluster formation of lymphocytes in the presence of antigen pulsed DCs 
was scored by light microscopy and documented by photography. Size and number 
of clusters were evaluated. In one patient, INF-  secretion of activated lymphocytes 
was veryfied by flow cytometry and ELISPOT after enrichment of INF-  secreting
cells using anti-CD45/anti-INF- bi-specific antibodies and MACS selection.  

RESULTS AND DISCUSSION 

Using a protocol suitable for the preparation of monoclonal immunoglobulin
idiotype (Id) pulsed DCs for immunotherapeutic purposes the generation of mature 
day14 DCs from peripheral blood was analysed in 27 multiple myeloma (MM) 
patients. As depicted in table 1 the efficiency of DC generation from MM patients 
was similar for patients at different stages of disease and therapy. In the majority of 
patients (19/27) more than 2x106 DCs (sufficient for at least one round of 
vaccination) were obtained from 100 ml of peripheral blood.  This compared similar 
to DC yield obtained from five normal donors on d7 ( median 6.0, range 1.3 – 12.0 x
106).
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Table 1. Dendritic cell yield from peripheral blood  

Donors /patients      Samples (n)     Median (x 10
6
)    Range Total yield   

      <2x10
6
yy
cells

  27   MM patients               27                         5.6        (0-34.7)           8/27
                         including 

-  TH        15  5 (0.05-15.6)      5/15 
+ TH         12  8 (0-34.7)      3/12 

- HD        17  5 (0.05-9.25)      5/17 
+ HD (< 6 months)         5  5.2 (0-34.7)      2/  5 
+ HD (>12 months)         5  8.3 (1.7-15.6)      1/  5 
-  CTX(untreated)         8  4.15 (0.8-7.5)      3/  8 
-  CTX (>6 weeks)       11  6.3 (1.5-15.6)      2/11 
+ CTX (<6 weeks)         7  5 (0-34.7)      3/  7

- TH; +TH  = patients  without (-(( ) or with (+) thalidomide treatment, - HD, + HD (<-

6months), + HD (> 12 months) = patients without (-(( ) or within 6 months of (< 6 month) or 12-

months after (>12 month) high dose chemotherapy. - CTX; + CTX = patients with last 
conventional chemotherapy longer than 6 weeks ago (-((  CTX) or within 6 weeks of 

conventional chemotherapy (+ CTX) and no treatment with HD-CTX. 

Mature DCs generated by our protocol showed high expression of CD40, CD83, 
CD86, HLA-DR, and downregulation of CD14 (figure 1). Addition of IL-6 to the 
cultures had only marginal influence on maturation. Again, no differences in surface 
phenotype were found when DCs from MM patients and healthy donors were
compared.

Figure 1. Surface phenotype of DCs 

Results of flow cytometric analyses of monocyte (CD14) and 
DC (CD40, CD83, CD86, and HLA-DR) surface markers at 

 day 7 and day 14 of DC maturation are depicted (representative experiment).In selected 
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patients, also functional properties of DCs generated by our protocol were assessed. 
This was done by exposing autologous T cells to Id-pulsed DCs and subsequent 
measurement of T cell activation. In comparison to non-pulsed DC controls, DCs 
pulsed with an allogeneic Bence Jones Protein (BJP) or the autologous Id protein 
exhibited a markedly increased capability to activate CD8 lymphocytes during the 7 
day co-culture. Following co-culture with BJP- or Id-pulsed DCs CD8 cells 
expressed significantly more CD25- as well as CD71-activation marker on their 
surface. Proliferation of CD8 cells, as measured by the percentage of cells in the 
G2/M-phase of the cell cycle, also was significantly increased. In addition, when 
cluster formation of lymphocytes during co-culture with DCs was analysed 
semiquantitatively as another parameter of lymphocyte activation, more and bigger 
lymphocyte-clusters were detected in the presence of BJP- or Id-pulsed DCs. In one
patient, INF-  secretion of lymphocytes after co-culture with Id-pulsed DCs wasr
assessed by enrichment of INF- secreting cells with anti-CD45/anti-INF-  bi-
specific antibodies and MACS selection and subsequent confirmation of INF-
secretion by ELISPOT or FACS-analysis of intracellular INF-  production. No INF-
 secreting lymphocytes were detected following co-culture with non-pulsed DCs.

SUMMARY

Using a clinically applicable protocol the preparation of mature DCs from the 
peripheral blood of MM patients at various stages of disease and therapy was
demonstrated. While there were substantial interindividual variations, on average no 
major differences in yield and maturity of the DCs were detected between MM 
patients and healthy controls. In addition, the functionality of Id-pulsed  DCs was 
demonstrated in selected patients by antigen-dependant activation of both CD4+ and 
CD8+ T cells. In view of these results a phase I study using autologous Id-pulsed 
DCs for vaccination of MM patients has been designed at our institution.
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1. INTRODUCTION 

Adenoviral vectors are ideal for the high-level, short-term gene expression required 
in gene therapy protocols. Human adenovirus 5 (Ad5) offers great promise in cancer 
gene therapy. Ad5 is very well characterized and can be grown in culture to a high 
titer. This virus is stable and capable of replicating in many human cancer cell types. 
More recently developed cell lines such as PER.C6TM eliminate overlapping 
sequences resulting in significantly lower rates of RCA. The transduction efficiency
of adenovirus has been reported to increase in the presence of pharmacological 
agents, used in conjunction with adenovirus administration in vivo and in vitro. This
report describes the effects of pharmacological agents on adenovirus infection using 
two different cell systems: PER.C6TM and HEK 293 cells. 

2. MATERIALS AND METHODS 

2.1. Cells and virus 

Two cell lines were used in this study: Transformed primary human embryonic 
kidney cells 293 (HEK 293), and PER.C6TM, Crucell NV.  HEK 293 cells were 
cultivated in DMEM/Modified with high glucose, supplemented with 6 mM L-
glutamine, and 10% FBS, and washed with Phosphate Buffered Saline (PBS),

PER.C6TM cells were cultivated in EX-CELLTM VPRO Medium, supplemented 
with 6 mM L-glutamine. 

The adenovirus used for infection was adenovirus 5 containing GFP under the
control of a modified Cytomegalovirus-IE promoter enhancer (Adv5CMV5-GFP). 
The viral stock titer was 4.5 x 1011 TCID50/mL. 
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2.1.1.Polycations 

Protamine; poly-L-lysine, DEAE-dextran, spermine, spermidine and polybrene, 
were from Sigma-Aldrich Co.  

2.1.1.1. Culture and infection in spinner flasks 

PER.C6
TM

cells were inoculated at approximately 4 x 10t
5

cells/mL.  Cells in log
phase growth were pretreated with the polycations or polyamines two hours before 
infection.  After pretreatment with the chemical compounds, resuspended cells were
infected with Adv5CMV5-GFP at a MOI of 10.  In the case of HEK 293 cells, 96-
well plates were seeded at the appropriate cell density followed by pretreatment with 
the polycations for two hours.  Cells infected with Adv5CMV5-GFP at a MOI of 10. 
Cells were monitored by fluorescence microscopy and the intensity of fluorescence
was quantified.  

2.1.1.1.1. Quantification of adenoviral vector by fluorometry  

The level of GFP was quantitated by fluorescent microscopy using a Spectra MAX
Gemini XS plate reader ( ex=473 nm, em=509 nm). 

3. RESULTS

Since polycations have been shown to enhance adenovirus infection of epithelial 
cells, applying this could increase the number of cells infected with adenoviral 
vectors which could improve the success of gene therapy applications.   

In this study, we wanted to determine which polycations such as DEAE-dextran,
protamine, polybrene and poly-L-lysine were able to facilitate uptake of adenoviral
particles.  Polybrene at 4 µg/mL resulted in the greatest increase of infection on 

HEK 293 cells at day 13. Since there is little information about PER.C6
TM

cell line,
we evaluated the possible effect of polycations on adenoviralt  infection using this 
cell line. Based upon the data obtained with the HEK 293 cell line, we selected those 
polycation concentrations that had the greatest increase in virus yield.  As shown in
Figure 1, the addition of 100 µg/mL or 500 µg/mL protamine, 5 µg/mL poly-L-
lysine, 0.5 µg/mL DEAE-dextran and 1 mM spermine before infection did not 

increase the efficiency of adenovirus infection in PER.C6
TM

cells. However, adding 
4 µg/mL polybrene before adenovirus infection increased the levels of infection 
compared to those of the non-treated infected control (Figure 2).

4. CONCLUSIONS

The infection with adenovirus in either HEK 293 or PER.C6
TM

cells was markedly
increased by the addition of polycations.  These data demonstrate that the presence 
of polymers such as polybrene before viral adsorption in both cell systems increases
the efficiency of viral infection.

.
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5. FIGURES 
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Figure1.  Effect of polycations on the ADV infection on PER.C6TM cells.  PER.C6M TM cells M

were incubated with polycations for two hours before infection, and the fluorescence intensity 
levels were determined on days 4, 11, 14 and 17.  Polybrene at 4µ4 g/mL before adsorption

with adenovirus supported an increase on the level of fluorescence intensity. 

Figure 2.  Fluorescence microscopy of PER.C6TM cells infected with adenovirus.  Panel AM

illustrates cells infected with Adv5CMV5-GFP without pre-treatment with polycations.  Panel 
B illustrates infected cells pretreated with 4µ4 g/mL polybrene.  The amount of fluorescence 

was increased by the addition of polycations. 
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1. INTRODUCTION

Embryonic stem (ES) cells are a promising potential source for the derivation of 
specific cell types for therapeutical applications. Currently, conventional 
technologies such as cell culture plates and spinner flasks are used for the expansion 
and differentiation of ES cells. Both systems are difficult to scale up and pose 
serious limitations on the control of culture parameters like pH, pO2 and shear force.
For the clinical-scale production of specific cell types reproducible bioprocesses at a 
relevant scale have to be established. Cell transplantation is emerging as a potential 
treatment for heart failure. The left ventricle of the human heart contains ~5.8x10tt 9

cardiomyocytes (CMs, Kajstura et al., 1998). Consequently, cell transplantation
therapies aimed at replacing tissues lost to myocardial infarction could require the
successful seeding of as many as 5-10x108 donor CMs per patient. The robust 
generation of such large CM numbers is only feasible in controlled bioreactors with
active aeration. In addition a reliable method for the exclusion of non-CM and of 
potentially remaining stem cells is mandatory to provide highly purified cells for 
transplantation purposes. In this work the scale up and purity issues are addressed 
and findings on the expansion and differentiation of ES cells and the production of 
pure CMs in a 2L standard stirred tank reactor are presented.

2. RESULTS

2.1. Expansion and differentiation of J1 ES cells: Stirrer-speed optimization

J1 ES cells were expanded on tissue culture plates to inoculate a standard 2L stirred 
tank reactor (B.Braun). The following culture parameters were kept constant over 
the course of the bioprocess: 37°C, pH 7.2 and 40% pO2. The process was 
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inoculated with a single-cell suspension of 2e5 cells/mL in a culture volume of 1L.
EB formation was performed via stirring directly in the bioreactor. At day 2 culture
volume was adjusted to 2L. After 9 days in suspension EBs were harvested and 
replated on gelatine-coated cell culture dishes. Seeded cells were analyzed for the 
presence of contracting colonies (indicating CM-formation). Immunohistochemistry
using the Myosin-heavy-chain specific MF20 antibody was performed. Specific
processes were performed at stirrer speeds of 35, 50, 65, 80 and 125 rpm aiming to
determine the optimum stirrer speed regarding proper EB formation, cell yield and 
differentiation towards CMs.

Fig. 1 is a comparison of cell densities depending on specific stirrer speeds 
tested. The optimum stirrer speed was determined to be 65 rpm in our system 
resulting in  1,3e7 viable cells/mL at day 9. In contrast, the 35 rpm prodess resulted 
in the formation of large cell aggregates and only limited cell expansion and 
differentiation. In addition, aggregates attached to the bioreactor wall and electrodes
at this specific speed. A stirrer speed of 125 rpm was the upper limit for expansion
and differentiation in our system and EBs were seriously damaged at this speed 
resulting in low cell growth and high LDH-activity levels.  

Figure 1. Cell densities at different stirrer speeds. 

2.2. Genetic selection of  pure CMs from ES cells in clinical scale 

Based on the optimized EB formation process described above we next aimed to 
select CMs in our bioreactor setting. To facilitate the large-scale production of ESC-
derived CMs, this bioengineering approach was performed in conjunction with a
CM-specific genetic selection technique. The genetic selection utilized the alpha-
cardiac-MHC promoter to target expression of neomycin resistance exclusively int
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CMs; addition of G418 and retinoic acid (RA) to the cultures results in a substantive 
enrichment of stem-cell derived CMs (Klug et al., 1996, Zandstra et al., 2003). 

After nine days of EB formation and differentiation at 65 rpm a selection phase
of another nine days was initiated via G418 (400 µg/mL) and RA (10 nM). At the 
end of the process cells were harvested, enzymatically dispersed and replated on cell 
culture plates to assess cardiomyocyte purity. Fig. 2 presents cell densities observed 
during the production process. Fig. 3 exhibits MF20 staining of the enzymatically 
digested cardiac bodies at day 18 (cells were stained two days after plating).
Persistence of embryonic stem cells has been analyzed via FACS analysis. It is 
important to underscore that the number of SSEA-1 and E-cadherin positive cells
was below detectable limits (data not shown) in our system. In summary, we have
generated more than 1e9 essentially pure CMs in a 2L stirred tank reactor,
demonstrating feasibility of such clinical scale bioprocess for the derivation of 
specific cell types from embryonic stem cells. 

Figure 3. MF20 (DAB) and hemalaun stain of attached and dispersed cells. Seeding density 
7e4 CMs per cm². Purity >99%.
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Figure 2. Cell densities of production process. Square:
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1. INTRODUCTION

Normally the immune system recognizes arising tumor cells and thus plays an 
important role in the prevention of cancer. However, many tumor cells possess 
mechanisms that allow them to escape initial immune response and destruction. 
Over the last years different tumor therapy strategies have been developed, one of 
which deals with the “reinvolvement” of the patients immune system. In the case of 
adoptive immunotherapy, immune competent cells are activated and expanded ex-
vivo, followed by reinfusion into the patient1. Successful adoptive T-cell therapy has
been demonstrated in viral diseases and several types of cancer. Nevertheless, 
preclinical and clinical studies have elucidated several issues that have to be 
addressed to improve the success rates of these therapy forms. These issues include
the selection of appropriate target antigens, the optimization of the methods for 
generating functional immune cell populations in vitro and the assurance of effector 
cell survival and function by administration of cytokines and proinflammatory 
signals. Here we describe the generation of a novel subset of highly reactive anti-
tumor lymphocytes. These cells represent an oligoclonal population of cytotoxic 
CD4+T-cells, that attack a large variety of different tumor cell lines, while sparing 
normal cells. Simple and fast isolation and expansion of these Killer T-cells make 
them a highly promising new tool for adoptive immunotherapy.

2. METHODS AND RESULTS

2.1. Generation of Killer-T-Cells 

Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Hypaque 
gradient centrifugation. After depletion of monocytes, natural killer (NK) cells, 
suppressor-T-cells and dendritic cells by incubation with L-leucyl-L-leucine-
methylester hydrochloride the remaining cells were activated by a three days
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incubation with a glutaraldehyde fixed antibody-producing cell line. Further cell
propagation was carried out in serum-free medium supplemented with interleukin 2m
and cyclosporin A.  

2.2. Allogeneic cytotoxicity assay 

KTCs from healthy donors were generated from PBMCs and cocultivated with 
human tumor cells as target cells. For quantification of cytotoxicity we established a  
recently published flow cytometric assay2. Therefore, the tumor targets were stained 
with the lipophilic membrane dye PKH-26. Thereafter, effector and target cells were
incubated for 20-24 h at various target : effector ratios (1:10, 1:20). The percentages
of vital, early apoptotic and necrotic cells within the target cell population were 
determined after costaining with Annexin-V-FITC (Ann-FITC) and propidium 
iodide (PI) (figure 1). For quantification of KTC cytotoxicity, the percentage of non-
specific annexin-positive cells (including apoptotic and necrotic cells), which was 
determined in control samples without effector cells was subtracted from the
percentage positive events at the indicated effector : target ratios (figure 2). 

Figure 1. KTC cytotoxicity on human melanoma cells after 20 h. Target cells were selected by 
gating on the PKH26 positive cell population (left picture). 10000 of these gated cells were
further analyzed for Ann-FITC/PI stained subpopulation: target cells without KTCs, target :

effector ratio 1:10, target : effector ratio 1:20 (from left to right).

Figure 2. Percentage of annexin-positive human melanoma, fibrosarcoma and K562 cells 
after 20 h cocultivation with KTCs at target : effector ratios of 1:10 and 1:20.
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2.3. Autologous cytotoxicity assay 

KTCs from three different colorectal carcinoma (CRC) patients were generated and 
cocultered with autologous tumor as well as normal cells. While stromal cells were 
not attacked, CRC cells were killed (table 1). Same results were obtained when 
allogeneic pairs of and CRC cells / stromal cells KTCs isolated from tumor patients
were cocultered (data not shown). Killing properties were followed by trypan-blue
dye exclusion assays.  

Table 1. Effect of KTCs on autologous tumor and stromal cells 

Patient Coculture of Surviving target cells
(% of control) 

1 CRC + KTCs
stromal cells+KTCs

< 1
105

2 CRC + KTCs
stromal cells+KTCs

2
97

3 CRC + KTCs
stromal cells+KTCs

< 1
106

2.4. Characterization of the Killer-T-Cell population upon their CD profiling 

Killer-T-Cells were stained with antibodies directed against various surface markers 
and a second, fluorescent labeled antibody. Percentage of viable, positively stained 
cells is shown in figure 3. Cells were negative for NK- and B-cell markers (data not 
shown).

Figure 3. The expression of various surface markers was determined on KTC populations of 3
different donors. Only a small assortment of surface markers tested is shown. 
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3. DISCUSSION

Here we describe a novel approach to generate/expand a subpopulation of immuno-
reactive T-cells from PBMCs. In vitro these cells recognize and kill all different 
tumor cell lines tested so far, but leave normal cells as well as the typical NK target 
cell line K562 intact. Autologous cytotoxicity assays have shown that the distinction
between tumor and normal cells was exactly the same as it was for allogeneic ones, 
suggesting that the killing mechanism is not MHC restricted. However,
characterization of the cytotoxic properties of these cells by conventional methods
was limited due to the slow killing mechanism. In order to circumvent this problem,
we established a novel cytotoxicity assay. Thereby, we confirmed that the cells need 
more time than other known cytotoxic cells to initiate cell death in vitro.
Additionally, we demonstrated that apoptosis is induced in target cells and that the 
killing efficiency is dependent on the effector to target cell ratio. 

The profile of surface markers demonstrates that we have generated a novel
subset of cytotoxic CD4+ T-cells, expressing various activation markers. These 
results suggest that we have expanded a to date unknown T-cell population that 
represents a highly promising tool for adoptive immunotherapy against cancer.  
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Abstract. This report will focus on demonstrating how the fundamental understanding of complementing 
cell line physiology and metabolism, viral infection kinetics, culture conditions and viral particle stability
is a prerequisite to defining optimal operating conditions for improving final adenoviral yield and 
activity. Steps involved in developing and optimising a robust integrated process for adenovirus
production using HEK-293 cells cultured in suspension and serum free medium will be reviewed using 
data generated in batch, fed-batch and perfusion culture modes from 3, 20L and 60L bioreactor runs.  
Development of new monitoring tools (in-situ GFP probe, permittivity) and quantification techniques 
(HPLC-determination of total particles) greatly contributed to acceleration of process development. On-
line monitoring of physiological parameters such as respiration and biovolume during the course of 
infection/production allowed a real-time supervision and control of critical phases of the process.

1. INTRODUCTION 

Adenoviral vectors (AdV) have a number of advantages including their ability to 
infect post-mitotic tissue including muscles. They are produced at high titres and 
have been used in 28% of clinical protocols targeting mainly cancer diseases. 
Although there is a preponderance of literature describing vector design and pre-
clinical and clinical AdV mediated therapies (Vorberg and Hunt, 2002),

documentation on AdV processing and production at large scale is scarce (Nadeau
and Kamen, 2003).  The availability of large quantities of clinical grade AdV is
recognized as an important limitation to in-vitro experimentations, as well as pre-
clinical and clinical studies. In this report challenges and strategies involved in AdV
production technologies are discussed based on data generated in authors’ laboratory
during the last 5 years. 

2. MATERIAL AND METHODS

2.1. Adenoviral vectors and cell lines

First generation E1-E3 deleted AdV expressing marker genes such as d β-
galactosidase, luciferase, GFP (S65T mutant as well as enhanced GFP-Q) and 
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therapeutic genes such as dystrophin (6.3 kB) and utrophin under control of early 
promoters CMV or RSV-LTR were used. HEK-293 cells (Graham, 1977) adapted to
suspension culture (293S) and further adapted to serum free medium as described 
elsewhere (Coté et al. 1998) were used for AdV production. Serum-free clones were 
cultured in Low Calcium Serum Free Medium (LC-SFM) or a low protein
proprietary formulation NSFM13 (Nadeau et al., 2000).  MOI for infection was 10.  
Viable and total cells were counted using a haemocytometer (Hausser Scientific,
Horshaw, PA).  Viability was assessed by dye exclusion mety hod using erythrosine
B. Infectious virus titer was measured as described by Cote et al., 1997. and total
viral particle concentration following the method developed by Shabram et al.,
1977, and further optimised in our laboratory (Transfiguracion et al., 2001). The 
GFP positive cells were scored using a flow cytofluorometer (FCM, EPICS XL-
MCL, Coulter, Miami, USA). 

2.2 Bioreactor and perfusion set-up

Cultures were performed in Chemap CF2000 (Mannedorf, Switzerland) 3 L and 20
L bioreactors and a 60 L Applikon bioreactor (Applikon Inc., Clinton, N.J.). The 
primary operating conditions have been described in previous reports (Nadeau et al,
2002). The biomass was evaluated using a capacitance probe (Aber Instruments
Ltd., Aberystwyth, U.K.) that allows for viable cell biovolume estimation (Zeiser et
al, 1999). The fluorescence probe is described elsewhere (Gilbert et al, 2000). 
Perfusion cultures were performed in a Chemap 3 L bioreactor equipped with an
Applikon BioSepTM acoustic filtration system (model ADI 1015, Sonosep Biotech
Inc., Richmond, BC, Canada) as the cell retention device.

3. RESULTS AND DISCUSSION

For large-scale productions, suspension culture is the method of choice over 
processes using adherent cells. Suspension culture is characterized by a
homogeneous concentration of cells, nutrients, metabolites and products, there by
facilitating scale-up and enabling accurate monitoring and control of the culture.
Therefore, HEK-293 cells have been adapted to suspension and serum free medium 
Proprietary serum-free medium (NSFM13) supporting high cell density, high
viability during the infection phase and high adenoviral specific yield was 
developed.  

3.1 HEK-293 metabolic changes following adenovirus infection 

Upon infection, the cell size as well as the cell dry weight, protein content and DNA 
content increase. In the case of HEK-293 cells cultured in serum free medium, the
mean cell diameter increased from 15 µm to approximately 17 µm (Nadeau et al.,
2000) This increase is associated with viral DNA replication 9 hours after the
infection. Due to this delay, up to 50% cell growth after infection might be
observed. We reported that the rates of consumption of glucose and production of 
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ammonia and lactate is increased by 30% to 100% (Garnier et al., 1994). This trend 
has also been observed for O2 consumption and for the theoretical ATP production.
This may be not only due to the increase in cell weight but also to the infection
process that requires more energy. Results of 14C-glc and 14C-gln labelling 
experiments (table 1) show that 14% of glutamine is metabolized through TCA, 3%-t
metabolized glucose goes through PPC and that glucose is minimally oxidized 
through TCA. However, glucose is more efficiently metabolised through the TCA
cycle during infection, while less glutamine was driven into this pathway during the
infection (Nadeau et al., 2000; 2002).  Similar to most transformed mammalian
cells, lactate and ammonia are the main by-products accumulated in HEK-293
adenovirus infected or non-infected cultures.

293SF in LC-SFM

Growth Growth Infection Infection

% nmole/10
6

cells/min % nmole/10
6

cells/min

PPC-flux (max) 3.38 0.086 3.05 0.076

PPC-flux (min) 3.12 0.079 2.09 0.052

Glc-TCA 0.26 0.007 0.95 0.024

Gln-TCA 14.3 0.06 3.35 0.014

Table 1: 14C-glc and 14C-gln labelling experiments and determination of ratio for 
the  pentose phosphate cycle (PPC) and tricarboxylic acide (TCA) pathways

3.2 The ”Cell density effect” 

Maximal viable cell densities as high as 5x106 cells/mL can be achieved in
suspension bioreactor cultures at scales ranging from 3 to 20L. However,
productions of adenovirus vectors that maintain a high specific yield in batch 
operation were limited at cell densities in the range of 5x105 cells/mL, which is an
order of magnitude lower than the maximal cell densities achievable
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Figure 1: Infectious viral particles (IVP) per cell produced at different cell densities 
in  NSF13 medium.  

Results in figure 1 clearly demonstrate a decrease in the cell specific production of 
the infectious viral particles expressing a GFP-Q marker gene at cell densities higher 
than 5x105 cells/mL. Beyond 2x106 cells/mL, no infectious particles are detectable. 
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These results strongly suggest a limitation either due to key nutrient depletion or 
inhibitor by-product accumulation. Medium development remains a critical
approach to improve the process.  Alternatively to elevate the “cell density” 
limitation, different feeding strategies were evaluated. Sequential-batch, fed-batch
and perfusion modes are of incremental difficulty in implementation and operation. 

3.3 Batch production

The infection phase requires that the media be exchanged in order to have a 
successful production at cell densities higher than 0.3x106 cells/mL Figure2 shows 
production of total GFP-expressing adenovirus particles as well as infectious 
particles obtained in a 60 L Applikon bioreactor infected at 1x106 cells/mL. The 
culture medium was exchanged at ~ 90% using fresh NSFM13 medium prior to 
infection using a large-scale Sorvall Centritech Cell (Kendro Laboratory Products,
Newton, CT).  Maximum specific productions of ~22,000 particles and  ~6,000 
infectious particles per cell were reached and a ratio of infectious to total particles of 
33% was obtained at 72 hpi.  These yields are significantly higher than yields 
routinely obtained in shake flasks and indicate a successful scale-up.
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Figure 2: Time course of infectious particles (IVP), total particles (VP) and ratio of 
the two obtained in a 60L. The culture was infected at 1x106 cells/mL in  NSFM13.6

Solid bar=VP/ml; empty bar= IVP/ml and ♦ = viability ♦

3.4 Fed-batch production

Fed-batch addition of glucose, glutamine and amino acids allowed infections at cell 
densities up to 2x106 cells/mL; however, the productivities attained at high cell
densities were lower than those obtained with infection at cell density of 1x106

cells/mL. These results have been presented in detail by Nadeau et al. (2000, 2002).
Despite modest improvements, efforts are still dedicated to developing an efficient 
fed-batch feeding strategy because this process is easy to operate and readily
scalable

3.5 Perfusion production 

An acoustic filter was used for cell retention in the perfusion experiments, in view of 
the increased shear sensitivity of the cell during the infection phase. The perfusion
system permitted the in situ medium exchange and a better control of the culture
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environment. Additionally, toxic by-products were removed. A perfusion rate of 2
vol/d allowed to reach virus titers of 4.7x1010 VP/mL, a significant increase
compared to typical batch productions. Moreover, the specific productivity was
maintained for cell densities up to 3x106 cells/mL at infection. 

3.6 On-line monitoring of the infection process 

Various tools exist to monitor and assess the success of an infection during a culture, 
as illustrated in Figure 3. Prior to infection, both the capacitance and oxygen uptake 
rate (OUR) signals correlated well with the cell growth profile. Following infection,
the cells continued to grow and there was a concomitant increase in the oxygen 
uptake rate and the cell capacitance signals (Figure 3). It was followed by a sharp
decrease in cell viability and oxygen consumption as a result of the lytic process.mm
The mean cell diameter increases after the onset of viral DNA replication. This 
change in the biovolume was reflected in the capacitance signal that reached a 
maximum 18 hours after the cell concentration and OUR peaks and only started to
decline when the viability dropped below 70 %. The maximum virus titre was
attained at 65 hpi and occurred just before the peak in fluorescence (74 hpi).
Although not correlated to adenovirus production, the fluorescence measurement 
allows the monitoring of the viral protein expression kinetics.

Figure 3: Total viral particle concentration, fluorescence, capacitance and oxygen uptake
rate profiles post-infection during a perfusion culture. The virus titres were assayed by

HPLC. 

3.3 Adenoviral vector production kinetics and vector stability

The adenovirus production kinetics was evaluated beyond 48 hours post infection  
under different modes of culture, batch, fed-batch and perfusion. Decrease of 
specific total particle counts over time is systematically observed independently of 
the mode of culture while infectious titres were generally maintained constant till 96
hpi.  In all experiments, including production of a wild type 5 adenovirus, the rate of 
decrease over time of total particle count was correlated with the rate of decrease in

100

150

200

250

300

350

400

450

F
lu

o
re

s
c

e
n

c
e

 (
A

U
)

T ime Post-Infection (h)

0

1

2

3

4

5

6

7

8

9

C
a

p
a

c
it
a

n
c

e
 (

A
U

)

0.0

1.0x10
-4

2.0x10
-4

3.0x10
-4

4.0x10
-4

5.0x10
-4

6.0x10
-4

7.0x10
-4

 O
U

R
 (

m
o

l/
L

.h
)

0 10 20 30 40 50 60 70 80 90 1000 20 40 60 80 1000 20 40 60 80 100

0.0

5.0x10
9

1.0x10
10

1.5x10
10

2.0x10
10

2.5x10
10

3.0x10
10

 V
ir

u
s

 c
o

n
c

e
n

tr
a

ti
o

n
(V

P
/m

L
)



300 A. KAMEN ET AL.

cell viability. A net result of the selective decrease in total particles is an apparent 
increase of the ratio of infectious particle to total particle counts.  Observation of 
adenoviral particles aggregation has been well documented in recent literature
(Obenauer-Kutner et al, 2002). Decrease of total particle counts occurs during the 
adenovirus production cycle. During this period, most of the adenoviral particles are
within the cells. Aggregation alone cannot explain our results. Vellemkamp et al.
(2001) reported that empty and immature adenoviral particles were more susceptible
to degradation at 37°C over time. Moreover, presence of empty particles was
correlated with the presence of a 31kD precursor of adenovirus protein VIII (pVIII). 
An assay based on the measure of the 31kD pVIII was proposed to monitor ratio of 
empty to complete adenoviral particles. The assumption that immature adenovirus 
particles and empty capsids are degraded more rapidly than mature adenovirus 
particle is consistent with the observed increase of infectious to total particle ratio
over adenovirus production time course. These results suggest that by selective 
degradation of immature particles the ratio of infectious to total particle may be
increased at time periods of greater than 48 hours  post infection.  
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QUESTIONS AND ANSWERS

John Aunins, Merck, US:

In your perfusion cultures, are you losing viral cells through your perfusion screen ?

Amine Kamen, NRC/IRB, Canada: 

The perfusion rates are reasonable, about one volume per day up to three volumes 
per day. At some point we infect the cells at a MOI of 10, and we keep the
perfusion. The experiments were designed to look at the kinetics, and you have
noticed that we get beyond 48 hours. We do not lose cells at the early stage of 
perfusion, but later we do observe loss of viral cells in the perfusion system. 

Ernst Wagner, Ludwig-Maximilians Universität, Germany:

You mentioned about 15-20% of infection particles per total particle, which is quite
nice, but obviously one would like to further increase the ratio. You mentioned also 
the aggregation problem. What would be your advice. How high can you get in 
percentage of infectious particles and will this also include purification methods?

Amine Kamen, NRC/IRB, Canada:

It is a complex question, because there is also an influence as well of the assay that 
is used to determine the infectious particles. There is certainly an underestimation of 
the real infectious particles. When the adenovirus is produced people harvest it at the 
maximum, normally this is after 48 hours in a batch mode. Very probably what is 
happening is that if you delay the harvesting at 37°C, part of the particles may fall 
apart, apparently, because they are incomplete, and this is something that may occur 
as well during the purification process. The ratio I mentioned is already in the high 
range, some people have reported 30 % and even 40 % as the highest, but often they 
are in the range of 10 %. 
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Abstract. Previous papers concerning the inactivation of retroviral vectors have focused either the kinetic 
aspects of the inactivation process or the factors affecting vector stability. The present work aims at 
bridging this previous knowledge by simultaneously studying inactivation kinetics and structural aspects
of retroviral vectors. For this purpose, two human derived cell lines (TE Fly cells) producing retroviral
vectors with amphotropic and GALV envelopes were used. Vectors with amphotropic envelope exhibit a
higher stability than those with GALV envelope. Using an Arrhenius-like plot it was possible to observe 
two inactivation kinetic phases for amphotropic enveloped vectors but only one for GALV enveloped 
vectors. Electron Paramagnetic Resonance (EPR) results show that the production temperature exerts an 
important effect upon vector membrane rigidity, with a consistency between kinetic phase and membrane 
transition temperatures being observed.. Since cell and vector membrane physico-chemical properties arer
affected as a response to changes in culture temperature and medium composition, such changes can be 
used more prospectively to improve the stability of retroviral vectors.

1. INTRODUCTION 

Recombinant retroviruses are one of the most commonly used vectors for gene 
therapy (Mountain, 2000). However, the low stability of retroviral vectors, namely
that of mouse leukeamia virus (MLV) derived vectors containing amphotropic or 
Gibbon Ape Leukaemia Virus – GALV envelopes, is still hampering a large-scale 
production, purification, and application of these vectors (Pizzato et al., 2001;
LeDoux et al., 1999). The negative impact of a low stability is reflected not only in
the dramatic reduction of the concentration of infectious particles but also in the 
efficacy of their use in clinical applications. Recently, it was shown that cell
cultivation temperature and the cell type has a considerable impact upon the
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temperature stability of amphotropic enveloped vectors (Beer et al., 2003). Finally, 
an earlier study by Aloia et al. (1988) showed that manipulation of membrane 
rigidity of retroviruses could affect virus stability and infectivity of HIV. These 
observations constitute an evidence of the complexity of the factors influencing the 
loss of infectivity of retroviral vectors.  
 The present work aims at studying in an integrated approach both the
inactivation kinetics of retroviral vectors with amphotropic and GALV envelopes
produced in TE Fly cells and their corresponding physico-chemical properties. The 
inactivation rates measured for each set of conditions enabled the analysis of the
kinetics of vector loss of infectivity. Furthermore, vector physico-chemical 
properties, namely their rigidity as assessed by EPR (Electron Paramagnetic 
Resonance) (Slosberg and Montelaro, 1982) was studied in order to provide some 
explanations for the variation of the inactivation kinetics with storage temperature 
and to devise strategies for improving vector stability. 

2. MATERIALS AND METHODS

2.1. Cell Culture 

TE Fly A7 and TE Fly GA18, two TE 671 (human) derived cell lines producing 
retroviruses with amphotropic and Gibbon Ape Leukeamia Virus (GALV) 
envelopes, respectively, were used in this work. Both retroviral vectors code for the 
reporter gene lacZ.  The cells were cultured in T-flasks in DMEM (4.5 g/l glucose,
Glutamax I) (Life Technologies, Paisley, UK) supplemented with 
penicillin/streptomycin (100 U/ml; 100 µg/ml) and 5% FBS (Life Technologies) and 
incubated in a humidified incubator with 7% CO2 in the gas phase, at 37ºC. 

2.2. Virus Production and Purification 

For viral vector production cells were grown nearly to confluence in DMEM with 
5% FBS supplement (Life Technologies). Fresh medium was added to cells 24 hours
before the virus supernatant was harvested and filtered with 0.45 µm filters
(Whatman, Maidstone, UK). The filtered viral supernatant was concentrated by
ultra-centrifugation using a Beckman L8-55M centrifuge: 100 000g for 1.5 hours at 
4ºC in a Beckman 45Ti rotor. The pelleted virus was resuspended in PBS pH 7.2 and 
purified by centrifugation on a 20% (w/v) sucrose solution (Merck, Darmstadt, 
Germany) at 200 000g for 2 hours at 4ºC in a Beckman 90Ti rotor. The titer of the 
purified vectors was assessed as mentioned below.

2.3. Virus stability assay

The inactivation rates were determined by titration of the infective virus on the 
purified samples. For that purpose, target cells were infected with different dilutions 
of the cited samples and tested for expression of the lacZ gene (Cruz et al., 2000). 
The temperature inactivation profiles of the vectors were determined by measuring
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vector titer versus time (0, 1, 2, 4, 8, 16, 24, 48, 72 and 96h) at several temperatures: 
4, 12, 17, 22, 27, 32 and 37ºC. All determinations were performed in triplicate. 

2.3. EPR spectroscopy

After the purification, the pelleted virus was suspended in 137mM NaCl/15mM
Na2HPO4/2.7mM KCl/0.5mM MgCl2, pH 7.5. Spin label working solution (1mg/ml 
5-doxyl-stearic acid (Sigma, St. Louis, MO) plus 50mg/ml crystallized BSA (Sigma) 
as carrier) was added to the purified virus (200ml per mg of viral protein) and PBS 
was added up to 1ml. The mixture was incubated for 2 hours at room temperature,
after which unbound spin label was removed from the mixture by centrifugation on
a 20% (w / v) sucrose solution, for 2 hours at 200 000g and 4ºC, in a Beckman 90Ti
rotor. The pelleted virus was resuspended in PBS pH 7.2 and transferred to a quartz 
EPR flat cell for aqueous samples. EPR spectra were measured in a Bruker ESR300
spectrometer, equipped with an Oxford Instruments variable temperature flow 
system. Spectra were obtained with a microwave power of 24 mW, from 5 to 37°C, 
after stabilization (typically 5 min) at each temperature. The hyperfine splitting 
constant 2TII was measured using the spectrometer software.

3. RESULTS AND DISCUSSION

The inactivation rates (k) were determined as described under Materials and 
methods. Table 1 shows the first order inactivation rates determined at 4 and 37ºC
for these vectors. Table 1 shows that the vectors with amphotropic envelope are
generally more stable than GALV enveloped vectors produced under the same
conditions. This corroborates the impact of envelope proteins upon vector stability 
that has been reported in the literature (DePolo et al., 1999). However, this 
difference in the stability may be due to the different protein structure or to the
different amount of protein being incorporated in the viral envelope. The production
temperature also affects the inactivation rates, with the vectors produced at 37ºC 
being more stable than those produced at 32ºC at low temperatures (Table 1).  

Table 1. Vector first order inactivation rates measured at different temperatures for purified 
retroviral vectors produced at 37°C and 32ºC. The standard error is shown. 

k (hk -1)
TE Fly A7 

37ºC 
TE Fly A7 

32ºC
TE Fly GA18

37ºC 
TE Fly GA18

32ºC
37ºC 0.239+0.005 0.25+0.02 0.35+0.05 0.37+0.05
4ºC 0.014+0.005 0.09+0.02 0.16+0.05 0.25+0.02 

Vector inactivation kinetics were studied by plotting the inactivation rate and 
corresponding incubation temperature data according to the linearized form of the
Eyring equation, an Arrhenius-like equation, given by: 
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where k is the rate constant – the first order inactivation rate - T is the temperature in 
Kelvin, kBk is the Boltzmann constant (1.38 x 10-23 J/K), h is Planck's constant 
(6.626 x 10-34 J s) and R is the ideal gas constant (8.314 J/mol-K). ∆H# and ∆S# are, 
respectively, the enthalpy and entropy of activation for the reaction.

Figure 1 shows that amphotropic enveloped vectors exhibit two different kinetic 
phases while GALV enveloped vectors show only one. This shows that the two 
types of vectors differ not only in their stability but also in the way such stability is 
affected by the temperature.  

Figure 1. Temperature dependence of the first order inactivation rate of amphotropic (A,B)
and GALV (C,D) enveloped purified retroviral vectors produced at 37ºC (A,C) and 32ºC 

(B,D). The p value is provided for each fitting.

The existence of different profiles and kinetic phases shown in Figure 1 suggests
that production and incubation temperature must affect the vectors themselves. 
Thus, vector envelope rigidity was measured to test if the inactivation mechanism 
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was somewhat related to the envelope properties. Under these conditions, some
correlation should be observed between the profiles shown in Figure 1 and the
rigidity. To test this hypothesis, Electron Paramagnetic Resonance (EPR) (Slosberg 
and Montelaro, 1982) was used. Figure 2 depicts the hyperfine splitting constant 2TII

measured using this technique. The increase in temperature caused a general 
decrease in the value of the spectral parameter 2TII. Since 2TII correlates with the
lipid bilayer rigidity this decrease corresponds also to a decrease in the envelope 
rigidity. The plots of 2TII values versus temperature also allows the definition of the 
thermal transition temperatures, determined from the slope changes. 

Figure 2. Plot of the hyperfine splitting constant 2TIITT versus temperature for purified I

retroviral vectors with amphotropic (A) and GALV (B) envelopes produced at 32°C ((( ) and 
37ºC ((( ) The p value is provided for each fitting.

The first conclusion that can be taken from Figure 2 is that the production
temperature has a marked effect upon the rigidity of the envelope of the retroviral
vector, this effect depending on the type of vector. Retroviral vectors with the 
amphotropic envelope protein produced at 32ºC by TE Fly cells are more rigid 
(higher 2TII) than those produced at 37ºC (Figure 2A), the opposite being observed 
for vectors with the GALV envelope protein (Figure 2B).  

Viral envelopes containing the amphotropic envelope protein have one thermaltt
break point (Figure 2A). Nevertheless, the existence of break points of the vectors
containing GALV envelope protein depends on the production temperature, with no
breaks being observed for the vectors produced at 37ºC (Figure 2B). However, thet
most interesting observation was that the results presented in Figure 2 regarding the
thermal break points were consistent with the kinetic phase transition temperatures 
shown in Figure 1 reinforcing the relevance of the vector envelope properties upon 
vector inactivation kinetics. The only exception concerns the GALV pseudotyped 
vectors produced at 32ºC where one membrane rigidity break existed (Figure 2B) 
but no kinetic phase transition was observed (Figure 1D). The explanation for this is 
the fact that the activation energy for the inactivation of these vectors (calculated 
from the slope of Figure 1D) is very close to zero; this means that the inactivation
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reaction is practically spontaneous. Therefore, eventual changes in the envelope
properties, such as membrane rigidity, should only have an impact on inactivation
kinetics if they increase the activation energy of the vector inactivation reaction; 
from the results presented here it can be concluded that this was not the case for the 
GALV pseudotyped vectors produced at 32ºC. 

It has been shown that the cell membrane composition can be manipulated in
several ways from cholesterol sequestration or depletion to the inhibition of 
cholesterol biosynthesis (Simons and Toomre, 2000, Beer et al., 2003); thus, 
production temperature may also affect membrane composition and physico-
chemical properties. Since cholesterol is known for its stiffening and regulating
effects upon membrane lipid phase behavior (Brown and London, 2000) it is likely 
that extreme variations in cholesterol content may lead to significant variations upont
vector stability.  

4. CONCLUSIONS

The results obtained corroborate previous observations that the type of envelope and 
culture temperature significantly affect vector stability and inactivation kinetics.
Furthermore, the inactivation kinetics are strongly affected by the culture 
temperature and the vector envelope proteins, with the different envelope proteins 
determining the existence of one (GALV pseudotyped vectors) or two (amphotropic
vectors) kinetic phases.  

Vector envelope properties, namely membrane rigidity, seem to affect the 
inactivation profiles. Membrane transitions are consistent with changes in the
inactivation kinetics and vector sensitivity to temperature. This also suggests that the 
effect of the culture temperature upon vector stability is exerted through changes in
the physico-chemical properties of the vector. Thus, since the concentration or ratios 
of individual lipid components affect the stability of retroviral vectors, more 
attention has to be paid as to how quantitative changes in individual lipids and 
cholesterol caused by cultivation conditions (e.g. temperature) or by the host cell 
type affects vector temperature stability. 
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INTRODUCTION

The ONYX-4XX family of vectors is designed to replicate in cells with defects
in the retinoblastoma tumor suppressor protein (pRB) pathway (Johnson et al.
2002). Disruption of the RB tumor suppression pathway is common in a variety of t
tumor types including lung, colon, pancreatic, breast, glioma, bladder and prostate. 
Selective replication of ONYX-4XX vectors in pRB-defective cells has been 
accomplished by placing the control of adenoviral E1A proteins under the control of 
the human E2F promoter.  To support the production of ONYX-4XX vectors, a
producer cell line which provides E1 functions, such as HEK293, or a cell line with
defects in the RB signaling pathway is required. The problem with HEK293 cells is 
the theoretical risk of homologous recombination between vector and adenoviralm
sequences in the cell which could lead to a recombinant vector that is unrestricted in
its ability to replicate in normal cells. To overcome this risk, a decision was made to 
screen tumor cell lines for their ability to support the ONYX-4XX vectors.  The
selection criteria used were set a priori and are listed in Table 1. Cell lines which
met these criteria were tested in different production platforms including Nunc Cell t
Factories™, batch-fed suspension culture, and perfusion using the Refine 
Technology ATF™ hollow fiber apparatus.

©  Printed in the Netherlands. Springer.2005
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Table 1: Selection Criteria for Cell Lines Supporting ONYX-4XX Production

Parameter Test System(s) Criteria

Vector
Production

Cell Specific Productivity in serum-
free suspension culture

>20,000 vp/cell 
measured by HPLC

Cell Growth Serum-free adapted cultures 
Maximum cell density in batch culture 

MGT <36 hours
>1.5E6 cells/ml

Generation of 
Recombinants

Probe for wt AdV by PCR None detected

Regulatory 
Acceptability 

No regulatory hurdles from FDA. 
Contamination with known human
pathogens unacceptable. 

Input required from 
consultant

Licensing
Issues

Freedom to operate without large 
licensing fees.

Preferred status is
unrestricted use.

RESULTS

Adaptation of HeLaS3 and H1299 to Suspension Culture 

Based upon internal data and external publications, twelve human cell lines were
selected for their ability to support wild-type adenovirus replication. Experiments
with were performed to determine the ability of the cells to grow and support the 
production of ONYX-411 and ONYX-443 in adherent serum-containing culture. t
The results from these experiments are summarized in Table 2 and show mean cell
generation time (MGT) and cell specific vector production based upon Anion-
Exchange HPLC analysis of cell lysates. 
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Table 2. Results of preliminary screening of various tumor cell lines in adherent culture.

Cell Line Cell Type Growth Rate
MGT (h)

ONYX-
443

(vp/cell)

ONYX-
411

(vp/cell)

HEK293 AdV transformed 
embryonic kidney 

26.2 ND** 14,715 

H1299 Lung large cell 
carcinoma

29.8 52,600 97,027

C-33A Cervical carcinoma 22.3 BLQ* 11,053

HeLa-S3 Cervical carcinoma 31.1 49,880 75,263 

Y79 Suspension retinoblast 30.9 20,064 ND

COLO-
320DM

Colorectal
Adenocarcinoma

24.7 20,758 BLQ 

WiDR Colorectal
Adenocarcinoma

29.2 BLQ ND 

WERI-RB-1 Suspension Retinoblast > 70 ND ND 

HT-3 Cervical carcinoma > 100 ND ND

HepG2 Hepatocellular 
Carcinoma

38.1 BLQ ND 

DU-145 Prostate Carcinoma 29.9 22,279 ND 

A549 Lung Carcinoma 37.3 19,750 ND 

NCI-H69 Small Cell Lung 
Carcinoma

24.2 BLQ ND 

* BLQ: Below Limit of Quantitation (8,400 vp/cell)  **ND: Not Done 

Adaptation of HeLaS3 and H1299 to Suspension Culture

Applying the criteria established in Table 1, only the H1299 and HeLaS3 cell
lines produced enough vector and had suitable growth characteristics to go to the 
next phase, adaptation to serum-free suspension culture. Several commercially
available media were screened for suitability, and the media in which the cells grew
best were selected. The H1299 were grown in the Gibco HEK293 SFMII medium 
supplemented with a trace element cocktail and an HEK supplement comprised of 
plant hydrolysates. The HeLaS3 cells were successfully adapted to growth in the
JRH Ex-Cell 293 medium. Post adaptation, both cell lines grew extremely well witht
mean generation times of approximately 24 hours, with the HeLaS3 reaching a 
maximum cell density in batch culture of 1.0E7 cells/ml, and the H1299 reaching a
maximum cell density in batch culture of 2.5E6 cells/ml.  In shaker flask 
experiments, the HeLaS3 cell line was capable of supporting the production of 
ONYX-411 and ONYX-443 at 34,000 and 12,000 vp/cell respectively, while the
H1299 cell line was only capable of supporting production of ONYX-411 at 28,000
vp/cell, while ONYX-443 was below the level of detection. Based on these results, it 
was decided that both the HeLaS3 and H1299 cell lines passed the criteria initially
set for selection for ONYX-411 and were placed into further testing. 
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Comparison of HeLaS3 and H1299 in Different Production Platforms

Nunc Cell Factories

Several experiments were performed with the adherent HelaS3 and H1299 cell
lines with the ONYX 411 and 443 vectors to determine the productivity using 10-
stack Nunc Cell Factories (CF10s).  Some of the variables examined were culture
medium, need for serum post-infection, need for medium exchange post-infection,
cell density at infection, and viral concentration at infection. The factors with the
biggest impact on productivity were: medium exchange post-infection; cell density 
at infection; and the presence of serum post-infection. In general, there was little 
difference in overall productivity between the HeLaS3 and H1299 cell lines, or the 
411 and 443 vectors. On average, approximately 4-6E13 viral particles were 
produced per 10-stack Cell Factory with FBS at harvest as summarized in Table 3.  

Table 3: Summary of Vector Production in Cell Factories (total vector produced per CF10)

Exp. Conditions #
Experiments

Mean Standard Deviation

HeLa-S3

ONYX-411 + FBS 20 6.12E13 ± 2.21E13 

ONYX-411 w/o 
FBS

3 1.65E13 ± 0.16E13

ONYX-443 + FBS 4 4.06E13 ± 1.47E13

ONYX-443 w/o 
FBS

3 2.92E13 ± 0.59E13

H1299

ONYX-411 + FBS 9 4.32E13 ± 1.80E13

ONYX-411 w/o 
FBS

4 2.91E13 ± 3.00E13

ONYX-443 + FBS 2 4.16E13 ND

ONYX-443 w/o 
FBS

0 ND ND

10L Batch-Fed Bioreactor 

Experiments were performed in 10L Applikon bioreactors to determine the
ability to produce ONYX-411 in batch culture according to the following protocol.
Cells were seeded into the vessels at half volume and allowed to grow for three
days. At this point, cells were infected and fresh medium added up to the full 
volume. Results from a typical experiment are summarized in Figures 1A and 1B 
comparing cell growth and vector production respectively. The H1299 cells have a
significantly higher glucose uptake rate than the HeLaS3 cells, consuming
approximately 1.7 g of glucose per 1E9 cells per day compared with 0.6 g of glucose
per 1E9 cells per day for HeLaS3. While the volumetric productivity was higher for 

S. FORESTELL, ET AL.
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the HeLaS3 cells due to the higher cell density achieved, the cell specific
productivity was comparable at 30,000-40,000 vp/cell (Figure 1B). This cell specific
productivity is in good agreement with data generated in the Nunc Cell Factories. 

Figure 1. Comparison of ONYX-411 production in H1299 and HeLaS3 cells cultured in a 10L
bioreactor. Cells were infected with vector at 5E8 vp/ml 72 hours post-seeding as seen by the
dilution of the cells in Figure 1A.  Figure 1B shows volumetric productivity (closed symbols) 

and cell specific productivity (open symbols) as measured by AEX HPLC.

10L Perfusion Bioreactor 

Experiments were performed in a 10L Applikon reactor equipped with a Refine
Technology hollow fiber perfusion apparatus operating with the alternating
tangential flow (ATF) technology.  In one experiment with H1299 cells, perfusion
was initiated when the glucose level dropped below 3 g/L, and the viable cell
density exceeded 6E5 cells/ml.  Due to the high glucose uptake rate of these cells 
(1.69 g/1E9cells/day, Figure 2B), the perfusion rate was kept at a high level 
(maximum 2.5 V day-1). When the density exceeded 2E6 cells/ml, cells were 
infected with ONYX-411 at a final concentration of 1E9 vp/ml.  Cells continued to 
grow post-infection to a maximum viable cell density of 3E6 cells/ml.  Looking at 
vector production, total vector produced peaked at 50 hours post-infection (hpi), but t
the maximum oncolytic activity unit (OAU) concentration was reached upon harvest 
63 hpi. To reach peak productivity (50 hpi), the H1299 cells consumed a total of 
81L medium. In another experiment, HeLaS3 cells grew rapidly to >2E6 cells/ml
before perfusion was necessary, and grew to a peak cell density of 1E7 cells/ml 
post-infection with ONYX-443. To reach the peak productivity, a total of 64L of 
medium was consumed. In a third experiment, the goal was to reach a higher cell 
density with HeLaS3 while minimizing medium consumption. In this experiment,

Figure 1A: Cell Growth
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the cell density reached 2E7 viable cells/ml but consumed only a total of 63L of 
medium to reach peak productivity (39 hpi with ONYX-411). The key difference
between the two cell lines is in the glucose uptake rate, which is approximately 3-
fold higher for H1299 compared with the HeLaS3 (Figure 2B). With the HeLaS3
culture, there is an obvious peak in OAU concentration at 57 hpi, which is close to
the peak time with the H1299 culture (63 hpi). 

Figure 2. Data from Perfusion bioreactors. Circles: H1299 with Onyx-443. Squares: HeLaS3 
with Onyx-443. Triangles: HeLaS3 with Onyx-411. Total infectious “Oncolytic Activity 

Units” or OAU were measured using an assay developed at Onyx as described by Sluzky et al a
(2002). 

Scale-up to 70L Pilot Scale 

The batch-fed and perfusion processes were next evaluated using a pilot scale
70L Applikon Bioclave vessel.  Given the ability of the JRH Ex-cell 293 medium to
support high densities, the batch-fed process was run allowing the cell density to 
achieve >2E6 cells/ml before infection and addition of the feed medium. The higher 
volumetric productivity in the 70L vessel (Table 4) is due to the higher final cell 
density as the cell specific productivity remained roughly 38,000 vp/cell. Results 
obtained for both the HeLaS3 and H1299 cell lines with both the ONYX-411 and 
ONYX-443 vectors are summarized in Table 4. Note, the volumetric productivities
reported reflect tank volume and not total volume of medium consumed.

Figure 2A. Cell Growth
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Table 4. Comparison of production of ONYX-411 and ONYX-443 in the HeLaS3 and H1299
cell lines in different production platforms at the bench and pilot scale. 

HeLa S3 H1299Production Platform 
And Scale ONYX-411 ONYX-443 ONYX-411 ONYX-443

Nunc 10-Stack Cell
Factory  

8.1E13
vp/L

4.5E13
vp/L

6.9E13
vp/L

4.9E13
vp/L

10L Batch Suspension 2.5E13
vp/L

ND 1.8E13 
vp/L

BLD

70L Batch Suspension 7.8E13
vp/L

ND ND ND

10L ATF Perfusion  5.0E14 
vp/L

1.1E14
vp/L

1.4E14
vp/L

ND

70L ATF Perfusion  3.5E14 
vp/L

ND ND ND

DISCUSSION

The final selection of a cell line for the production of the ONYX-4XX series of 
vectors comes back to the original criteria set in Table 1. Of the cell lines screened, 
only the HeLaS3 and H1299 cell lines met the technical criteria established. Both 
cell lines were adapted to growth in serum-free suspension culture with mean 
generation times of approximately 24 hours. Both the H1299 and HeLaS3 cells were 
capable of producing approximately 4E13 vp of vector in Cell Factories.  The key 
difference between the cell lines became apparent upon adaptation to serum-free
suspension culture.  Under this mode of operation, the maximum cell density 
achieved with the H1299 in batch culture was 2E6 cells/ml, while the HeLaS3 cells 
were able to reproducibly grow to 1E7 cells/ml in batch culture. The reason for the
difference was the significant difference in glucose uptake rate which was 
approximately 3 fold higher for the H1299. As a result of the lower nutrient uptake
rate, HeLaS3 cells achieved higher cell densities and consequently, higher 
volumetric productivity than the H1299 in both batch and perfusion experiments. 
Another difference between the two cell lines was the inability of the H1299 cell
line to produce the ONYX-443 vector in batch suspension culture, despite repeated 
attempts. Of the non-technical criteria for cell line selection, there were no 
regulatory concerns apparent which would favor one cell line over another. 
Feedback obtained from industry experts and the FDA indicated that the use of a
tumor cell line is reasonable, and that no cell line would be excluded a priori. The 
theoretical risk of using a tumor cell line would be weighed against the potential
benefit a therapy would have. The biggest concern with these cell lines is the 
presence of residual host cell DNA in the drug product. For these reasons, ONYX
has decided to proceed with the HeLaS3 cells for production of the ONYX-4XX 
vectors. The main advantage being the higher volumetric productivity, greater ease 
of scale-up, and the ability to produce both the ONYX-411 and ONYX-443 vectors
in all platforms tested.  
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QUESTIONS AND ANSWERS 

Ernst Wagner, Ludwig-Maximilians Universität, Germany:

You have noticed that the vector carrying the cytidine deaminase should lower 
growth properties. Is there a reason for this ?

Sean Forestell, Onyx Pharmaceuticals, US:

Cytidine deaminase is not the only one vector we have been working on. It just 
seems to be a vector-specific phenomenon. Some vectors are good producers and 
give very favourable particle to pfu ratios. In case of CD-1 we do not get very 
favourable ones. I think it is just vector specific. 

S. FORESTELL, ET AL.
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PROCESS DEVELOPMENT FOR A VETERINARY 
VACCINE AGAINST HEARTWATER 

1ITQB/IBET, Apt. 12, 2781 Oeiras, Portugal; 2FCT/UNL,2
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Abstract: This work describes the optimization of a cost-effective bioreaction strategy for the production
of an inactivated bacterial vaccine against Heartwater and, the first attempt to produce the causative agent 
of this disease, the rickettsia Ehrlichia ruminantium (ER), in stirred tanks. In vitro, it is possible to 
produce ER using finite cultures of ruminant endothelial cells [1]. Herein, mass production of these cells
was optimized for stirring conditions. The effect of inoculum size and microcarrier type upon maximum 
cell concentration was evaluated. Afterwards, using the optimized parameters for cell growth, their ability 
to support ER production was assessed. For that purpose, two ER strar ins (Gardel and Welgevonden) were 
studied. Critical bioprocess parameters related with the infection strategy such as serum concentration at 
infection time and refeeding strategy were analized. The results obtained clearly indicate that it is possible
to produce ER in stirred tank bioreactors and that the production yields can be increased by a factor of 6.5 
when serum-free medium is used during and after the infection process. The suitability of this process
was validated upon to a 2L scale. Since process economics are critical for veterinary vaccines, these
results are of major importance, as they will be used to define a scalable manufacturing culture process 
for the production of a Heartwater vaccine.

INTRODUCTION

The rickettsia Ehrlichia ruminantium (ER) is an obligate intracellular bacterium that 
infects brain endothelial cells. It is the etiologic agent of Heartwater, an infectious
disease of domestic and wild ruminants with high mortality rates in sub-Saharan
countries and West Indies. Currently, a vaccine based on the chemically inactivated 
ER elementary bodies produced in finite culture of ruminant endothelial cells is the 
best candidate for protection against Heartwater [1]. To overcome the socio-
economical impact of Heartwater, it is imperious to establish mm an industrial cost-
effective production process that will permit the widespread application of the 
vaccine.

MATERIALS AND METHODS 

Cell Culture: Caprine Jugular (CJE) and Bovine Aortic Endothelial cells (BAE), 
supplied by Dr. D. Martinez  (CIRAD/EMVT, France), were cultivated in static
conditions as described previously [1]. Experiments in stirred tanks (spinner vessels
– Wheaton and/or 2 L bioreactors - Braun) were performed using a non-porous
(Cytodex 3TM from Amersham Pharmacia) and a porous microcarrier (Cultispher-
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STM from Percell Biolytica AB, Sweden). The microcarriers were prepared 
according to the manufacturers. 

Ehrlichia ruminantium culture: ER Gardel (ERG) was supplied by Dr. D.
Martinez and ER Welgevonden (ERW) by Dr. E. Zweygarth (Onderstepoort 
Institute, South Africa). ER was cultivated in static conditions as described 
elsewhere [1,2]. For stirred tank ER production, two culture media were tested: a
Glasgow based medium supplemented with 10% FBS (Invitrogen, UK) and a special
serum free formulation based on the commercial DMEM/HAM’S F12 (referred as
SFMC-23) [2]. ER was quantified by SYBR Green I based real time PCR developed 
by our group [3]. 

RESULTS AND DISCUSSION

Mass Production of Ruminant Endothelial Cells 

Microcarrier cell culture has been previously used by our group to produce large
quantities of ruminant endothelial cells [4]. Herein, we show that cell growth yields 
are highly dependent on the cell origin (Table 1). Maximum cell density (1.4 x 106

cells/ml) was achieved for BAE cells when an inoculum of 0.25 x 106 cells/ml was 
seeded on a non-porous microcarrier (Cytodex 3). Although similar results were 
obtained for CultiSpher S (porous microcarrier), there was a 24 h delay to attain 
maximum cell concentration. Therefore, 6 g/l of Cytodex 3 were used to obtain high 
amounts of host cells for ER infection experiments under stirring conditions. 

Table 1. Optimized bioreaction parameters for CJE and BAE cells under stirring conditions.

CJE cells BAE cells 
Microcarrier designation Cytodex

3
TM

Cytodex 3
TM

CultiSpher S
TM

Microcarrier weight 6 g/l 6 g/l 3 g/l

Inoculum size (x10
6

cells/ml)
0.10 0.10 0.25 0.25

Maximum Cell
Concentration
(x10

6
 cells/ml) 

0.68 0.96 1.38 1.30

Days for max. cell .conc. 8* 5 4 5 

(* Two complete media refeed were required to stimulate cell growth)

Ehrlichia ruminantium Life Cycle in Stirred Tank Culture Conditions SS

Under static culture conditions, ER has been described to have a Chlamydophila-like
developmental cycle consisting of an extracellular infectious form designated by
elementary body (EB) and a non infectious, metabolically active, intracellular form 
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designated by reticular body (RB) [5]. To ensure that ER was able to colonize and 
proliferate inside the host cells, its growth was monitored using phase contrast 
microscopy (Figure 1). In Figure 1b, it is shown that the host cells exhibit a
substantial swelling when compared to non-infected cells (Fig 1.A); this is an
indicator of successful infection and ER development inside host cells. EBs
maturation into RBs, forming inclusion bodies called morula, can be visualized in 
Fig. 1 C. After successive rounds of binary fission, non-infectious RBs reorganize to
EBs that are released from the host cell after complete cell lysis (Fig. 1 D). This is
the first evidence of successful ER growth under stirring conditions, supporting the 
development of a large-scale process for ER production. 

Figure 1 – E. ruminantium Gardel  life cycle in microcarrier cells culture. A - non infected 
BAE cells; B – infected cells; C - reticulate bodies (morula) ; D – elementary bodies release. 

Mass Production of Ehrlichia ruminantium  

Two chemically distinct culture media were tested in their ability to support two ER 
isolates (ERW and ERG): a serum-containing medium based on Glasgow MEM and 
a serum free medium [4].

Figure 2 – ER production yield in stirred tank conditions: effect of serum

A 6.5-fold increase in ER production yield was obtained when serum free medium 
was used during and after infection. The elimination of serum oligosaccharides or 
glycoproteins, that normally inhibit host cell-bacterium interaction, could have
contributed for an increase in the susceptibility of endothelial cells to ER infection 
therefore augmenting the final amount of produced bacteria. Considering the
industrial demands for a biotechnological process, the use of this medium will
reduce the production costs and minimize the interference of serum proteins on
vaccine dosage (still based on total protein content). Preliminary results indicate that 
a better productivity is obtained when only one complete medium replacement is 
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done at infection time. These optimized parameters were validated up to a 2L scale 
and approximately 300 vaccine doses per litre were produced. The first doses
produced at this mid-scale are currently undergoing field trial in cattle and sheep in
Kenya and Burkina Faso; the preliminary results obtained are quite satisfactory and 
demonstrate the effectiveness of the vaccine in inducing protection against 
homologous challenge (data not shown). 
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A NEW METHOD FOR THE QUANTITATIVE 
DETERMINATION OF ENVELOPED VIRAL

PARTICLES

German Research Centre for Biotechnology, Division of Molecular 
Biotechnology, Braunschweig 

Abstract. A method has been developed for the qualitative and quantitative detection of viral particles 
containing a lipid shell. The method is based on the specific binding of a fluorescent dye to cholesterol of 
the viral lipid shell. The fixed virus samples were examined using a fluorescence microscope at 1000x 
magnification. The method is fast, easy and reliable. It can be used to evaluate the infectious quality of 
virus vector batches (infectious/ total viral particle number). Further applications are the screening of cellm
lines for viral contaminations, determining the viral load in cell supernatants and the virus removal in
downstream purification processes. 

1. INTRODUCTION 

Viruses represent unwanted companions of mammalian cell cultures, e.g.
retroviruses of mouse hybridomas and myelomas.  Thus, it is obvious that cell lines
have to be screened for virus contamination particularly if cell lines are used for 
protein production for pharmaceutical applications. Furthermore, in cases of virus
contamination the effectiveness of virus removal strategies of downstream processes
has to be documented. Several methods are applicable for the general or specific 
detection and quantification of viral loads  (e.g. electron microscopy, nucleic acid 
quantitation, immunostaining, MAP assays). Due to the limitations of current 
methods we have developed a new and simple assay, which uses the binding of a 
fluorescent dye to the cholesterol of the viral membrane. 

2. METHODS

Cells were propagated in DME (10% FCS) in T25 flasks at 37°C, 5%CO2. After 24
hours production the supernatants were harvested, filtrated (0.45 µm) and analysed. 
The total viral particles were quantified via the cholesterol staining method. The
endpoint titers were determined by a ß-gal assay (TE671) or a G418 titer assay [5].
For the staining of viral particles the cell supernatants were filtrated to remove cells
and cellular debris (0.45 µm pore size), fixed to chamber slides and stained with 
cholesterol binding fluorescent dye. Cholesterol stained particles were visualized 
using a bfp filter set (Ex 387/ Em 450) and 1000x magnification [6]. 
Immunohistochemical staining of amphotropic mouse leukemia virus was done as 
described by Pizzato et al. [1]. 
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2. RESULTS

2.1. Development of a new staining method for enveloped viruses

The membrane of many enveloped viruses is acquired from the plasma membrane of 
the host cell. As cholesterol is a common component of the plasma membrane of 
most cells types cholesterol also represents a constituent of the viral membrane. We
wondered whether a cholesterol binding fluorescent dye could be used to detect 
enveloped viral particles e.g. the amphotropic mouse leukemia virus (MLV-A), a tt
retrovirus. Interestingly, the halos of the MLV-A particles (100nm diameter) could 
be detected using a fluorescence microscope (1000x magnification) (Fig. 1c).
Besides MLV-A we could detect the enveloped vesicular stomatitis virus (VSV) and 
the retroviral contamination of Sp2/0 cells [3]. As expected, type 5 adenoviruses 
(AdV5) could not be detected since they do not contain a lipid shell  [4] (not 
shown).

Figure 1. Cholesterol staining of MLV-A particles. a) 110 nm Texas Red labelled beads, b)
Immunohistochemical detection of MLV-A using an antibody specific for the envelope protein, 

c) Fluorescent cholesterol staining of MLV-A derived from infected mouse NIH3T3 cells

To determine the reliability of the cholesterol staining method we compared the
assay with the specific detection of the MLV-A using immunohistochemical staining 
of envelope proteins as described by Pizzato et al. [1] (figure 1). The quantification
was performed after particle counting using commercially available beads (100 nm 
in diameter, Texas Red labelled) of known concentration as quantitation standard. 
The immunohistochemical and cholesterol staining resulted in similar viral counts 
(data not shown). The average variance of the new method of 13.5% was calculated 
from multiple determinations in 15 independent experiments (data not shown). 

2.2. The infectious quality of a retroviral production depends on the host cell line

Retroviral vectors, defective in replication, are often used for gene transfer 
experiments. As the cholesterol staining method for enveloped viruses allows the
easy quantification of total viral particles, we applied this method together with
standard methods for measurement of retroviral titers to determine the infectious 

a b c
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quality (ratio infectious particle/ total particle numbers) of retrovirus productions of 
different cell lines. For that purpose, the potential of NIH3T3 (mouse), TE671 
(human), BHK-A and BHK21B (both hamster) was compared. Due to the lack of 
retroviral producer cell lines based on BHK-A and BHK21B a helper virus approach 
was used (cotransfection of replication competent and retroviral vector). In addition, 
the TE671 based human packaging cell line TE FlyA7 [2] was used for the 
investigations. Interestingly, the productivity for retroviruses differed only
marginally between the cell lines (total particles) while the population of infectious 
viruses varied drastically between cell lines of different origin (species and tissue)
(mouse, human versus hamster). 

3. DISCUSSION

We present a new method for qualitative and quantitative detection of enveloped 
viruses using cholesterol binding fluorescent dye and fluorescence microscopy. The 
method allowed us to detect MLV-A retrovirus derived from different cell lines, tt
VSV and retroviral contaminations of cell cultures. A specific knowledge about the 
viruses (viral antigens, genome, proteins) is not necessary as all cholesterol 
containing enveloped viral particles should be detectable. Presently we are 
collecting data on the specificity using viruses of other families and maturation
characteristics. The cholesterol staining method allows a rapid, sensitive, reliable 
and direct determination of the total viral load of cell culture samples and exhibits 
advantages compared to established methods of virus quantification with respect to 
cost, reliability and time-consumption. Especially, the method can be used to assess 
the infectious quality of retrovirus vectors derived from different cell lines and 
culture conditions. We could show that the quality of retrovirus production depends 
strongly on the used host cell line. While all cell lines investigated released
reasonable total viral particles numbers, the level of infectious particles differed 
considerably. This results in infectious quality indices differing in three order of 
magnitudes (ranking: TE 671 (human) > NIH3T3 (mouse) > BHK-A (hamster) >
BHK-B (hamster)). The molecular basis of this phenomenon is focus of current 
investigations. Our results suggest that a careful choice of the packaging cell line for 
retrovirus production is necessary.
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1. INTRODUCTION

Molecular therapy has become increasingly important for the treatment of some 
diseases. Although several protocols are currently in evaluation using viral and non 
viral delivery vectors, safety concerns and low delivery efficiency are important 
disadvantages on using these vectors, respectively. Virus like particles (VLPs) are
delivery vectors aiming at combining the advantages of both viral and non viral
vectors. Over the past ten years it has been demonstrated that structural proteins of 
many virus have the ability to self assembly into VLPs when expressed in
eukaryotic or prokaryotic expression systems (Cho et al. 2001). 

The Human Immunodeficiency Virus type 1 (HIV-1) and Simian
Immunodeficiency Virus (SIV) Gag precursor, like those in other retrovirus, which
is capable of assembling into virus-like particles without the requirement of any 
other viral factors, is composed of four major domains matrix (MA), capside (CA), a
nucleocapsid (NC) and p6 (Demirov et al. 2002). The MA (p17) protein form the 
outer shell of the core of the virion (González et al. 1996). It has already been 
demonstrated  that the expression of SIV MA protein alone by means of a vaccinia
virus expressed system assembles into lentivirus-like particles which are released 
into the medium of infected cells (Gonzalez et al. 1993, Angela et al. 1998). 

The goal of this work was to construct smaller VLPs able to delivery therapeutic
and effective proteins to the target cell. The VLP was constructed using the p17 
domain of SIV fused through a long peptide linker to the small domain p6 from 
HIV-1. The linker was used in order to avoid conformational problems. An 
expression cell line derived from 293T cells was developed for the production of 
these particles and is being adapted to suspension growth in serum-free medium. For 
delivery, the trans-activactor protein (Tat) from HIV was used. To evaluate the role 
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of matrix-only for VLP formation and the dependence of p6 for Tat incorporation,
the expression of SIV MA protein alone was also studied. Expression of chimeric
proteins and presence in the culture medium was evaluated by immunoassay and 
electronic microscopy. Current studies evaluate the biochemical delivery of the Tat tt
protein to cells. 

2. RESULTS 

2.1. Development of an expression cell line derived from 293T cells

To express the chimeric protein (p17-p6) in mammalian cells, 293T cells were
transfected with pcDNA 3.1 – p17/p6 and placed under zeocin selection to obtain 
stable colonies. Several clones were analysed for protein expression. This detection
was observed by immunofluorescence (figure 1a) and western-blot (figure 1b), 
either in cell lysates and in culture medium. 

                             a                      b

Figure 1. a) Immunofluorescence analysis (left – expression cell line; right – negative 
control- cells not transfected). Cells were incubated with anti-HA fluorescein (1:40) (Roche);
b) Western-blot analysis(1 – Cell extract; 2 – Culture medium ultracentrifugated through a 

20% sucrose cushion). Proteins were probed with anti-HA HRP (1:7500) (Roche)

To confirm that the chimeric protein (p17-p6) detected in the pelleted material was 
an indication of VLP formation and release, the stably transfected 293T cells culture 
medium was examined by electron microscopy (EM). The EM analysis (figure 2)
demonstrated that we are in the presence of  small particles surrounded by a lipidic 
membrane corresponding to the VLPs. 
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Figure 2. a) Electron microscopy; b)Proteinase protection assay (1 – Untreated; 2 – 1 % 
Triton X-100; 3 – Proteinase K 1µg/mL; 4 -1 % Triton X-100 and proteinase K 1µµ µg/mL)µµ

To further investigate that the p17-p6 assembled as membrane-bound particles a 
proteinase protection assay was performed (figure 2b). Culture supernatant from 
stably transfected 293T cells was ultracentrifugated at 120 000 g, through 20% (w/v) 
sucrose cushion and the pellet was resuspended in PBS and divided into 4 aliquots.
Proteinase K degraded p17-p6 VLP only in the presence of Triton X-100 (Figure 2b
line 4), which indicates that protease digestion required disruption of the lipidic
membrane surrounding the protein. 

2.2. Increase of VLP production

To confirm the increase of VLP released, the 293T cells were transfected either by
pcDNA 3.1-p17/p6 and pcDNA 3.1-p17, to compared the VLP production. The 
western-blot analysis of the culture medium (figure 3) showed a decreased of the
particle released by the 293T cells expressing the matrix alone. 

Figure 3. Western-blot analysis (1-cell extract, 2 – culture medium both from 293T cells 
transfected with p17/p6; 3 – cell extract, 4 – culture medium both from 293T cells transfected 

with p17)

3. DISCUSSION

Here we demonstrated that the fusion between the matrix protein of SIV with the p6
domain from HIV-1, when expressed in 293T cells, in the absence of other viral
proteins assembles into chimeric VLPs. Electron microscopy analysis and protease
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protection assay confirmed that the produced VLPs were surrounded by a lipidic 
membrane, that confer resistance to proteinase K degradation. 

We also showed that this fusion increased the VLP release by 293T cells, when 
compared to the expression of MA protein alone. This suggested that the p6 will
have  a positive influence in the particle release. Studies are being made to evaluate 
the role of p6 in chimeric VLP released.
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INTRODUCTION

Recombinant adenoviral (AV) vectors are highly efficient for gene transfer in a 
broad spectrum of cell types and had become one of the vectors of choice for 
delivery and expression of foreign proteins for gene therapy and vaccination
purposes. The market requirements for AV are constantly increasing causing a high
demand of methodologies for the production in large scale of concentrated vectors. 

The importance of infection kinetics on viral and protein production and the
significance of variables such as MOI (Multiplicity Of Infection) and HPI (Hours
Post Infection) in process optimisation have been demonstrated in previous studies
with other viral/eukaryotic expression systems e.g. baculovirus-insect cells1,
reinforcing that an optimized strategy of MOI and HPI is mandatory to increase f
production yields. Other important parameter affecting the viral infection process is 
serum concentration in the culture media2,3.

In this work, AV production kinetics was investigated. Factors such as medium 
composition, serum content, MOI, and harvest time were studied. A first generation t
recombinant adenovirus type 5 was used. Medium supplementation with a 
chemically defined lipid mixture, as a possible serum substitute, was also assessed. 

MATERIAL AND METHODS 

Cell Growth: 293 cells (ATCC-CRL-1573), were grown in MEM supplemented 
with 2 mM glutamine and 5% (v/v) FBS (all from Gibco, UK), at a humidified 
atmosphere of 5% CO2 in air at 37ºC or in CD293 (a serum and protein-free medium 
Invitrogen, UK) supplemented with 2 mM glutamine at a humidified atmosphere of 
8% CO2 in air at 37ºC; AV Quantification: AV titration was performed by the end-
point dilution method (TCID50) using 96 well plates and 293 cells. The titer was
calculated according to the method of Reed and Muench4. Virus titer were
normalized to the maximum one in the experiment. 
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RESULTS AND DISCUSSION 

Effect of MOI on AV production 

To evaluate the effect of MOI on AV production, 293 cells were infected with a 
MOI of 1, 5, 10 and 20. The AV production profiles are shown in Figure 1. The
maximum vector titer increased by a factor of 104 when the MOI was increased from 
1 to 5. Further increase in MOI did not affect vector titer but caused a shift of the
optimal harvest time; taking into account the AV net output (AVOut/AVtt In) it is clear 
that the best yields are obtained when a MOI of 5 is used. The profiles of AV release 
into the supernatant (due to cell lysis) were similar for MOI of 1, 5 and 10. The 
results show that for 48 HPI the amount of AV released into the supernatant is not 
significant as compared with the intracellular content, simplifying the downstream 
processing that can be designed taking into account only a cell concentration step, 
mechanical cell lysis and AV purification by ion exchange chromatography (data
not shown). 
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Figure1. Effect of MOI on normalized virus titer (((  intracellular, extracellular). 

Effect of culture media composition on AV production

In order to understand the effect of serum concentration on AV production, cells
were grown in MEM supplemented with 10% FBS and at the time of infection (MOI
5) the total volume of the culture medium was replaced by MEM supplemented with 
10, 5, 1 and 0% of FBS. AV were harvested at 48 HPI. The highest AV yields were 
obtained in MEM supplemented with 5% FBS (Figure 2). AV production decreased 
by a factor of 103 when 0 and 1% FBS concentrations were used indicating the 
importance of serum in viral infection as extensively reported in the literature2,3.
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Interestingly a decrease on AV production was observed for 10% FBS containing
medium, suggesting that when in excess some serum components (e.g. proteins) can 
compete with AV for cell receptors by blocking viral receptors and consequently 
decreasing the probability of viral entrance into the cell. A concomitant decrease in 
cell viability was observed with the decrease in serum content (Figure 2). An
alternative approach to serum containing medium formulations is the use of 
commercially available defined media supplemented with known concentrations of 
lipids and amino acids solutions. We tested two chemically defined media (CD293 
and MEM supplemented with a chemically defined lipid solution from Invitrogen)
in their performance to produce AV. The results are presented in Figure 3. Cells
were unable to grow in MEM supplemented with lipids, thus a complete
replacement was done only at infection time. The highest AV yields were obtained 
in CD293 medium. When MEM supplemented with lipids was used a decrease in 
the maximum vector titer by a factor of 102 when compared with the CD293
medium and by a factor of 10 when compared with the MEM supplemented with 5%
FBS was observed. Thus, the CD293 was chosen for further process development.

Figure 2. Normalized virus productivity (( ) and cell viability ( ) at different serum
concentration for a MOI of 5 at 48 HPI.

Figure 3. Normalized virus titer at MOI 5 ( CD293, MEM+lipids, ♦MEM+5% FBS).♦

CONCLUSIONS

The best AV production yields were obtained for a MOI of 5 at 48 HPI. Serum 
concentration affected AV production yields and also cell viability. The best FBS
concentration was 5%. Surprisingly, AV infection seems to be hindered by the
presence of a higher serum concentration (10%). CD293, a serum and protein free 
medium, prove its potentiality as the best alternative for AV production, not only
because it supports higher AV yields but also because it is possible to simplify the 
downstream process, since virus and prions contamination are avoid in the
bioprocess. 
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ION-EXCHANGE CHROMATOGRAPHY BASED 
STRATEGIES FOR PURIFICATION OF VIRAL 

VECTORS

1. INTRODUCTION 

The increasing numbers of pre-clinical and clinical trials where recombinant viral
vectors are used for gene delivery require a cost-effective large scale production of 
biologically active, highly purified viral particles (Kay et al., 2001). Traditional
methods like CsCl density gradient centrifugation are time consuming, can process 
only limited volumes and involve the use of toxic reagents. Column chromatography 
can be an attractive alternative technique because of its well-known scalability, 
flexibility and capability to meet cGMP requirements. Chromatographic purification 
of virus particles mainly exploits size, surface charge or specific receptor-binding 
properties of the virions. Here we describe two ion-exchange chromatography based 
strategies, developed for the purification of adenovirus and adeno-associated virus. 
We demonstrate that this is a rapid, versatile and scalable technique suitable for 
large-scale production of high quality viral vectors. 

2. MATERIALS AND METHODS 

All chromatographic resins (SP Sepharose™ High Performance (Amersham 
Biosciences), Q Sepharose XL, SOURCE™ 15Q (Amersham Biosciences)) used in 
the study were products of Amersham Biosciences, Uppsala, Sweden.  

Adeno-associated virus (AAV) serotypes 2 and 5 were produced in HEK 293 
cells using a triple plasmid system (Brument et al., 2002). The same cell line was 
used also for production of the Adenoviral vector (Ad5).
Electrophoretic titration curves of viral particles and whole lysates were generated 
on 2% agarose and on poly-acrylamide IEF gels, respectively. Viruses were labelled 
with CyDye™ fluor (Amersham Biosciences), while IEF gels were SYPRO™ Ruby 

1Amersham Biosciences AB, R&D p1 rotein separations, Björkgatan 30, 
751 84 Uppsala, Sweden

2Amersham Biosciences Corp., P.O. Box 1327, Piscataway, NJ 08855, USA 2

3Amersham Biosciences Europe GmbH, Munzingerstrasse 9, 3

D- 79111Freiburg, Germany 
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(Molecular Probes Inc.) or Coomassie™ (ICI plc.) stained. SDS-PAGE and western 
blot techniques were used for analysis of chromatographic samples. 

Cells were lysed by three freeze/thaw cycles to release the viral particles. Cell 
debris were removed from the lysate by centrifugation. In case of Ad5 the lysate was
benzonase treated prior to clarification. In case of AAV the clarified lysate was
subjected to heat treatment (30 min at 56°C) and to filtration (5 and 0.45 µm) to
remove the precipitate. In both AAV and Ad5 cases one half of the clarified lysate 
was subjected to chromatography and the other half to CsCl gradient purification. 

Chromatography of AAV-5: SP Sepharose High Performance resin: Application
buffer: 2 mM MgCl2, 100 mM NaCl, 25 mM NaHPO4 pH 6.5. Elution buffer: 
Application buffer containing 500 mM NaCl. 
SOURCE 15Q resin: Application buffer: 2mM MgCl2, 1 mM CaCl2, 20 mM NaCl, 
20 mM Tris-HCl pH 8.2. Elution buffer: Application buffer containing 500 mM
NaCl.

Chromatography of Ad5: Q Sepharose XL resin: Application buffer: 50 mM 
Tris-HCl pH 8.0 in 5% glycerol. Elution buffer: Application buffer containing 1 M 
NaCl.

3. RESULTS AND DISCUSSION

3.1. Two step purification strategy for AAV 

The result from electrophoretic transformation curve indicated that the viral particles
had a net positive charge under pH 7 (Figure 1A), while most of the impurities were 
negatively charged at this pH (Figure 1B). This suggests that cation-exchange 
chromatography is a favourable step for capturing the virus particles from the lysate.

Figure 1. Electrophoretic titration curves. A: Cy3 Direct™ (Amersham Biosciences) labelled 
AAV. B: SYPRO Ruby stained whole cell lysate. 

SP Sepharose High Performance was used to capture the rAAV5. The bound 
rAAV5 was eluted at 238mM NaCl (Figure 2A). 

The anion-exchanger SOURCE 15Q was used for removal of the remaining
impurities from the rAAV5 fractions. The binding of viral particles to the column 
was achieved by increasing the sample pH to 8.2 and lowering the salinity to 20mM
(negative charge of the virus particles). When applying a linear salt gradient to the 
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column, rAVV5 was eluted in the first peak at a NaCl concentration of 93 mM 
(Figure 2B). 

Figure 2. Capturing AAV on SP Sepharose High Performance (A) and final polishing on
SOURCE 15Q (B) (A): virus-containing peak underlined. Insert in (B): the elution part of the
chromatogram was enlarged. The arrow indicates the virus peak. 

SDS-PAGE and western blot analysis of the virus-containing fractions confirmed 
the very effective removal of impurities (Figure 3). These results together with data
of transducing activity and the empty particle/PFU ratio of the viral stock (data not 
shown) revealed a superior purity and biological activity of virus particles purified 
by chromatography in comparison to those isolated with the CsCl method.

Applying the same purification strategy on AAV serotype 2, a viral stock with a 
quality equal to AAV5 described above, was obtained (data not shown). 

Scale-up experiments performed on columns containing 2, 8 or 20 ml of resins 
generated highly reproducible results with both AAV serotypes (data not shown). 

These data indicates a general applicability of the IEX approach for purification
of different AAV serotypes (Brument et al., 2002).

Figure 3. Silver staining (A) and western blot (B) analysis of rAVV5 samples.
L: initial cell lysate, 1St: virus peak from SP Sepharose High Performance, 2St: virus peak 
from SOURCE 15Q, 2xCsCl: viruses purified by double CsCl gradient centrifugation, 
10x00 : Number of rec. AA5 particles present in the sample. VP1-3:indicates virus proteins 
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3.2. Single step purification strategy for Ad5 (Herzer et al., 2000)

Empirical determination of the charge characteristic of Ad5 particles and clarified 
cell lysate showed moderate negative charge from pH 6-7 and strong negative
charge of the virions above pH 7.5 (Figure 4A). ETC of contaminants indicated a 
slower migration towards the anode in the pH range of 7.5-8.5 (Figure 4B). 

8 7 6 5 4 3910

CIX at pH< 5

- charged > pH of ~ 5.0

+  charged < pH of ~ 5.0

8 7 6 5 4 35 4 39

A BAIX at pH>6

Figure 4. Electrophoretic titration curves. A: adenovirus. B: whole cell lysate.

Taking into consideration virus stability and the charge characteristics, Q Sepharose 
XL chromatography at pH 8.0 was chosen for the purification (Blanche et al., 2003).
By applying a linear salt gradient we were able to separate the majority of impurities 
from the peak containing most of the viral particles (Figure 5). 
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Figure 5. Q Sepharose XL purification of Ad5. A-I: indicates the analysed 
fractions. The arrow indicates the virus peak 

The purity was confirmed by SDS-PAGE – western blot analysis (Figure 6) and 
PCR amplifications performed on the collected fractions.
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Figure 6. SDS-PAGE and western blot analysis of fractions. 1: loaded sample,
2: FT, 3: fraction A, 4: fraction B, 5: fraction C, 6: fraction D, 7: fraction E,
8: fraction F, 9: fraction G, 10: fraction H, 11: fraction I. Arrows indicate
hexon band 

Similar purities could also be obtained at salt concentrations up to 300 mM NaCl 
where contaminants will no longer bind to the column and an easy one step 
procedure allows elution of the virus from the column after sample application at 
300 mM NaCl and elution at 600mM NaCl (data not shown). However, binding 
capacity at higher salt concentration is about half due to competition with chloride 
anions (data not shown). 

Although the overall quality of Ad5 stocks obtained with a single step AIX 
chromatography is comparable to those isolated by double CsCl gradient, further 
improvement can be achieved by an additional size-exclusion chromatography on
Sepharose 4 Fast Flow (Amersham Biosciences) (data not shown) or HIC/IMAC
chromatographic step (Huyghe et al., 1995).

4. CONCLUSION

We presented two ion-exchange chromatography based strategies for purification of 
recombinant adeno-associated and adenovirus. This technique can handle crude, 
clarified cell lysate and generate viral stocks in high purity and with biological
activity similar to particles obtained by traditional methods. As a chromatographic
technique it has the vast advantages of easy, linear scalability, capability to meet 
cGMP requirements and short process time over the CsCl gradient density
centrifugation. Moreover, the presented strategies demonstrated that ion-exchange
chromatography can be a general method for large scale production of a variety of 
viral vectors. 
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SCALING UP OF ENDOTHELIAL CELLS CULTURE
FOR THE PRODUCTION OF A RICKETTSIAE
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THE INTERFERENCE EFFECTS
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Abstract: We showed here  that the scale-up of the production of the rickettsiae could benefit of the 
control of the migration properties of the host cells. Indeed, bead to bead transfer of endothelial cells, 
either normal or SV40 transformed and immortalized,  was shown to be efficient in cell subculturing 
using Cytodex 3 microcarriers either if grown in roller-bottles or stirred tank. It should be mentioned 
however that a phenomenon of interference due, at least in part to in-situ interferon induction by the
infection with the rickettsiae, occurs. 

INTRODUCTION

The infection by the  rickettsiae Cowdria ruminantium transmitted from animal to 
animal by ticks of the Amblyoma species is one of the three main causes of 
economical losses for cattle breeders in Africa, South of Sahara. Attenuated or killed  
rickettsiae vaccine was however shown to be efficient. ( Martinez et al. 1996,Totté
et al. 1999, Mahan et al. 2001) It should be produced in endothelial cells, which are
the only efficient permissive cell type  for the rickettsiae.

We have previously shown that mobility of endothelial cells is related to the 
expression of a 92 kD Metalloproteinase. (Blankaert et al, 1994, Marique and 
Wérenne, 2001) This property was taken into account in the present work.

We have shown before that interferon is playing an important role in in vitro
infection (Totté et al. 1996) and in the  resistance against the disease ( Totté et al. 
1993 -Totté et al. 1994) . 

We  therefore evaluated here the possible role of the interferon system in the
productivity of the vaccine. 

MATERIAL AND METHODS 

Cells used: MDBK cells were used to titrate interferons and to titrate the VSV used 
for the CPE  tests. (obtained from Dr K. Huygen , Pasteur Institute, Brussels). 
Endothelials cells :  either the  Bovine Umbilical Endothelial Cells -BUEC

©  Printed in the Netherlands. Springer.2005
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(provided originally to us by Prof. F. Jongejan, Utrecht University), or murine
Endothelial Cells immortalized by SV40 T antigen -HEC, were used.

Rickettsiae stocks used : the stock of Cowdria ruminantium "Senegal" was 
supplied originally to us by Prof. F. Jongejan. The rickettsiae were routinely stained 
in infected cells using the Diff-Quick coloration procedure (Bayer KIT).

Culture media and procedure used: Diferent culture media were tested ( 
essentialy DMEM, BHK21 and Optimem, from Gibco or Bio-Whtakker) with or 
without FCS (5-20 %), and with pen-sm (50 U and 50 µg/ml respectively). For 
"Spinner-flasks" growth, Cytodex 1, 2 and 3 were tested.

Growth was operated in <CO2 incubators in "TC flasks" (80 cm2), "Roller-
Bottles" (700 cm2) or Techne "Spinner-flasks" (100 or 250 ml) on Techne agitation 
plates. Pr 

Interferon : for control we used HuIFN alfa, supplied to us by Boehringer-
Ingelheim. The VSV reduction Cytopathogenic Effect (CPE) test is used for 
Interferon titration, as descriobed previously (Totté et al. 1994) 

RESULTS

Medium , Microcarriers  and Cells selection: 

By comparing the different media and microcarriers used, the final selection of 
Optimem for cells growth and  DMEM without Serum for the rickettsia production,  
Cytodex 3 (5mg/ml) , and immortalized HEC cells. BHK21 medium,  either with
Serum or not was not efficient for our purpose.

Maintenance of cells: cells already attached to their substratum remained alive 
for  more than 20 days ( with Optimem , more than 80 % of the cells remained m
attached) and for DMEM without Serum, 50 % were maintained. 

Cell culture Procedures used: for "Roller bottles" using a high HEC cells
seeding concentration ( 7.105 cells in 100 ml medium), with  a regular feeding 
procedure (every 3 days) , cells can reached a high density and may be maintained 
healthy for the long periods required for the rickettsiae production (more than 15 
days).  

Infected at day 12, a follow up of the rickettsia production was made and the
process is efficient. In  "Spinner-flasks" we showed that addition of fresh
microcarriers and fresh medium at day 4 when reaching thefirst confluence,
,permitted a more than a doubling of  the quantity of cells  obtained after 10 days (
over 9.107 cells are obtained , using a 30 minutes static condition when addind fresh
microcarriers followed by a stepwise increase in agitation (10, 20 and 50 rpm).
Infection with Cowdria ruminantium : was giving rise to efficient production either 
in "Roller-Bottles" ( starting from day 5 to 9  essentially) and in "Spinner-Flasks", in
which the process can be maintained longer.

Interference effects : rickketsiae titration (using a quantification of cell lysis
essay) showed that supernatant from infected cells contained an interfering factor 
affecting  the cell lysis process. Part of this effect is due to interferon. 
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CONCLUSIONS

We developed a procedure to produce the rickettsiae Cowdria ruminantium using
immortalized endothelial cells growing on microcarriers in "Spinner-Flasks"  as an 
alternative to grow them in  " Roller-bottles". The process involved scale-up 
conditions permitting the control of the adhesion of the endothelial cells on 
microcarriers for the prolonged time necessary for the development of infectious 
rickettsiaeand  the mobility of the endothelial cells from confluent microccarriers to 
empty beads. It should be mentioned that a phenomenon of interference due, largely 
to in-situ interferon induction by the infection with the rickettsiae, occurs.This
should be taken into account in optimizing the process  of Cowdria ruminantium
production and in  the downstream processing of the vaccine product. 
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Abstract. The rapid spreading of multi-drug-resistant human-pathogenic bacteria in industrialized 
countries and the thereto related increased morbidity and mortality urgently require decisive 
countermeasures to contain this imminent threat: (i) Discovery of novel anti-infectives has to outperform 
the emergence of novel resistance mechanisms, and the use of clinically licensed antibiotics in stock 
farming will have to be restricted or banned. Both of these key actions require highly sensitive and rapid 
technology to discover and validate novel antibiotic lead structures as well as detect trace amounts of 
illegal antibiotics in food samples including milk or meat. To increase the discovery rate for novel anti-
infective lead structures, we have designed the Mammalian Antibiotic Sensor Technology (MAST), a 
mammalian cell-based screening platform with integrated cytotoxicity and bioavailability assessment of  
novel antibiotic structures. The basis of MAST are antibiotic biosensors derived from prokaryotic 
transcriptional regulators, which are highly responsive to potent antibiotic core structures of a desired 
class. In order to enforce the ban of certain antibiotics in food samples we developed an in vitro 
Biosensor ImmunoAssay (BIA) for which we have engineered prokaryote-derived biosensors into a cell-
free test system for rapid and sensitive detection of antibiotics in biological samples like milk or serum. 

1. INTRODUCTION 

In the past decades spreading of multi-drug-resistant human-pathogenic bacteria has
been favoured by excessive antibiotic prescriptions in human therapy as well as
undue use of antibiotics as a growth promotant in stock farming. Today, more thant
60% of all nosocomial infections are caused by multi-drug-resistant bacteria
resulting in over 14.000 deaths per year in the USA alone. The World Health
Organization as well as the European Commission have reacted to this new threat by 
banning antibiotics from use in stock farming. Current scientific reports suggest 
reduced prevalence of multi-drug-resistant bacteria to correlate with restricted use of 
clinically licensed anti-infectives in large-scale animal husbandry1. In this study we
describe the potential and characteristics of antibiotic biosensors for discovery of 
novel antibiotics as well as for detection of anti-infectives in food samples. 

©  Printed in the Netherlands. Springer.2005
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2. RESULTS AND DISCUSSION 

2.1. Mammalian Antibiotic Sensor Technology (MAST) for antibiotics discovery 

For rapid identification of novel antibiotics against resistant bacteria, we designed t
the mammalian antibiotic sensor technology (MAST) which can be used for class-
specific discovery of potent anti-infective core structures. The basis of MAST are 
biosensor proteins, which adjust their binding affinity to specific operators in 
response to different antibiotic classes2-5. Capitalizing on this reversible antibiotic-
responsive protein-DNA interaction, we designed a mammalian cell-based screening
system in which biosensor binding to a cognate operator module flanked by the viral
PSV40 promoter and the reporter gene SEAP (human secreted alkaline phosphatase)
modulates reporter gene expression in response to biosensor-specific antibiotic
structures3-5. In the absence of antibiotics, the biosensor-operator interaction blocks 
PSV40-driven SEAP expression, whereas class-specific antibiotic core structures bind 
the biosensor and change its allostery which results in disruption of the biosensor-
operator interaction and derepression of the reporter gene. Thus, SEAP production 
quantified by a highly sensitive chemiluminescence assay6 indicates the presence of 
an antibiotic structure (Figure 1). Engineering of the aforementioned biosensor-
operator configuration into a mammalian cell context provides further information
on the detected compounds7: (i) Undesired cytotoxic compounds kill the transgenic
reporter cell line and escape detection and (ii) MAST only detects antibiotics which 
diffuse through the cellular membranes to reach the biosensor and produce a positive
readout. Such bioavailability is essential to target intracellular pathogens like
Mycobacterium tuberculosis or Yersinia pestis and to cross key body barriers 
following oral administration of the anti-infective. Overall, MAST enables a 
straightforward integrated 3-in-1 screening which assesses in a single step three 
main characteristics of novel anti-infective candidates (class-specific antibiotic core 
structure, non-cytotoxicity of the selected compound and bioavailability of the anti-
infective) and therefore substantially speeds up the discovery process. MAST can be 
used to screen either biological or chemical libraries for new antibiotic lead 
structures (Figure 1). 
Today, several biosensor proteins are available for the discovery of potent antibiotic 
core structures active against multi-drug-resistant bacteria (Table 1). Additional 
biosensors have recently been engineered for MAST-based screening of 
butyrolactones which have recently been associated with immunomodulatory
activities3.

Table 1. Biosensors available for MAST-based screening.

Biosensor Operator Site Responsive to Reference
TetR tetO Tetracycline antibiotics (2)
PIP PIR Streptogramin antibiotics (5) 
E ETR Macrolide antibiotics (4)
ScbR OScbR Butyrolactones (3)R
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Owing to the composite nature of streptogramin antibiotics it is difficult for 
pathogens to acquire or evolve resistance against this class of antibiotics7. Therefore, 
MAST-based discovery of novel streptogramins is a current priority. 
Initial pilot discovery studies using streptogramin-specific MAST for screening a 
Streptomyces collection has resulted in several hits showing high activity against 
multi-drug-resistant human-pathogenic bacteria. Isolation, structure determination
and characterization of the active compounds are currently underway7.
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Figure 1. MAST (Mammalian Antibiotic Sensor Technology) in action. Mammalian cells (e.g.
Caco-2, shaded rectangular box) engineered for MAST detection express the biosensor (S)
and harbor the reporter construct consisting of a biosensor-specific operator flanked by the 
PSV40P promoter and SEAP (secreted alkaline phosphatase). Only class-specific, non-cytotoxic,
bioavailable antibiotics bind to S, induce an allosteric change and release it from its 
operator, which results in derepression of the SEAP. However, cytotoxic, non-bioavailable as 
well as non-antibiotic compounds do not produce a positive SEAP readout. 

2.2.Biosensor ImmunoAssay (BIA) for antibiotic detection in food samples 

In the previous chapter antibiotic biosensors have successfully been engineered in 
mammalian cells to enable 3-in-1 discovery of non-cytotoxic, bioavailable anti-
infective core structures of a specific class.  Biosensors can also be adapted for in
vitro detection of trace antibiotic amounts in biological samples such as serum, milk 
and meat. We have designed a rapid, multiwell and high-throughput-compatible 
cell-free diagnostic system based on quantifying the antibiotic-responsive biosensor-
operator interaction (Figure 2). 
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Figure 2. Diagram of the Biosensor ImmunoAssay (BIA). The biosensor (S) is bound to its 
operator sequence which is immobilized via a streptavidin (St)-biotin linkage in a 96-well 
microtiter plate. Only when the S-operator interaction is intact (- Antibiotic) it can be 
quantified by a primary and a secondary antibody coupled to horseradish peroxidase (HRP) 
which produces a colour readout in the presence of chromogenic TMB. However, in the 
presence of antibiotics (+ Antibiotic), no colour signal occurs. 

BIA consists of a biosensor-specific operator-containing DNA fragment 
immobilized via a biotin-streptavidin linkage in the well of a microtiter plate which
also contains lysate of a biosensor-producing E.coli in appropriate buffers (see 
Weber et al.8 for a detailed protocol). Ready-to-use microtiter plates containing
operator DNA and biosensor can pre-manufactured and stored vacuum-dried at 4°C 
for several month. Following activation by re-hydration with appropriate buffers, they
test sample is added and its antibiotic content quantified by the capacity to disrupt 
the biosensor-operator interaction. The amount of biosensor protein which remains t
bound to the operator is detected by a primary antibody specific for a C-terminally 
fused hexahistidine tag and converted into a color readout using a secondary
horseradish peroxidase-coupled antibody and the chromogenic substrate 3,3’,5,5’-
tetramethylbenzidine (TMB). Thus, decreasing antibiotics concentrations in the test 
samples correlate with increased color readout9.
We adapted this generic BIA set-up for the three antibiotic-responsive biosensors,
TetR, PIP and E, which are responsive to antibiotics of the tetracycline, 
streptogramin and macrolide classes, respectively. These class-specific BIAs have 
been validated for detection of cow serum samples spiked with different 
concentrations of tetracycline, the streptogramin antibiotic pristinamycin and the 
macrolide antibiotic erythromycin (Table 2).  
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Table 2. Dose-response characteristics of the biosensor immunoassay used for the detection 
of tetracycline, streptogramin and macrolide antibiotics in cow serum. Cow serum was spiked 
with indicated antibiotic concentrations and subjected to antibiotic-specific BIAs.

Antibiotic (ng/ml) Tetracycline Pristinamycin Erythromycin
500 10.5 ± 0.8 5.3 ± 0.7 8.2 ± 2.2
100 6.4 ± 0.4 4.6 ± 0.2 8.6 ± 1.1 
50 18.2 ± 0.5 7.0 ± 1.2 9.5 ± 0.4
10 17.3 ± 0.8 6.4 ± 0.3 16.4 ± 1.3 
5 47.3 ± 5.1 11.5 ± 1.7 19.4 ± 2.2
0 100.0 ± 8.3 100.0 ± 9.1 100.0 ± 10.3 

The detection limits of the three BIAs specific for different antibiotics determined 
with a 95% confidence interval were in the ng per ml range, which is at least two
orders of magnitude below EC maximum threshold values tolerated in food (Figure
3). Based on these promising results we are currently validating additional 
biosensors for detection of other substance classes in biological samples. Rapid test 
devices like lateral flow designs are under development. 
In conclusion, antibiotic-responsive biosensors engineered into a MAST or BIA 
configuration are powerful systems which detect novel class-specific, non-cytotoxic
and bioavailable antibiotic lead structures with unmatched precision (MAST) and 
trace minute amounts of illegal antibiotics in food samples with supreme ease and 
sensitivity (BIA). MAST and BIA systems are expected to become forefront 
technologies for the detection and/or preservation of efficient anti-infectives used in
last-line-of-defence treatment of multi-drug-resistant human-pathogenic bacteria.

Doxycycline

Chlorotetracycline

Minocycline

Erythromycin

Tetracycline

Oxytetracycline

Demeclocycline

Meclocycline

Virginiamycin

Pristinamycin

Rolitetracycline

Pyostacine

Oleandomycin

Clarithromycin

Synercid

Detection Limit (ng/ml)

Figure 3: Detection limits for different antibiotics using the BIA assay. The detection limits
are with an 95% confidence interval for each antibiotic. The maximum residual limits in food 
are 40 ng/ml and 100 ng/ml for erythromycin and tetracycline, respectively (European
Agency for the Evaluation of Medicinal Products, EMEA). 
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QUESTIONS AND ANSWERS

Alain Bernard, Serono, Switzerland:

How reliable is the system that you used based on Caco-2 cells ?

Wilfried Weber, ETH-Zurich, Switzerland:

Caco-2 cells are widely used to determine the potential of compounds to diffuse
through cell membranes.

Alain Bernard, Serono, Switzerland:

But Caco-2 will eliminate some compounds that later on could be found interesting.
How do you address this point ? 

Wilfried Weber, ETH-Zurich, Switzerland:

We tested the system in different cell types, and we also implemented it in in vivo
cells, where you have also the effects of  potential metabolites.

David Hacker, EPFL, Lausanne: What was the strain collection you were using ? 

Wilfried Weber, ETH Zürich, Switzerland:

We have a very large collection of Streptomyces and Actinomyces strains. 
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NUCLEIC ACID CAPTURE ASSAY: A NOVEL HIGH-
THROUHGPUT METHOD FOR DIRECT MRNA

QUANTITATION

Genentech, Inc., 1 DNA way, South San Francisco, CA94080, USA.

Abstract. Generating industrial production cell lines with high productivity is a labor-intensive process
with a limited throughput. As part of this process, hundreds of clones are screened using immunoassay
and cell count data in multiple plates and dilutions, significantly decreasing the throughput of this 
traditional method. To overcome these limitations we developed a new solution phase hybridization
technique, called Nucleic Acid Capture Assay (NACA) that allows the quantification of specific mRNA
species directly from lysed cells. Target mRNAs are captured on a solid support and signaled through 
multiple sequence-specific synthetic oligos. Detection of the capture event is achieved using probes 
labeled with digoxigenin combined with alkaline phosphatase conjugated anti-digoxigenin antibody. In
the current study, we show that mRNA correlates in most cell lines well with specific productivity and 
that the NACA assay can support high-throughput clone screening during drug development. 

1. INTRODUCTION 

During the process of drug development substantial resources and time are
required to generate stable cell lines with high productivity. Chinese hamster ovary 
(CHO) cells are the predominantly used host in the biotechnology industry to 
produce therapeutic drugs. Mammalian expression vectors that use dihydrofolate 
reductase (DHFR) as a selectable and amplifiable marker (1-3) are often used to 
ensure high specific productivity. Indeed, an amplification process that leads to an 
increase in gene copy number of the transgene is often necessary to generate high 
producing stable cell lines.   
Typically, expression plasmid carrying a transgene driven from a strong promoter is d
transfected into cells using one of many available transfection methods (4-6).
Transfected cells are grown in a medium under an appropriate selection pressure
until clones are formed.  Hundreds of clones are picked and subjected to screens for 
specific productivity based traditionally on detection of the protein product of the
transgene. ELISA is often the method of choice in many laboratories. The need to 
sample each clone multiple times in order to obtain an accurate measure of 
productivity combined with the necessity to prepare several different sample 
dilutions to fit into the linear range of the immunoassay dramatically decreases the 
throughput of this approach. 
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To overcome these limitations we have developed a new technology called Nucleic 
Acid Capture Assay (NACA), which allows high throughput direct quantitation of 
mRNA of the transgene directly from lysed cells (7). NACA involves several
capture and signaling sequences (Figure 1). Target nucleic acid is hybridized to a set 
of capture polymers, that are specific for the target nucleic acid and also for the
DNA extender oligonucleotides covalently bound to the capture wells. A second set 
of probes, named analyte-binding oligonucleotides, is used to signal the target 
molecule captured on the solid support. The different capture polymers and analyte-
binding oligos hybridize to different regions on the target molecule. To reduce non-
specific binding and stabilize the target nucleic acid, blockers are also designed. The t
NACA technology takes advantage of a simple and versatile signaling method. The 
immobilized target sequence is signaled through a stem oligonucleotide that 
hybridizes with the analyte-binding oligo present on the target molecule and allows 
hybridization of digoxigenin, fluorescein isothiocyanate or biotin labeled t
oligonucleotides. Alkaline phosphatase conjugated anti-digoxigenin, anti-fluorescein
isothiocyanate antibodies or streptavidin/alkaline phosphatase conjugates,
respectively, are subsequently used to signal the capture event. These signaling 
strategies allow a strong amplification of the signal without affecting the
background of the assay and represent one of the particularities of the NACA 
compare to existing technologies. 
We show that the concentration of transgene mRNA correlates well with specific
productivity and that mRNA is indeed a good surrogate for cell productivity in cell
lines. Unlike quantitative PCR, NACA does not require purification of total mRNAt
from each sample, thus, reducing the number of operational steps.

2. MATERIALS AND METHODS

2.1 Nucleic acid capture assay (NACA) 

DNA oligomers (Figure 1) were synthesized with an amino-group at the 3’ end 
for covalent coupling to 96-well DNA Immobilizer™ plates (Exiqon, Vedbaek, 
Denmark). Human Fc mRNA specific capture extenders and analyte-bindingtt
oligonucleotides were added to the transfected CHO cell lysates before mixing with 
capture hybridization buffer (6X SSC buffer (Sodium chloride/Sodium Citrate); 
0.1% SDS; 50 mg/ml salmon sperm DNA) and loading onto the coated DNA 
Immobilizer™ plates. Hybridization occurred overnight at 53°C in the dark. The 
next day, the plates were cooled to room temperature and washed with wash buffer 
(0.1X SSC buffer; 0.1% SDS). The diluted stem oligonucleotide in label buffer (6Xm
SSC; 10% BM block (Boehringer Mannheim)) was then added before incubating at 
53°C for 30 minutes. After cooling to room temperature again, the plates were 
washed with wash buffer before the addition of the digoxigenin labeled 
oligonuclotide. After another 30 minutes of incubation at 53°C, the plates were 
cooled back down to room temperature. Then plates were washed with wash buffer 
and incubated at room temperature for 30 minutes in the presence of anti-
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digoxigenin antibody conjugated to alkaline phosphatase. Finally, the plates were 
treated with alkaline phosphatase substrate (CDP-Star, InnoGenex) and incubated at 
37°C for 15-30 minutes. The chemiluminescence was read using an MLX 
Microplate luminometer (Dynex). NACA data were expressed as relative 
luminescence units divided by the relative fluorescence (rFU) from the viable cells 
determined by the calcein AM assay (see below).

2.2 Specific productivity assay 

Confluent clones in a 96-well plate have reached confluency were trypsinized 
and split 1:2 into a new 96-well plate with 50 ul of serum free medium. The second 
day after trypsinization, 100 ul of a calcein AM/propidium iodide solution (see
below) was added to each well. Plates were incubated for 20 minutes at 37°C. The 
fluorescence was read on a fluorescence plate reader (Millipore model 2350).  After 
the fluorescence was determined, the supernatant in each well was collected by 
centrifugation and the titer of recombinant antibody was determined by an ELISA 
immunoassay (9, 10). Specific productivity was expressed as an antibody 
concentration (ng/ml) divided by the relative fluorescence (rFU) from viable cells
obtained by the calcein AM assay. 
Calcein AM/propidium iodide solution: 1 mg of calcein AM (Molecular Probes 
#C1430) was dissolved in104 uL of DMSO. Thirty three µl of the calcein AM 
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solution and 60 µl of 1 mg/ml propidium iodide in ethanol were added to 10 ml of 
phosphate buffered saline. 

3. RESULTS AND DISCUSSION 

The dynamic range of the NACA assay (Figure 2) was evaluated using known
concentrations of specific mRNA (recombinant human hemoglobin mRNA) ranging 
from pg/ml to ng/ml concentrations. Figure 2 shows that the relation between 
mRNA concentration and the relative luminescence obtained by NACA is linear 
over at least 3 orders of magnitude.  

In order to validate the human Fc NACA technology, NACA data generated for 
fourteen different clones were compared to the data generated for the same clones
using human IgG ELISA (Figure 3). A strong correlation (R= 0.95) was observed 
between the Fc NACA and the IgG ELISA demonstrating that mRNA is a good 
surrogate for specific productivity and that NACA is an attractive tool that offers 
high-throuput dor screening clones during drug development.

J. VAN DE GOOR, ET AL.
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Figure 3: Fourteen different CHO clones producing a recombinant human monoclonal 
antibody were seeded in 96 well plates at a density between 1 x 103 and 80 x 103 cells/well. 
Conditioned media was collected to measure human IgG concentration using an intact IgG 

immunoassay and cells were subsequently lysed using the NACA lysis buffer. The NACA was
performed as described in Material and Methods. Human Fc NACA data correlated well with

the intact human IgG immunoassay data confirming the correlation between specific 
productivities and mRNA levels. This result also validates the NACA as a reliable strategy to 

screen CHO clones. 
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QUESTIONS AND ANSWERS 

Chan Young Lee; Merck, US: 

Your linear correlation, within one single transgene, is indicating that the difference 
between a high producer and a low producer is based on the transcriptional level.
But is there any other case indicating correlation with secretion or folding? A second 
question: this is a rapid screening method, but is there any other way to also inducet
the diversity during the transfection and bias the probability of  identifying a high 
producer. Just because you mentioned that in the beginning there is not any control
during the transfection. Have you identified the localization of your gene, and along 
your screening method, have you tried different transfection protocols to enhance 
your chance of identifying high producers ? 

Jana van de Goor, Genentech, US:

Actually we have looked at some other transgenes that are not monoclonal
antibodies, and the correlation of specific productivity across different transgenes
was not there. It is definitely so that these methods are looking amongst one 
transgene where the transcription is directly related. There are of course other 
parameters that are desirable in cell culture to find high-producing clones, and this 
assay will not capture them all. But so far, we had really good experience using this 
assay for cell line screening, and the correlation is holding up for this particular 
transgene. This is using the traditional approach, without having a control on the 
integration events, and although every biologists would like to have more control on
the system, we also know how much complex are the systems we are working with. 
Every bit of accuracy and control is really wanted, and we are also looking at 
various ways of how to use homologous recombination for targeting purposes, as
many other labs are also investigating. 

Nicolas Mermod, University of Lausanne, Switzerland: 

Do you know how much of the total cell mRNA actually corresponds to the IgG 
transgenes ? 

Jana van de Goor, Genentech, US:

We have never made that calculation, but I am sure some others have done, maybet
somebody would like to comment on his cell line.

Nicolas Mermod, University of Lausanne, Switzerland:

Well, I know in our case this figure is about 16%, I was wondering about your case 
in order to make some comparison.

Jana van de Goor, Genentech, US:

What is the productivity of your cell line ?

J. VAN DE GOOR, ET AL.



 357

Nicolas Mermod, University of Lausanne, Switzerland:

It is about 20 pg/cell-day.

Nesredin Mussa, Lonza Biologics UK:

A very interesting technology. Is the dynamic range of mRNA, in nanogram levels,
very low for hyper-producing cell lines ? Have you done any correlation studies
between reverse transcription PCR with this technology ? 

Jana van de Goor, Genenetech, US: 

No, we have not done anything, we have done some comparisons to TAQ-Man 
assay, and the correlation is very good. Regarding the dynamic range, we do runs 
with three dilution ratios, and this is coming from a confluent 96 well plate, that is 
then passaged in a 1 to 10 ratio into the plates where you do your assay. So, there is
a range of cell numbers that we normally harvest, but I do not know the exact 
numbers, because for a HTS you do not want to be counting cells in all your wells. 
We know from experience that taking the mentioned conditions will bring us to the 
dynamic range of the assay. 

NUCLEIC ACID CAPTURE ASSAY 
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Abstract. This work describes the set-up and optimisation of a simple, robust and cost effective process
for the high throughput production of recombinant proteins using HEK293EBNA cells at 100 ml scale.
Several transfection reagents were tested and evaluated for simplicity of transfection procedure, cost, mm
reproducibility and expression yield. A purification process was set-up, which allows the fast purification
of tagged proteins via a robotized system. The reproducibility and robustness of the whole process was 
monitored by inclusion of a well-expressed protein into the daily production batches. The statistical
analysis of the purification yields of this control protein revealed that the process is operator independent 
and uncritical to cell density and nutrient conditions within the seed cultures. Over a period of more than
a year more than 1,200 transfections were carried out yielding more than 630 different proteins in
microgram quantities for screening purposes. 

1. INTRODUCTION 

The capability to express large numbers of unknown cDNAs in significant amounts
becomes more and more important in the post-genome era.  

To accommodate the flow of new genes discovered by genome mining and other 
techniques, a process had to be developed to achieve the following three main goals:
Highest possible yield based on a maximum scale of 100 ml culture volume, low 
costs and simple experimental design, so that the process is robust and reproducible
on a day to day basis. 

Three different expression systems could be suitable for this approach, E.coli,
insect or mammalian cells. Each of these systems has its specific advantages, which 
have to be considered as well as their disadvantages.  Small-scale E.coli parallel
expression systems are fast and commercially available, but the recombinant 
proteins lack glycosylation and are often not functional. Baculo-virus insect cell 
cultures produce glycosylated proteins but the lytic character of the system could be 
a disadvantage for a further scale-up. Mammalian cells produce functional proteins 
with correct glycosylation but the systems is slower and the expression yield could 
be lower than in the other systems.

Since the process should yield proteins to be used in cellular assays the
recombinant proteins needed to be purified from the culture supernatant. To achieve 
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this goal the proteins were engineered to have a tag at the C-terminus, which allows 
for easy purification. The purification process was designed in a way that the 
proteins would be purified within 24 hours post-harvest to minimize the possibility 
of protein degradation. 

2. MATERIALS AND METHODS

2.1 Seed train 

Suspension-adapted HEK293EBNA cells (Invitrogen, USA) were grown in
EXCELL V-PRO (JHR, UK) culture medium supplemented with 4mM L-Glutamine
(Invitrogen, USA) and 1 ppm Phenol-red-solution (0.5% (w/v) solution in PBS) in 
spinner flasks (Techne, UK or DASGIP, Germany) in a humidified atmosphere
containing 5% CO2 at 37°C. The cells were counted on a daily basis and viability 
assessed using the Trypan blue exclusion method. A cell split was carried out if the
glucose concentration in the culture medium is below 3g/l or the L-Lactate 
concentration was higher than 1.35g/l. 

2.2 Transfection

Two T225-flasks per protein to be transfected were inoculated 16-20 hours prior to
transfection at 2x105 cells/ml in FEME medium (DMEM/Ham's F-12 (1:1)
(Invitrogen, USA) supplemented with 4mM L-Glutamine, 2 % FCS (JRH, UK) and 
4ml/L ITS-X supplement (Invitrogen, USA). For the transfection 115µg plasmid 
cDNA, constituted of 113µg of the relevant plasmid and 2µg of reporter gene 
plasmid, was diluted in 4.7ml 150mM NaCl solution in tube 1. In another tube 230µl
jetPEI transfection reagent (PolyPlus transfection, France) were diluted in 4.7ml 150 
mM NaCl solution. Both tubes were well vortexed and then tube 2 added to tube 1. 
The mixture was vortexed and incubated for 30 minutes at room temperature. After 
the incubation the transfection mix was added to the two corresponding T225 flasks. 
The transfected cells were grown for 6 days in a humidified atmosphere in a CO2
incubator. 

2.3 Harvest 

Immediately before harvest the cells were photographed using a fluorescence-
microscope (Axioinvert, Zeiss, Germany). Positively transfected cells could be
identified by their fluorescence due to the expression of the reporter gene. The
supernatant of the two T225 transfected with the same cDNA were pooled and 
centrifuged at 1,900xg for 10 minutes at 4°C to remove debris. 
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2.4 Purification

The centrifuged culture supernatant was diluted 1:1 with equilibration buffer and 
filtered through a 0.2µm filter. After this pre-treatment the supernatant was loaded 
onto a fully automated FPLC system (Vision Workstation, Applied Biosystems, 
USA). The recombinant protein was bound via the tag, eluted and desalted using a 
10ml Sephadex G-25 column (Pharmacia, Sweden). The final elution volume was
2.2ml, which corresponds to a 48-fold concentration of the recombinant protein. The 
quality and purity of the proteins was assessed by SDS page (Coomassie stain) and 
Western-blot. If a band was seen on the Coomassie stained gel the protein
concentration was determined using the BCA protein assay from Pierce.

3. RESULTS AND DISCUSSION

At the beginning of the definition of the process was the decision of the expression 
system. E.coli were not selected as expression host due to the lack of glycosylation 
of the recombinant protein and the fact that most proteins would be produced in
inclusion bodies. This would imply challenging renaturation steps during protein
purification, which is not possible for the automated standardized system we wanted 
to set-up. 
HEK293EBNA cells were chosen as expression host due to their known high 
expression levels for secreted proteins and their ability to produce proteins with 
human glycosylation. 
Starting with the target of 20 parallel transfections per day, which allowed the 
purification within 24 hours post-harvest, three production strategies were evaluated 
(table 1). For all strategies a production phase of 144 hours (6 days) was chosen to
maximize the protein production. Due to the large quantity amount of cell splitting
the flask-only variant was considered as not being feasible and the spinner only t
variant was rejected due to high investment costs for the equipment. 

Production strategy 
All flasks All spinners Mixed 

Transfection 40 flasks per day
(2 flasks per protein)

20 spinners 40 flasks per day 
(2 flasks per protein) 

Seed train 40 flasks per day 2 spinner 
continuous 

2 spinner 
continuous

Total per week 160+40 flasks 20+2 spinner 160 flasks 2 spinner 

Table 1 Possible production strategies for high throughput transfection

To optimize the transfection several different reagents were tested. Each of them 
was optimized separately and the best conditions were compared head to head. For 
the final decision multiple aspects were taken into consideration. The ease of the 
protocol, the price, the amount of plasmid DNA needed, the reproducibility of the 
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transfection and the expression yield (table 2). The two best methods (Ca-Pi co-
precipitation1 and jetPEI) were tested head to head during the first period of the 
routine transfections with total 85 of proteins. Thereafter jetPEI was chosen due to
the more convenient transfection protocol.

Reagent DNA per 100ml Price Easiness Robustness Yield 
Ca-Pi1 250µg Very low Fair Good Good 
JetPEI 115µg High Good Good Good 
Superfect2 200µg Very high Poor Poor Poor 
Lipofectamine3 160µg Very high Good Good Poor 
Effectene 80µg High Poor Poor Poor 

Table 2 Comparison of transfection reagents 

To be able to assess the success of the transfection a reporter gene was co-
transfected with the genes of interest. This fluorescent protein allowed for 
monitoring of the evolution of the positively-transfected culture. Control pictures 
were taken 24 hours post transfection and directly before harvest (figure 1). Since
the expression of the reporter gene was influenced by the expression of the gene of 
interest, a well-expressed control gene was transfected with every day's batch of 
unknown genes. This second internal control allowed additionally monitoring of the
purification process.

Figure 1: Final high throughput process 

Even though all care was taken during the process, the recovery yield after 
purification of this protein varied in the range of 185+66 µg/100 ml culture volume
(n=66) (figure 2). To further investigate into this variation the operator 
independence of the process was assessed (figure 3). Other parameters as cell age of 
the seed train or cell-density before inoculation were analysed and found to have no 
significant influence on the process itself (figure 4). Even the residual nutrient and 
accumulated metabolite concentrations in the medium of the seed spinner were 
analysed and no significant influence on the transfection could be found (data not 
shown).

H. HEINE ET AL.
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Figure 2: Purification yield of internal control protein. (Shaded is the mean value plus-minus
standard deviation)

Figure 3 and 4: Operator independence and independence of seed spinner cell density of the
final process

4. CONCLUSION

We have set-up a robust and user-friendly universal expression process, which 
allows for the daily parallel transfection of 20 proteins using HEK293EBNA cells at 
100 ml scale. The purification method was adapted to be able to process all samples
within 24 hours post harvest. The inclusion of a well-expressed control protein in the 
daily batches allowed assessing its robustness. Using this process we performed 
more than 1200 transfections yielding more than 630 different proteins within 18 
months.
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QUESTIONS AND ANSWERS

Chan Young Lee, Merck, US:

Could you tell us whether your production medium contains serum ?

Holger Heine, Serono, Switzerland: 

Yes, it contains 1% serum. 

Chan Young Lee, Merck, US:

What is then the typical purification recovery yield ? Is that depending on the 
productivity as well ? 

Holger Heine, Serono, Switzerland: 

Yes, it depends on the productivity, and the average purification recovery was
higher than 80 %.

H. HEINE ET AL.
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1015 Lausanne, Switzerland 

1.  INTRODUCTION 

Mammalian cell technology has allowed the market-scale production of recombinant 
proteins (r-proteins) of the highest complexity (i.e. antibodies) using stable cell lines
(1). For the production of small to moderate quantities (1–500 mg) of research-grade 
r-proteins, transient gene expression (TGE) in animal cells is the method of choice. 
HEK293 cells have been used extensively for transient transgene expression due to
their transfectability and their ability to grow to a  high cell density (1, 2, 3). We 
have optimized a calcium phosphate (CaPi) based transient transfection method for 
HEK293 cells that has been scaled up to 100 L (4, 5). In this report we present the
successful application of this method to the expression of various secreted r-proteins 
representing different degrees of complexity. 

2. MATERIALS AND METHODS

HEK293-EBNA cells were adapted to serum-free suspension growth in ExcellTM-
293 medium (JRH Biosciences) and transiently transfected in a DMEM/F12-based 
medium at a density of 1x106 cells/ml in spinner flasks or bioreactors (Applicon) 
(6). Included in the DNA mix was pEGFP (Clontech) in order to allow direct visual 
estimation of the transfection efficiency. At 16 to 20 hrs post-transfection, one 
volume of Pro293 medium (Biowhittaker) was added. After 3-7 days the culture was
centrifuged, and protein was purifed from the supernatant or the cell pellet, as
necessary. Human IgG1 antibodies and Fc-tagged proteins were purified on 
StreamlineTM Protein A (Amersham Pharmacia Biotech) after overnight batch
incubation with cell-free supernatants at 4°C.

3. RESULTS AND DISCUSSION 

Some examples of r-protein expression by transient transfection with CaPi are
presented in Table 1. Titers ranging between 1 and 20 mg/L were obtained, with the 
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highest titers for some antibodies reaching more than 25 mg/ml. However, some 
antibodies were expressed in the range of 1-3 mg/L in spite of high amino acid 
sequence conservation with antibodies that expressed at high levels. The reason for t
such significant differences in expression levels is under investigation, but may lay 
at the level of post-transcriptional modification. The highest transient expression of 
human IgG1 antibodies was achieved by co-transfecting vectors coding for heavy 
and light chain genes in an equimolar ratio (not shown). The inclusion of 1% EGFP-
expressing plasmid in the DNA cocktail allowed us to easily judge transfection
efficiency by microscopic observation of the cell culture as early as 16 hrs after 
transfection (Fig.1). The intensity of GFP expression directly correlated with the
efficiency of the transfection procedure without interfering with product expression
(7).

Table 1. Examples of secreted r-proteins yields per batch and total purified protein

r-Protein
Expression

time (d) 
Max Expression level 

(mg/L) 
Max batch volume 

(L)
Total purified 

(mg)

a-RhD (a) 7 19.8 110 n/a

agm-1 (b) 6 7 4.5 50

a-HP (a) 6 27.8 2 41

Ltm-a15 (a) 6 23.9 2 30

Ab62 (a) 7 22 1.5 25

Ab69 (a) 7 19.4 1.5 8

mIBPd (c) 5 2.5 4 20

mIBPFc (b) 5 14.1 4 n/a

MamFc (b) 6 4.3 3 15

Cals-1 (c) 5 20 1.5 46

s407/408 (b) 7 7 4 20

HRS-T (b) 6 2.5 1 2.5 

(a) Human IgG1 antibody; (b)Fc fusion; (c)His-tagged; n/a = not available

Figure 1. HEK293-EBNA cells at 16 hrs after transfection with 1% pEGFP-N1 DNA. Left:
Visible and fluorescent light; Right: Fluorescent light only. 
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4.  OUTLOOK 

The scalability of bioprocesses for the production of r-proteins is dependent on a
balance between method efficiency and cost, with the ideal process being applicable 
to any protein and scalable to industrial facilities. The method applied in this work 
meets some of these criteria, and we have attempted to demonstrate its versatility by
presenting some examples of different proteins that we have been able to express. 
We have successfully expressed not only secreted proteins but also intracellular and 
membrane proteins (data not shown). Transient expression of some intracellular t
(hormones) and membrane proteins (G protein-coupled receptors) revealed, in some
cases, a certain degree of cytotoxicity, but we were still able tot detect r-protein
expression (unpublished data). Current research is aimed at the identification of the
critical parameters for increasing r-protein yield. The general cost-effectiveness and 
versatility of our method make it a valuable tool for providing research material for 
several applications including functional genomic/proteomic studies, protein 
structure analysis, and high-throughput screening of complex r-proteins. However,mm
further work is needed to make the system more reproducible and productive. 
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1. INTRODUCTION 

In the production of an antibody or similar protein there is a vast selection of 
methods and materials to choose from for first the development of the target product 
and then scale up and manufacture of the product. While the final goal is more yield 
for less cost many factors need to be considered and weighed in the choice of the 
culture system and appropriate medium. In selecting the production system it is 
necessary to take into account current facilities and staff versus the cost of bringing 
in new systems and staff to support them. In selecting a medium, it is important to
be aware of requirements farther down in the process. 

2. MATERIALS

IMDM Medium, BD CellTM MAb Medium Quantum Yield, Serum Free, (SF) and 
Animal Component Free, (AF), Hyclone low IgG Fetal Bovine Serum (FBS),
FalconTM Roller Bottles, SiCultureTM Gas Permeable Bags, Accusyst R Bioreactors
and cartridges, BD CELLineTM Flask.

3. METHODS 

A comparison was performed in roller bottles, CELLine flasks, and hollow fiber 
bioreactors to ascertain which system would result in the highest yield while at the 
same time increase capacity and decrease overall costs. In table 1 a rat cell line,
XMG1, was used to demonstrate differences between the use of a traditional
medium, IMDM, and a specialty hybridoma medium, BD CELLTM MAb, Quantum 
Yield.  The table shows the differing amounts of medium, labor requirements, and 
time commitments required in the production of 1 gram of antibody.  While at first 
appearance the roller bottle appears to be the most economical, other factors such as 
capacity, ROI of capital expenditures, etc. may carry a heavier weight in cost over 
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time. Figure number one shows the overall yield (ug/ml) achieved in the culture
systems.

A comparison was done with multiple cell lines in gas permeable bags, roller 
bottles, and CELLine flasks to determine whether comparable yield could be
obtained using a serum free formulation or an animal free hydrolysate supplemented 
formulation as compared to BD Cell Quantum Yield with 10% fetal bovine serum.tt
An SDS Gel, figure 2, demonstrates the overall starting purity for the three media.
As the AF media does not contain any complete proteins no bands are present in the mm
lane on the SDS gel. 

Figure number 4 shows the cell density obtained over time with the 3 systems.
Figure number 5 demonstrates that comparable or even better yields can be obtained 
with the serum free media and animal free media. An SDS page gel was run on the 
unpurified supernatant, figure 6. 

A cost analysis chart, table 2, was designed to demonstrate overall cost of 
various systems in traditional media versus specialty media from initial growth of 
the cell culture thru clarification and concentration of the antibody containing
supernatant. This is a dynamic table designed so that fields in the bottom of the table
can be modified for changes in cost, labor, culture system, etc. Thus, this table can
provide a continuing cost monitor for changes in production methods.  Production 
goal was 1 gram of antibody.  

Table 1. RAT 1 Cost Analysis IMDM vs BD Cell Lot Size = 1 Gram

Table 2. Cost Comparison:Roller Bottle vs Gas Permeable Bag vs CELLine FLASK 
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Figure 1. XMG1 Antibody Figure 2. Figure 6.
Yield (ug/ml) SDS Gel Media SDS Page

Figure 4. Figure 5.

371

4. CONCLUSIONS

Multiple systems, methods, and media are available for the successful production of 
a secreted product such as a monoclonal antibody or recombinant protein. The
selection of the method, system, and medium will need to be done carefully after 
determining the parameters of the current needs while keeping in mind the future
needs of the product. To avoid differences in the protein itself, similar systems
should be selected for both the initial pilot work and scaled up production.
Does not include costs for overhead, systems, downstream processing, etc

MONOCLONAL ANTIBODY AA PRODUCTION
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INTRODUCTION

Expression of recombinant proteins using mammalian expression systems is still 
considered to be costly, tedious and labour-intensive, and ta hus disadvantageous to 
high throughput applications. However, a breakthrough in the rapid generation of 
recombinant proteins in mammalian cells was recently achieved by applying large-
scale transient transfection protocols. In particular the HEK.EBNA expression 
system has significantly contributed to this success. To date, two approaches to
transient transfection of HEK.EBNA cells on large scale have been described in
detail: CaPO4-mediated transfection [1] and Polyethylenimine (PEI) mediated 
transfection [2]. The data presented here evaluate both transfection methods in
conjunction with cultivation of cells in serum-free suspension culture using
commercially available as well as in-house developed cell culture media. 

MATERIALS AND METHODS

HEK.EBNA cells (Invitrogen) were grown in adherent mode in DMEM (Gibco/Life
Technologies) with 10% fetal calf serum at 37°C/5% CO2. For suspension 
cultivation in roller bottles the cells were adapted to the following media: 293 SFM 
II, CD 293, FreeStyle 293 (all Invitrogen), Pro 293s CDM (BioWhittaker), Hektor S
(Cell Culture Technologies), EX-CELL VPRO (JRH Biosciences) as well as to our 
in-house developed media formulations M11, M11V3, 2055 and its calcium-free
counterpart 2055cf. 

The expression plasmid used for transfection carries the cDNA coding for the
cytokine IL-13 followed by an IRES element and the eGFP gene. Recombinant IL-
13 production determined by affinity HPLC and green fluorescence of the cultured y
cells, indicative of transfection efficiency, served as read-out parameters.

CaPO4-mediated transfection was performed according to the protocol published 
by Meissner et al. [1]. Transfection using PEI as reagent was pursued as described 
by Durocher et al. [2]. All experiments were carried out on small-scale in multi-
well-plates as well as in small and normal sized roller bottles; for PEI-mediated 
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transfection the scale-up to 10 l Wave Bioreactor™ (Wave Biotech AG,
Tagelswangen, CH) volume was also assessed. 

RESULTS AND DISCUSSION 

Upon step-wise adaptation of the HEK.EBNA cell line to the panel of different 
culture media listed above, the growth performance of the cells cultivated in roller 
bottles was analyzed as shown in Figure 1. 
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Figure 1: Maximal cell densities achieved for HEK.EBNA cells cultivated in different serum-
free media. Following media adaptation the cells were seeded in roller bottles at a density of 

3x105 cells/ml. Cell densities and viabilities were monitored in 24 hour intervals using a 
Cedex cell counting device (Innovatis, Bielefeld/FRG). Medium VPRO mod. was prepared on

special request and does not contain dextransulfate. Solid bars: commercially available
media; hatched bars: media developed in Novartis. 

Only in five of the media tested the cells showed good growth performance:
FreeStyle™, EX-CELL VPRO™ and EX-CELL VPRO mod. as well as
M11/M11V3 media supported growth of the cells to densities higher than 2x106

cells/ml. All other media gave unsatisfactory results. As we were unsuccessful in
adapting HEK.EBNA cells to logarithmic growth in HEKTOR™ medium, no data
are reported. 

CaPO4- mediated transfection of HEK.EBNA cells, as described by Meissner et 
al. was successful only, if the cells were transferred into DMEM/F12 medium prior 
to transfection. Several serum-free media were suitable for pre-cultivation of the
cells, but presumably because of their low calcium content the change of medium 
was absolutely mandatory for transfection. Additionally we observed a rapid decline
in viablility of the cultures during the production phase post transfection. Despite 



TRANSFECTION IN SERUM-FREE SUSPENSION CULTURE 375

being fully reproducible, these two observations strongly limit the usefulness of the 
CaPO4- mediated gene transfer approach. 

In contrast, PEI-mediated transfection according to the protocol of Durocher et 
al. was simple to perform and worked in some of the commercially available media 
(CD 293, FreeStyle) as well as in-house developed formulations (2055, M11,
M11V3). Cells cultivated in media Pro 293 S, 293 SFM II, EX-CELL VPRO or 
HEKTOR S could not successfully be transfected. The in-house developed medium 
M11V3 outperformed the original M11 medium with respect to transfection 
efficiency and recombinant protein expression. 

A summary of all media tested with respect to growth performance, 
transfectability and cost-effectiveness is given in Table 1.

Medium
Price

[CHF/L]

Growth

characteristics

HEK.EBNA cells 

Calciumphosphate PEI

CD 293 140

PRO 293 S 85

293 SFM II 140

FreeStyle 134 n.d.

Hektor S 23

EX-CELL VPRO 30 n.d.

2055 44

M11 24

M11V3 50 n.d.

DMEM/F12 45 n.d.

Transfectability 

HEK.EBNA cells 

Table 1: Comparison of growth performance and transfectability of HEK.EBNA cells 
cultivated in commercially available as well as in-house developed serum-free culture media.

Symbols: = possible, = results acceptable, = very good results;
 = not possible; n.d. = not done.

SUMMARY 

In conclusion, we report on a thorough evaluation of commercially available cell 
culture media developed for HEK 293 cell lines in comparison to our in-house 
developed media formulations with respect to growth performance and utility in
transfection. Apparently these two parameters are not linked: media supporting good 
growth of cultures do not automatically render the cells transfectable and vice-versa. 
Which media components are responsible for promoting or inhibiting cell growth
and transfection remains speculative for the commercially available media; such
investigations for our own media formulations are currently ongoing. 
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1. INTRODUCTION 

As the human genome has been fully sequenced, our attention turns to proteomics,
the large-scale identification and characterization of proteins. The better 
understanding of the functional roles of all proteins will be one of the most 
challenging steps. There are two possible sources to study the protein products of the
genome and their interactions and functions:  

1. Cells that natively express the protein of interest and  
2. recombinant proteins that can be produced in homologous and 

heterologous expression systems. 

2. FULL ORF CDNA CLONING 

The sequencing of the human genome resulted in the identification of a large 
number of novel proteins whose function and interaction with other proteins are not 
yet well characterized. RZPD has started to establish a collection of full open 
reading frame (ORF) cDNA clones. With use of bioinformatic tools in total 5.200 
human genes that lack annotated function, or poorly predicted function are 
identified. 

To allow rapid and reliable subcloning of such a large number of ORFs we use a
cloning system that supports subcloning without restriction and ligation 
(GATEWAYTM, InvitrogenTM). It is base-specific and relies on homologous
recombination. It allows protein expression in a wide range of hosts as well as in 
vitro and in vivo functional studies at different scales. Up to now 3.120 full length t
ORFs have been cloned in this recombination vector system. 2.112 of these full 
length ORF clones have been completely sequence verified and annotated to 
characterize differences to the already published sequence data in respect to bp and 
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aa exchanges and alternative splice forms. Only clones showing stop codon
mutations and frame shifts were discarded. Overall more than 90% of the ORF
sequences passed our rigorous quality control. 

From Genes to Proteins

As the initial cloning was done in a recombination shuttle vector system, in a second 
step ORFs are moved into destination vectors to produce expression clones
(Baculovirus Expression Vector System (BEVS), E.coli, Yeast Two-Hybrid system).
This ORF transfer reaction can easily be performed in high-throughput (96 well
scale) using two or more vectors in one reaction. Using this technology there is good 
access to the respective proteins via Baculovirus Expression Vector and E.coli
systems in consideration of speed, cost and their ability of post translational
modifications. 

3. EXPRESSION STUDIES

In addition, full length ORFs are used in an automated yeast two-hybrid screeningt
(in cooperation at the Max Delbrück Center; Berlin; H. Göhler and E. Wanker, data
not shown). Resulting protein-protein interactions from this system will be verified
and characterized via in vitro methods. For this purpose different protein expression 
systems are established at the RZPD: 

- Baculovirus Expression Vector system (BEVS)
- in vivo and in vitro E.coli expression system (in vitro system data not 

shown).
For analytical analysis specific antibodies for a large number of protein products

of the full length ORFs are not yet available. Therefore different expression vectors
are established that allow the fusion of the ORF of interest to an additional affinity 
fusion tag. Routinely GST and 6xHis tags are used in our expression systems. For 
special purpose other affinity tags are available. The fusion tags are very helpful in
the protein purification step as well as in protein identification and the setting up of 
in vitro or in vivo protein-protein interaction assays.

In this study the results of the comparative expression of a set of nuclear 
receptors are presented. In the BEVS we used Spodoptera frugiperda (Sf9) cells, 
Autographa californica nuclear polyhedrosis virus (AcMNPV) and the destination 
vector pAcGHLT (BD, Pharmingen) in wich the multiple cloning site (MCS) was
exchanged by the corresponding GATEWAY™ MCS. For the E.coli system we
used One Shot  BL21 Star (DE3) and One Shot BL21(DE3)pLysS (Invitrogen )
cell lines. As destination vectors for GST fusion proteins we used the Gateway 
compatible pGEX vector and for 6xHis fusion constructs the pDEST17 vector 
(Invitrogen ). To use both vectors in the shuttling step in one reaction the resistence 
gene in pDEST17 was changed to the tetracyclin resistence gene.

The comparison of protein expression and protein solubility of this set of 
proteins in BEVS and E.coli show significant differences in the access to certain
proteins (Fig. 1). The examined proteins in most cases show good to low expression 
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levels in the E.coli expression system but mostly the produced proteins show
accumulation of improper processed protein and aggregates (7 ORFs of 12).

In contrast most of the BEVS expressed nuclear receptors were properly
processed and could easily be purified in milligram scale via one step affinity
chromatography (13 ORFs of 15).  

Table. 1.
Comparison of expression and solubility of selected proteins in BEVS and E.coli. Verification 
of BEVS expressed proteins were quantified after one step affinity purification (GST tag) via 
coomassie stained SDS-PAGE gels. E.coli expression (GST and 6xHis tag) was performed by
SDS-PAGE followed by coomassie staining. Western Blot analysis was performed without any

purification step. 

4. OUTLOOK 

The bacterial systems provide important advantages, like the ease of use, low cost mm
and high expression level. In contrast they impose a number of limitations for 
synthesis of eucaryotic proteins like in our case improper processing and protein
aggregation. In high-throughput studies for a large number of proteins this
expression system will still be the method of choice. Insect cell based expression
seems less advantageous in comparison to the bacterial system in handling and 
costs. For efficiant expressin of recombinant complex mammalian proteins in
biologically active form the Baculovirus Expression Vector system remains to be the
suitable technology. 

Therefore a combination of both protein expression systems allow us to gain
access to the respective proteins in question for in vitro interaction experiments. In
cooperation with other groups, the produced proteins will also be used for the 
production of specific antibodies. 

All data of our ORF cloning and the functional studies will be stored in the 
Primary Database at RZPD (www.rzpd.de). 

BEVS E.colill

ORFNo Expression Solubility

574 + +* ++*

645 + ++* (-)*

646 ++ (+)* -*

653 + ++* ++*

655 - (+)* -*

667 ++ -* -*

669 ++ +* +*

2722 ++ + +

2725 ++ + -

2727 ++ + -

2728 ++ + -

2729 + - -

2731 + + +

2738 + - -

2739 - + -

* Tag = 6His
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1. INTRODUCTION 

There is no doubt that fully equipped and controlled bioreactors are the only valid 
system for industrial production of large amounts of proteins with classical cell
culture technology. However, valuable information for bioprocesses can be obtained 
much faster and easier using alternative cultivation systems. For attached cells, 
different disposable culture plates or flasks satisfy most of these needs. Since fewer 
choices are available for suspension cultures, we wanted to develop a reliable and 
versatile system that fits routine applications in our laboratory. To support high cell 
densities, the system needs to provide good mixing of the medium and efficient 
exchange rates for oxygen and carbon dioxide.  

We used 50 ml centrifugation tubes with ventilation caps (Techno Plastic 
Products, Trasadingen, Switzerland) having five holes with different diameters 
above a gas permeable sterile filter (Fig. 1, right panels). The holes can be closed 
easily by covering them with adhesive tape to regulate gas exchange rates between 
the inside and the outside of the tube. Here we present the first results demonstrating 
the flexibility of these tubes for growing suspension cells to high densities.

2. RESULTS

The 50 ml centrifugation tube with a ventilation cap is an open system with tuneable 
permeability for gases such as O2 and CO2. The permeability or mass transfer 
coefficient of the filter caps is not only relevant for O2 and CO2 exchange but also 
defines the evaporation rate, an important parameter for small culture volumes since
the humidity within the tube is approximately 100%, while outside the tube it is 
typically 30% - 85%. Measuring the evaporation rate is straightforward and yields 
valid information about the mass transfer coefficient of the caps. Tubes containing 
10 ml of DMEM/F12 medium were shaken at 37°C for 5 days (200 rpm with at
shaking diameter of 5 cm, humidity about 35%). One or more holes of each cap was 
left open during the course of the experiment.  For each tube the loss of medium due
to evaporation is plotted in Fig. 1. 
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Figure 1: Permeability of the filter caps. Left: evaporation during 5 days at 200 rpm in a 37° 
room without control of humidity. The five holes were opened individually or in various 
combinations (n=2, except for B where n=8). Right: Interior of cap with gas permeable 
sterile filter (top) and exterior of cap with five holes of different diameter (bottom). 

Evaporation from the tubes correlated with the diameter of the open hole and was
additive if several holes were left open. When all the holes were closed there was no 
evaporation (data not shown). The results demonstrated that the evaporation can bet
precisely modulated over a wide range. The maximum loss of water (2 ml per 5 
days) exceeds the actual needs for animal cell cultures.  This is twice the amount we 
have seen for a 1L Bellco spinner with a 300 ml culture volume and one cap opened. 
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Figure 2: Growth of CHO DG 44 shaken at 180 rpm in serum free medium. A) Tested culture A

volumes: 1 ml (tubes were preincubated for 1 hour at 5% CO2 and then closed), 5 ml (hole A 
open) and 30 ml (hole E open). B) 5 ml cell suspension of 25’000 to 500’000 cells per ml B

were incubated for 5 days in a CO2 incubator (hole E open).

Based on these results and previous studies addressing the impact of carbon
dioxide exchange on the medium pH, a variety of growth conditions in the ventilated 
centrifuge tubes were tested using CHO DG44 cells. In one experiment the culture
volume ranged from 1 ml to 30 ml and the initial cell density was 500,000 cells/ml.  
The cultures were incubated for 2.5 without feeding, pH adjustments, or changes in 
filter permeability. Cells grew in volumes of 1 – 30 ml under normal atmosphere 
(Fig. 2A). In a second experiment the culture volume was maintained at 5 ml and the
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initial seeding density was varied from 25,000 to 500,000 cells/ml.  The cultures
were maintained for 5 days in a shaker with CO2 control.  In all cases hole E of the
cap was left open. Only at an initial density of 25’000 cells/ml did the cells fail to
grow, while for the other cases an increase in biomass up to 30-fold was obtained 
(Fig. 2B). Cell viabilities were over 90% even for the highest seeding density (data 
not shown).  For this culture the maximum cell density was expected much earlier 
than day 5.  Surprisingly, no aggregate formation or cell settling was observed in 
this culture.  

The effect of CO2 control on cell growth in 50 ml tubes was investigated 
with HEK293 cells starting at 350,000 cells/ml in a volume of 5 ml. Under a
controlled CO2 atmosphere (5%), different permeabilities of the caps worked well
(Fig. 3).  If CO2 was not present in the atmosphere, the permeability of the caps was 
crucial for cell growth; increasing the permeability had negative effects (Fig. 3). The 
tubes that were opened at day 0 did not support cell growth due to the basic pH of 
the bicarbonate buffered medium. Surprisingly, there were no pH differences at day
4 for all the other cases. 
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2,5%

A C E A - E

open holes

4 days in CO2-incubator

only first day with CO2

no CO2

1 hour CO2 then first

day closed caps

Figure 3: The effect of the permeability of the filter caps on the growth of HEK 293 cells 
under serum free conditions (a packed cell volume of 2% corresponds to a density of 4.5 
million cells/ml).  

3. CONCLUSION 

The first results from cell growth experiments in the ventilated centrifuge tubes are
promising. The geometrically defined caps avoid physical differences between 
individual tubes. The need for only a few ml of culture to launch experiments that 
can run for up to two weeks under a CO2 and humidity controlled atmosphere make
these tubes a unique system for growth of suspension cells. Due to their ease of 
handling, these tubes represent a valuable tool for high throughput experiments for 
screening and for process optimization. The system is also suitable for the routine
passaging of cells. With tuneable filter caps the system can be adapted to a large 
variety of culture conditions ranging from 1 ml to 30 ml and from 0.1 – 6 million 
cells per ml.  
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INTRODUCTION

Cell-based assays are widely used to analyse diverse cell biological mechanisms.
However, cells in general are sensible systems and, therefore, it is not surprising that 
different culture conditions will influence their performance in any assay. Even cells
of same origin can behave differently if treated not identically. Hence, the
multiplicity of laboratories and culturing techniques has created many cell lines with 
the same name but different biological properties. In a given laboratory alterations in 
cells can occur even under constant culture conditions (e.g. MRC-5).

To obtain reproducible results it is important to use the cells of same origin with 
comparable culture histories and nearly identical doubling numbers. This can be
achieved by preparation of sufficiently large stocks of cryopreserved cells providing
the user  with cells of the same quality over a long period of time. However, prior to 
their use in an assay cells have to be scaled up, and this procedure is time-
consuming. On the other hand, freezing of cells in the assay plates often causes 
problems due to the toxicity of cryoprotectants. 

To achieve our aim, namely the production of ready-to-use assay plates, we had 
to establish a cryopreservation procedure that circumvents these problems and 
allows the storage of cells in 96-well plates for several months. Commonly 
cryoprotectants with toxic side effects such as DMSO are used to protect cells from 
damage induced by the freezing procedure. Only a few publications describe
cryopreservation procedures without DMSO, and in most cases mixtures of sugars 
like sucrose, raffinose or trehalose are used to replace DMSO [1, 2, 3, 4]. However, 
while these sugars exhibit their cryoprotective effects best when located 
intracellularly, they do not penetrate the cell membrane except for sucrose. Thus, 
their use requires elaborate efforts including poration of the cell [4] to achieve 
results comparable to DMSO containing cryo-media. 

The examination of thermodynamic and mechanical effects during the freezing
process of the cells [5, 7] reveals a variety of starting points to solve the problem. 
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Investigations of the osmotic behaviour [6] clearly demonstrate the importance of 
this parameter in cryoprotective solutions.

In transplantation medicine solutions for organ protection were used which are 
adapted to hypothermia. To avoid intracellular increase in sodium-ions at lower 
temperature these media have an altered sodium/potassium ration. Hypo-Thermosol 
(HTS) [8] and University of Wisconsin Solution (UW) [9] were tested as basis for 
croprotective media.

EXPERIMENTAL

Based on all theoretical and practical experiences in cryobiology a new
cryoprotective medium without any toxic compounds was designed. Therefore, all 
compounds of an ordinary medium were carefully balanced and adapted to the needs
of the cells in hypothermia. The osmotic pressure of the medium was optimised for 
the requirements during the freezing procedure. Scavengers have no effect on the
freezing-procedure but were beneficial during long-term storage of the cells. A
satisfactory buffer system e.g. HEPES, which is independent from carbon dioxide
and less temperature sensitive, was chosen for the cryo-medium. Additional 
compounds like adenosine have positive effects on revitalisation. For Vero cells
growing under serum-free conditions we were able to replace serum by 
methylcellulose and conditioned medium without any loss in cell revitalisation. 

Using this new medium for cryopreservation of cells in 96-well plates, very good 
revitalisation rates were achieved. Rapid freezing is essential for the success of this 
method. A freezing rate at about 13K/min. was the best with L-929 cells. After 
freezing L-929 in plates and storage for several weeks at –80° the plates were 
revitalised. Microscopical examinations revealed morphological differences between
frozen and non-frozen cells. Plates were stained with Resazurin (metabolic activity 
of living cells) and measured in a fluorescence reader (Genios, TECAN) at ex/em 
560/590 nm. Compared to non-frozen cells a loss in activity of about 5% was
detected. In figure 1 the well-to-well conformity is shown. The signal variability of 
less than 10% is sufficient for a proper usage of the plates in assays.
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Fig. 1 Well to well variation of cryopreserved assay platesrr
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One application for the plates is the determination of IC50-values of toxic 
compounds. The comparison of results determined with non-frozen and thawed 
plates are nearly identical (fig. 2). 

Fig. 2 Comparison of non-frozen and thawed plates for the IC50C  determination of Na2SeO3.

First experiments with a stable cell line for a reporter gene assay are promising. The 
cells were frozen in plates at –80°C and revitalised after a few days. Activation of 
NFκB activity with a pro-inflammatory cytokineκκ was still possible. This cell line in
combination with the new cryopreservation procedure will be the basic platform for 
a 96-well plate based assay, screening for inflammatory compounds or anti-
inflammatory agents. 
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INTRODUCTION1.

For our cell based screening activities we have set up a high throughput mammalian
(Hek293EBNA) secreted protein expression flow (50-200µg purified target, 320
proteins a month). For proteins required in large amounts for in vivo testing we are 
currently relying on the scale-up capacity and easiness of the baculovirus expression
system (from 1.7-L up to 64-L).  

In order to streamline the scale-up flow, we compared the expression/secretion
properties in insect cells of proteins initially produced via the mammalian 
throughput mode.  

2. MATERIALS AND METHODS

Twenty-two C-terminal tagged proteins expressed at various levels in Hek293EBNA
were selected. They were originally cloned  into a pEAK vector and transfected with 
either a calcium-phosphate, lipofectamin or polyethylenimine reagent. 

These genes were subcloned into pDEST8 vectors (Invitrogen Gateway System) 
and the virus stocks generated were titrated. Sf9 cultures in SF900II media (Gibco) 
were infected at MOI 5 and the expression was carried on for  72 hours. Samples 
were taken at 48 and 72 hours after infection.

3. RESULTS AND DISCUSSION 

The level of expression in Sf9’s cell lysates and supernatants (n≥2) was determined 
by western blotting.  
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Figure 1. Western Blot of Hek293EBNA culture supernatant. 

Figure 2. Western Blot of Sf9 culture supernatant.

The levels of secretion were compared side by side to those from the mammalian
expression (n=2 to 93) and the bands were scored to discriminate between non-
detected (0), low  (1), medium (2) and high secretors (3) by the relative intensity of 
the bands. 

In the mammalian system, 19/22 proteins were secreted. In the baculovirus
system, 17/22 proteins were secreted with a very good correlation of low (n=7),
medium (n=5) and high (n=5) secretors with those found via mammalian expression. 
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Secretion Expression
Hek293 Insect Insect

SP01 0.8 0.7 3.0
SP02 0.5 2.0 2.0
SP03 2.8 3.0 3.0
SP04 0.1 1.0 3.0
SP05 0.0 0.0 1.0 
SP06 1.8 1.7 2.0
SP07 0.2 0.3 0.5
SP08 1.0 0.7 1.0
SP09 3.0 2.7 2.5
SP10 0.6 1.7 1.5
SP11 0.0 0.0 1.5 
SP12 2.5 3.0 2.5
SP13 2.3 2.0 1.0
SP14 2.0 3.0 3.0
SP15 1.2 1.0 2.0
SP16 1.6 1.0 1.0
SP17 0.7 0.0 2.0 
SP18 2.5 2.2 2.5
SP19 1.5 2.0 2.0
SP20 0.1 0.0 1.5 
SP21 0.4 0.0 1.5 
SP22 0.0 0.5 2.7

19/22 17/22 22/22

0.1-1.0 1.1-2.0 2.1-3.0

Table 1. Scores of secretion of Hek293EBNA vs insect and expression in insect cells

CONCLUSION 4.

In conclusion, within the panel of proteins tested so far, we found a high degree of 
correlation between proteins secreted in baculovirus and those generated via the 
Hek293EBNA mammalian system. Bearing the differences of glycosylation in 
mind, insect-cell baculovirus expression is a powerful scale-up expression system 
for proteins expressed via a high throughput mammalian expression system. t
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1. INTRODUCTION 

A universal task involved in protein characterization is purification, quantitation and 
identification. For example, protein quantitation is required to calculate and monitor 
the protein yield after various enrichment or purification processes as well as to 
optimize and standardize downstream experiments such as protein-protein-
interaction studies or protein-drug interaction studies. Protein sizing is commonly 
used to identify proteins oligomers and monomers. In addition the recombinant 
protein expression technology facilitates to achieve high throughput protein express-
ion and purification and keep up with the increasing pace of pharmaceutical research
[1]. Recombinant protein technology is also increasingly used for manufacturing of 
proteins to be used as research or diagnostic tools, or as protein therapeutics [2]. 

With these advances there is a need for standardized, more automated and faster 
analysis of proteins. Recent development of microfluidic technology offers an inter-
esting alternative to traditional protein analysis methods, such as denaturing poly-
acrylamide gel electrophoresis (SDS-PAGE) or capillary gel electrophoresis (CGE).

AGILENT 2100 BIOANALYZER 

Microfluidics technology allows integrating multiple experimental procedures, such 
as sample handling, separation staining/destaining, detection and analysis in a single 
process. The Agilent 2100 bioanalyzer, which was developed in collaboration with 
Caliper Technologies Corp. (Mountain View, CA, USA), is the first fully 
commercialized implementation of microfluidics technology to date [3, 4]. The 
system can be used for the rapid and automated analysis of proteins, DNA, RNA and 
cells. Together with the Protein LabChip® kits it allows for sizing, purity analysis, 
relative quantitation or absolute quantitation determination for proteins ranging in 
size from 5 to 200 kDa. The principle of the protein analysis is an electrophoretic 
process, where denatured proteins negatively charged through the interaction of SDS
molecules are moved across micro-fabricated chips with distinct microfluidic 
channels. The channels are filled with a sieving polymer in order to separate the
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proteins according to their size, and an intercalating fluorescent dye, which stains 
the proteins. Before the laser induced fluorescence detection of the different proteins 
a destaining step is integrated on the chip. Thus 10 protein samples can be analyzed 
unattended within less than 30 minutes. The software automatically evaluates the
data and displays a detailed result table. 

2.1. Sizing and resolution

To achieve accurate sizing of unknown protein samples, a sizing ladder is run on 
each chip, however sizing accuracy is dependent on the individual protein
characteristics. The sizing precision ranges from 0.5 % to 5%. Proteins between 5
and 200 kDa can be analyzed with a resolution of 5% to 10% within a broad linear 
dynamic range (e.g. 20-2000 ng/µl BSA in PBS). 

The analysis of a bispecific antibody consisting of two different heavy and light 
chains stemming from diverse organisms is shown in figure 1 as an example. The
gel-like image of the analysis under reduced conditions (fig. 1A) shows a clear sepa-
ration between the sets of two different light and heavy chains. This level of resolu-
tion was not achieved using a 4-12 % gradient SDS-PAGE gel (fig. 1A). Although
the light chains were separated on the SDS-PAGE gel, the two heavy chains were 
not; they merged into one band. The overlay of the electropherograms of the analy-
sis under reduced and non-reduced conditions is shown in figure 1B. Both condi-
tions can be analyzed on the same chip. The automated data analysis assigned a size 
of 159 kDa to the intact antibody. The reduced antibody analysis revealed two light 
chain peaks at 23 kDa and 30 kDa and two heavy chain peaks at 57 kDa and 62 kDa. 

Figure 1. Analysis of a bispecific antibody on the Agilent 2100 bioanalyzer (A) Comparison 
of the gel-like image (left) and a scanned, Coomassie stained 4-12 % SDS-PAGE gel (right)

The numbers indicate the molecular weight in kDa. (B). Overlay of the 2100 bioanalyzer 
electropherograms of reduced and non-reduced antibody sample is shown.
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2.2. Quantitation

The Agilent 2100 Bioanalyzer software provides two functionalities for quantitation. 
The first possibility is to determine the relative concentration of the individual 
proteins. This value is determined automatically by the software based on a one-
point calibration with the upper marker, which is used as an internal quantitation 
standard in every sample (fig. 1B). However, due to staining variability between the
upper marker and the protein of interest, this value is not as accurate as absolute 
quantitation, using a pure sample of the target protein as reference. The Agilent
2100 Bioanalyzer software supports absolute quantitation, which can be obtained by
a user generated protein quantitation calibration curve.

Table 1 shows that quantitation accuracy was greatly improved with the absolute 
quantitation feature compared to the relative concentration. The quantitation error 
for carbonic anhydrase (CA) was reduced from an average error of 42 % to 6 %, 
from 28 % to 11 % for ovalbumin (OV) and for bovine serum albumin (BSA) from 
19 % to 15 %. The quantitation reproducibility was approximately 10 % and 
comparable between both quantitation methods. 

Table 1 Comparison of relative and absolute quantitation for bovine serum albumin (BSA),
ovalbumin (OV) and carbonic anhydrase (CA), (n=6) – accuracy and precision. 

3. CONCLUSION 

Although microfluidics technology is a relatively new technology, the microfluidic 
product, the Agilent 2100 bioanalyzer, for protein analysis has rapidly established 
itself as a viable alternative tool to conventional methods for protein sizing and 
quantitation. Since we are now entering the postgenomic era the number of 
biological products will increase and the technology will find further applications. 
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Abstract. Abstract. During the last years the requirements on modern cell culture have rapidly increased,
comprising quality control, global administration and global availability of cell lines. To meet these
demands we developed CryoStock as a new software tool for cell culture management. This application
combines a database for the storage of stocks and a LIMS for tracking all tasks during handling and 
transfer of cell lines. The data collected during the cell culture process can be used to follow parent/child 
relationships and to generate user friendly queries and reports. CryoStock will put another layer of quality
on our cell culture handling to increase reproducibility and outcome of cell-based assays and to accelerate
the knowledge transfer among Aventis’ scientists.

1. GLOBAL INFORMATION MANAGEMENT

In CryoStock each cell line is registered with a uniform and unique identifier as a
numeric coding system. Each cell line with its corresponding batches gets a cell data
sheet with an ID card to get a complete overview and a fast access to all relevant 
information, e.g. functional expression of target(s), stability of a clonal cell line, 
microscopical pictures, or the number of frozen vials (Figure 1). CryoStock allows
to add documents like cultivation instructions, GMO- recordings or SOPs for cell-
based assays to improve the quality and reproducibility of experiments.
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Figure 1. Cell data sheet in CryoStock (“ID-Card”)

2. STORAGE SYSTEM 

CryoStock manages three kinds of storage environments: a stock platform (master 
bank), a backup facility and a Job module (working bank), in a company wide and 
consistent standard. These storage facilities can be configured flexible, even within 
one tower. The Stock module as the core of the storage platforms in CryoStock 
implements a controlled cryovial administration, combined with a backup storage
system. Easy to use predefined administration queries help to control the extent of 
tank utilization. In addition, “out of age” and “out of stock” warnings increase the
safety of the warehouse system. 

3. WORKING WITH TASKS

Tasks are the most important feature in CryoStock. Tasks create a link between 
originally received vials, checked out vials and modified checked in vials. “Check 
In” and “Check out” activities are presented in an interactive overview chart, which 
guides the user through all working processes (see Figure 2 – Check In/Out) in the 
different storage modules. The generated task lists track the daily business of a 
working group to get a fast overview of the workflows in their cell culture lab (see
Figure 3 – User Task List). Basing on the tasks, batch pedigrees of a cell line can be 
generated and all transfer processes can be tracked and documented.
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Figure 3. User Task List 

4. WORKING WITH JOBS 

The Job module is a flexible storage system, which can be practically used as a 
temporary storage platform (working bank) to store frozen stocks e.g. during cell
line generation processes or screening supplies. This module fits to heterogeneous 
workflows in cell culture labs. The user can reserve a job drawer and assign it to
procedures within each distinct project. Each job drawer is visualized by a user 
defined Excel sheet, being linked to the origin cell line used for the job application.
All jobs are listed in an job overview, where the user can choose to see either the
own jobs or all jobs within his working group. This individual storage platform is
not automatically controlled by the application and is only viewable for the members 
of the working group of a user. 

5. NO INSTALLATION / HIGH PERFORMANCE 

CryoStock can be used without any client software installation. Once the server ist
installed and available in the (intra)net clients can connect and work with CryoStock 
simply using the already installed Internet Explorer on the system. All software 
updates are centrally managed on the server. The user interface is designed in pure 
HTML, thus preventing time consuming and expensive Java applet download. This 
method provides fast access to relevant data wherever the company intranet is
accessible.
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6. SECURITY 

The CryoStock security is controlled by the ORACLE database. All user restrictions 
and password options can be used. The CryoStock application concept provides 
three user roles to allow highest possible access control with lowest possible admin 
effort:
- Admin: Administrator per site, manage documents, register users
- User: Person that works with vials and storage, manage documents for owned 

cell lines
- Observer: View only user, for queries. All scientists in the intranet can start 

queries for the allowed information without need to be set up by the 
administrator. 

7. CUSTOMIZED APPLICATION

The unique CryoStock application concept with encapsulated application layers for 
Database operation, User interface and Business Logic facilitates the reuse of an 
existing implementation. Also easy redesign of a new interface to reflect individual 
needs of a site is supported by this concept. Advanced modularity allows for 
versatile and easy modification and enhancement of already existing CryoStock 
installations and provides a highly adaptive basis for further projects.

8. SYSTEM REQUIREMENTS

Server: Windows 2000, Sun Solaris, HP UX 11 Server, ORACLE 8i / 9i database
with Apache JSP Web Server or Tomcat 4.1.24, Client: Internet Explorer 5.5 or 
higher, Intranet access

M. ZERLIN, ET AL.
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Abstract. A human / mouse heterohybridoma obtained by fusion of a B-lymphocyte from a patient with 
chronic thrombozytopenia with the mouse myeloma cell line P3X63Ag8, was selected as a potential
protein producer cell line for its stability, preferable growth characteristics, and endogenous production
capacity. The cell line secretes an IgM antibody at titers between 30 and 100µg/ml. 
We have characterized the genomic organization of the IgH and Ig loci and have constructed targeting
vectors. The IgH targeting construct contains 2kb of VH upstream sequences, the entire Igµ intron and a 
Leptin Fc fusion gene driven by either hybrid CMV EF1alpha or the endogenous VH promoter. The 
vectors were introduced by electroporation and clones losing IgM and gaining  Leptin Fc expression were
detected by an in situ staining technique. Whereas expression of several clones originating from non-
homologous integration decreased over time, Leptin Fc expression of clones with gene targeting aimed at 
the IgH locus remained stable. Using recombinase mediated expression cassette exchange, we have
replaced the  Leptin Fc gene for several target genes. Homogenous expression levels were obtained in all 
clones selected for gene exchange.
The Leptin Fc product was purified and subjected to extensive glycosylation analysis showing complex
oligosaccharide structures and signs of a partially human glycosylation pattern. The resulting cell line will
be used for the manufacture of recombinant antibodies. 

1. INTRODUCTION

Although, several hybridoma cells have been widely used to produce the
respective antibodies, other recombinant glycoproteins have been predominantly t
generated in two cell lines: CHO and NS0. These cell lines have been selected for 
their growth properties, ease of transfection and the functionality of amplifiable 
selectable markers. Vectors containing strong viral or cellular promoters,
appropriate polyadenylation signals, and sometimes in combination with specific
signals to enhance RNA stability or translation are transfected into these cell lines.
This is followed by drug selection. When these highly optimised vectors integrate 
into the host genome at a random position, the expression level of the individual cell 
clone is determined to a large extent by the position, rather than the vector itself. 

©  Printed in the Netherlands. Springer.2005
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This phenomenon is mediated by transcription promoting sequences in the genome 
such as S/MAR elements, which are thought to prevent methylation and 
heterochromatinisation of the chromosomal locus and make the promoter highly
accessible to transcription factors and the basic transcription machinery. Extensive 
screening is required to identify extremely rare, high producer clones which 
represent highly active chromosomal positions. Therefore, it is desirable to re-use
advantageous, fortuitously fond loci, for a whole set of proteins to be produced.
Homologous recombination as a potential strategy which has been shown to be
rather ineffective for somatic cells and may be well masked by illegitimate
recombination. As an alternative, targeting techniques using site specific
recombinases (cre, flp) have been explored. Locus selection and replacement are
becoming increasingly difficult when two genes eg. heavy and light chains of an
antibody have to be produced at high levels.  
We have explored a human mouse heterohybridoma, which expresses a human IgMy
antibody in a stable configuration over two years as a potential protein producer cell
line. Using homologous recombination and an in situ screening strategy, we have 
replaced the Igµ gene for a fusion protein Leptin Fc. In the resulting cell line, the
modified locus is labeled with sites recognised by flp recombinase, which allow a
simple exchange for a secondary gene. A similar, independent exchange system has 
been designed for the light gene (lambda) locus. 

2. RESULTS AND DISCUSSION 

2.1. Characteristics of the original heterohybridoma

The heterohybridoma CB03 was created by fusing human B lymphocytes, from a
patient with chronic trombocytopenia, obtained by therapeutic spleenectomy, with
the mouse myeloma line P3X63Ag8. CB03 secretes human autoantibodies of  the 
IgM  type which react with human platelets and double stranded and single stranded 
DNA [1]. The hybridoma secretes the antibody in a stable manner at a rate of y
45pg/cell*day over a period of two years. This is in striking contrast to the majority
of heterohybridomas, which tend to quickly lose human chromosomes resulting in
unstable immunoglobulin expression. Moreover, expression was preserved when the 
cell line was cultivated in high density fermentation systems of the CellPharm 
family (Unisyn Technologies Inc.) and remained stable in 5 independent fermenter 
runs which had a mean duration of 66 days. Expression did not decrease below 30 
pg/cell*day when the medium was exchanged for a protein free medium (Iscov´s
MEM/HamsF12 1:1, 330mg/l Sodium Pyruvate, w/o HEPES).
This suggests that the Ig loci of CB03 seem to be highly accessible and stable and 
are, therefore, well suited to drive a heterologous transgene. To assess the possibility
to target these loci, thereby not only introducing a transgene cassette, but also 
abolishing IgM expression, the cell line was submitted to spectral Karyotype
analysis to find out whether the respective loci are present as single copies. The 
typical cell contains 69 to 94 chromosomes with a dominance of mouse 
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chromosomes. Via hybridisation with specifically labelled human chromosome
libraries, 8 complete human chromosomes (4, 5, 7, 10, 14, 17, 18, 22) and fragments
of others (4, 8, 9, 10, 11, 14, 16), each linked to a mouse chromosome, were
identified. Since a complete and a partial copy of chromosome 14 (the chromosome 
harbouring the IgH genes) were found, in situ hybridisation with an IgH probe was 
performed and a  single copy of the human IgH region was identified. With a single
chromosome 22 present, a single copy of the Ig lambda locus was expected as well.

2.2. Homologous targeting of the immunoglobuline loci 

Using the known cDNA sequence and the IMGT database, we have identified 
V1-2, D1, J6 and µ as the elements participating in constitution of the heavy chain
gene. A sequence map of the rearranged IgH locus of CB03 was built including 
sequences located upstream of the VH promoter region of V1-2. Using PCR primers 
located 2000bp upstream of the transcription start point for V1-2 and within JH6, the
predicted structure was confirmed. A typical targeting vector for the IgH locus was 
constructed using a proofreading PCR system (Roche, Expand High Fidelity). This 
vector consists of a short flank (1930bp), which represents sequences upstream of 
the VH promoter, the promoter itself, the transcription initiation point and the RNA 
leader sequence without the start codon and a long flank (7400bp) ranging from JH6
to CH1 spanning the entire Cµ intron. 
The targeting vector was equipped with an SV40 driven blasticidin gene for 
selection. As a reporter, we have introduced the  Leptin gene linked to an IgG4 Fc 
domain (hobFc) representing the large group of Fc fusion proteins with therapeutic 
potential. The gene was cloned either immediately behind the VH promoter or 
downstream of a human CMV promoter linked to the first intron of EF1 alpha gene. 
The composition of the lambda gene locus was investigated and a targeting construct 
was designed using a similar approach. V 3-19 gene (upstream) and JC2 
(downstream) are the components forming the active lambda gene of CB03. The
flanks were limited to 4000bp (V ) and 4500bp (JC2) in order to exclude highly 
repetitive sequences located further upstream and downstream. Hygromycin and 
alpha-1 antitrypsin were used as selection marker and reporter respectively.
The targeting constructs, were introduced into the cell line by electroporation. In 
order to screen clone numbers large enough to detect homologous recombinants, we
developed direct cell staining techniques for secreted IgM and IgG (Fc) using texas
red and AMCA labelled antibodies. By optimising the concentration and incubation 
time, we were able to form antibody precipitates in situ in the absence of methyl 
cellulose or agarose which are usually employed to limit product diffusion. This mm
procedure allowed not only the identification of high producers, but also the quick 
isolation of  these clones with cloning cylinders. From approximately 800 clones, 32
with intense IgG staining were identified. Of these clones, 14 showed no staining for ff
IgM, which was confirmed by Western blot for a total of 11 clones. PCR tests using
primer pairs located outside the targeting vector and in the transgene region, 
confirmed a homologous targeting event in the clones analysed. Interestingly, 
expression remained stable over 3 months in clones originating from homologous
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recombination, whereas several clones resulting from random integration lost 
expression. We observed the highest expression levels of 25pg/cell*day for clones
containing the CMV-EF1alpha hybrid promoter. The resulting cell line was named 
G-line. 

2.3. Studies of the glycosylation pattern of  Leptin Fc

Leptin Fc from the G line was generated in roller bottle culture and purified by a
generic process including affinity chromatography, gel filtration and membrane
filtration. The protein was digested with trypsin and the resulting peptides were 
deglycosylated by PNGase F digestion. The glycans were labeled with 2-amino-
benzamide and separated by HPLC on a Phenomenex Hypersil APS-2-column
(Fig.1).  We used MALDI-TOF-MS (BRUKER BIFLEX ) with the desialylated,
labelled  samples to further characterize the respective fractions shown in Table1.  
The single N-glycosylation site on Fc carries complex oligosaccharide structures
which are sialylated at 37% , a rate close to average sialylation on antibodies in 
human blood. Sialic acids were further characterized by sialidase treatment, DMB
labelling and separation on a Bischoff Hypersil-ODS-column and compared with the
Sialic Acid Reference Panel (Oxford GlycoSciences). Typically, N-
acetylneuraminic acid was found. Only 2% were represented by N-
glycolylneuraminic acid,  the dominating form in mouse myeloma cells, which was 
shown to be immunogenic [2]. Alpha 1,3 Gal structures, which are not made in 
human cells and are known to increase clearence via preexisting antibodies, were
only found in 1.3% of the glycans.

Figure1.  Aminophase-HPLC of PBG04, peak numbers represent the fractions which were
used for the MALDI-TOF-MS analysis

K. WINKLER, ET AL.
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Table1.
Interpretation of the MALDI-TOF-MS-spectra of PBG04, *denotes Galα1,3Gal epitopesα

Peak Area (%) Monoisotopic mass
(m/z) 

Proposed structure 

1 1,2 1256,9 Man3HexNAc1 

2 1,4 1402,9 Man3HexNAc1Fuc 

3 8,0 1378,4  Main High Man5

4 1,6
1377,9
1419,0

High Man5 
Man3HexNAc1Hex1

5 4,3 1606,5 Man3HexNAc2Fuc 

6 3,1 1565,5 Man3HexNAc1Hex1Fuc 

7 2,7 1540,7 Trace
1581,7 Main

HighMan6
Man5HexNAc

8 4,7
1540,5

1581,5 Main
1622,7

HighMan6
Man5HexNAc
Man3HexNAc2Hex1

9 9,3 1768,8 Man3HexNAc2Hex1Fuc                        

10 6,6
             1743,8 Main 

1784,9 Trace
Man5HexNAc1Hex1
Man3HexNAc2Hex2

11 8,7 1784,7 Man3HexNAc2Hex2

12
1,6                   1784,5 

1889,7
1930,7 Trace

Man3HexNAc2Hex2
Man5HexNAc1Hex1Fuc
Man3HexNAc2Hex2Fuc

13 10,9 1930,8 Man3HexNAc2Hex2Fuc 

14 3,0 1664,5
1946,9 Trace

2093,0

Bi – 2AB
Man3HexNAc2Hex3 (Bi + Gal*) 
Man3HexNAc2Hex3Fuc
(Bi+Fuc+Gal*) 

15 25,7 2150,0  Man3HexNAc3Hex3 

16 3,2 N.D. 

17 2,8 N.D. 

18 0,9 2031,2
2514,2

Tri – 2AB
Man3HexNAc4Hex4

2.4. Flp mediated exchange of the transgene 

To reduce the effort required to create producer lines for multiple transgenes, we 
intended to build in a mechanism for quick exchange of the transgene using 
recombinase mediated cassette exchange [3]. Therefore, the targeting vector was 
equipped with mutated incompatible flp sites (F3, wt and F5 [4]) flanking the hybrid 
promoter and following the transgene cassette respectively. In addition, a
promoter-less neo gene lacking the ATG was introduced next to F5 (Fig1). Whereas 
recombinations with single recombinase sites promote the excision reaction far more 
than integration, this system should provide efficient replacement. 
Transfection of a promoterless gfp and a minimal promoter linked to an ATG 
flanked by wt and F5 sites, together with a flp recombinase plasmid [5] resulted in a
neomycin resistant cell pool with homogenous gfp expression. 
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Figure 2.   homologous recombination and flp mediated gene exchange to create producer 
cell lines

Recombination with an alpha 1 antitrypsin (aat) gene flanked by F3 and F5 sites 
resulted in neomycin resistant cell clones with homogenous aat expression of 
9pg/cell*day. An independent recombination system using t F5 and wt frt sites and an 
ATG deficient histidinol resistance gene has been designed for the light chain locus.
This system should allow the placement of genes for recombinant antibodies in a 
natural, favourable environment.
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QUESTIONS AND ANSWERS

Nicolas Mermod, University of Lausanne, Switzerland:

Did you have to permeabilise the cells in order to stain them with the texas red-m
labelled IgG ? 

Volker Sanding, ProBioGen, Germany: 

We did not have to do anything, the protein was secreted into the medium, and when
the clone produced sufficient amounts of protein, the antibody precipitates did form. y
In order to achieve that, you had to titrate the antibody concentration in a well-
adjusted timing, otherwise you get a precipitate anywhere, and not for specific
clones. We did try the same approach for a number of proteins and for the same
protein in CHO, but because the expression level was much lower there, we did not 
observe precipitation. It is a method that is pretty nice, and works well, but only for 
a number of proteins. 

Reinhard Franze, Roche Diagnostics, Germany: 

Can you comment on the biological safety pattern of the cell line, specially on the
retroviral particle load ? 

Volker Sanding, ProBioGen, Germany:

We have not done any studies on that yet. It is clear that it has to be done, we just 
could conclude  from what we know about the cell line, we have access to the data
of the donor, and the donor is still traceable. On the other side, we have the typical
cell line that has been used to make most of the hybridomas as a starting point. So,
there are still open questions to solve. 

Florian Wurm, EPFL, Switzerland: 

You said something about low success rate or low expression level when you used 
CHO cells ?

Volker Sanding, ProBioGen, Germany:

We also have tried it in CHO cells, and we encountered problems as the selection 
was very difficult to achieve. 
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Abstract. One of the major hurdles of isolating stable, inducible or constitutive high-level producer cell 
lines is the time-consuming selection, analysis and characterization of the numerous clones required to
identify one with the desired characteristics. Various boundary elements, matrix attachment regions, and 
locus control regions were screened for for their ability to augment the expression of heterologous genes
in CHO and other cells. The 5'-matrix-attachment region (MAR) of the chicken lysozyme gene was found 
to significantly increase stable gene expression, in culture dishes and in bioreactors. These MAR elements
can be easily combined with various existing expression systems, as they can be added in trans (i.e. on a 
separate plasmid) in co-transfections with previously constructed expression vectors. Using cell
population analysis, we found that the use of the MAR increases the proportion of high-producing CHO 
cell clones, thus reducing the number of cell lines that need to be screened while increasing maximal
productivity. Random cDNA cloning and sequencing indicated that over 12% of the ESTs correspond to
the transgene. Thus, productivity is no longer limited by transcriptional events in such MAR-containing
cell lines. The identification of small and more convenient active MAR portions will also be summarized. 
Finally, we will show examples of how MAR elements can be combined with short term expression to 
increase the simultaneous synthesis of many proteins in parallel by CHO cells. Overall, we conclude that 
the MAR sequence is a versatile tool to increase protein expression in short and long term production 
processes.

1. INTRODUCTION

The generation of highly productive CHO stable cell lines is a lengthy and costly
process. One of the bottlenecks to the establishment of efficiently producing cell
lines is the drastic and uncontrollable variation in the specific productivity of 
different clones. This variation is thought to result from the effect of the local
chromatin structure at the site of integration of the transgenic DNA within the
chromosome.

One approach to abolish this effect is to use chromatin elements capable of 
shielding the transgene locus from the repressive effects of flanking chromatin, such 
as S/MARs. These genetic elements, originally described as MARs (Matrix
Attachment Regions) or SARs (Scaffold Attachment Regions), are 300 to 3000 bp 
long DNA elements that were proposed to attach chromatin to proteins of the
nuclear matrix and thereby partition eukaryotic genomes in independent chromatin 
loops. Because of their co-localization with transcription regulatory elements,
S/MARs have also been implicated in the regulation of gene expression, for instance 
by facilitating interactions of genes with chromatin activating complexes and 
thereby protecting transgenes from silencing effects. These properties have therefore 
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attracted considerable interest for use in industrial production processes and in gene
therapies (1).

2. RESULTS AND DISCUSSION

One of the S/MAR elements, the chicken lysozyme MAR, improves significantly 
the generation of stable cell lines, including CHO cells. For instance, this 2.9 kb
MAR can be added either in cis, as an element of the expression vector, or in trans,
that is co-transfected onto a separate plasmid (2). We have found that one of the 
optimal settings consists of combining both approaches, and introduce the MAR 
elements both in cis and in trans (Fig. 1a). With this setting, the total polyclonal
population of primary transformants produces 3 to 4 mg/L/day in culture dishes,
using standard laboratory vectors and without further optimisation or process 
development (Fig. 1b). Use of MARs in cis and trans together allowed an eight to 
ten-fold improvement of the average cellular productivity.

Figure 1. A) Transfection settings. CHO DG44 cells were transfected with the indicated IgG 
heavy and light chain expression vectors in the absence of MAR, with one MAR element 

inserted upstream of the SV40 early promoter (MAR in cis), or with the further addition of a 
10-fold molar excess of MAR containing DNA fragment (cis and trans). B) Transfected cells 

were selected with neomycin during 14 days and IgG secreted by the polyclonal pool of 
primary transfectants was expressed as mg per liter per day (left-hand side scale), or as fold 
increase in IgG titre as compared to cells transfected without MAR elements (right-hand side 

scale). 
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Analysis of the population by FACS and by cellular cloniy ng indicated that clonal
productivity is also significantly increased, and that it generally shifts up protein 
production over the entire range of productivity (Fig. 2 and reference 3). Stable
productivity was obtained in seed trains over periods of several weeks in the absence
of selection. 

Figure 2. CHO DG44 cells were transfected either without MAR, or with one MAR element in
cis and a ten-fold molar excess of MAR elements in trans, as in Figure 1.  Stable transfectant 

cells were selected with neomycin, cell clones were picked randomly and analysed for IgG 
production. The titer of IgG secreted by individual cell clones, ranked in decreasing order, is

expressed in arbitrary units 

The total mRNA population of MAR containing CHO cell clones were analysed 
by poly-A primed reverse transcription and cDNA cloning and sequencing. This 
indicated that over 12% of the ESTs correspond to properly synthesized transgene
mRNA. Analysis of high producer clones suggested that protein synthesis is no 
longer significantly limited by transgene transcription, but that it may be limited by
the cell translation or protein secretion activities. 

Use of MARs in transient transfection assays was also evaluated. Interestingly,
we found that it can also be used to increase recombinant protein synthesis
transiently. Furthermore, it can be combined with other productivity-increasing 
treatments, such as the addition sodium butyrate, an inhibitor of histone deacetylases 
thought to mediate a general chromatin decondensation. Overall, this allows the
rapid synthesis of many proteins in parallel, for screening purposes. For instance,y
CHO cells transiently transfected in micro-titer plates can produce 5-10 µg of 
proteins in a few days. 
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3. CONCLUSIONS

We conclude that the incorporation of MAR elements helps generate high producing 
mammalian cell clones at a high frequency. Use of these elements can be combined 
with other strategies aiming at increasing production (i.e. gene amplification, 
butyrate treatment, etc.), and productivity remains stable. These elements are 
compatible with various expression settings and vectors, and they can be easily
combined with existing vectors. For instance, in the most simple setting, MAR 
elements can simply be added in trans, by cotransfecting the MAR-containing
plasmid with existing vectors. MAR elements may therefore be used to quickly 
generate high–producing cell clones for further process development. Alternatively, 
they may be useful for the small-scale expression of multiple proteins in parallel, for 
research or screening purposes, by transient transfection of mammalian cells. 
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QUESTIONS AND ANSWERS

Meijia Yang, Serono Reproductive Biology Institute, US:

My question is regarding the mechanism of the MAR element. I assume you 
selected with methotrexate, and in the same plasmid you also have the DHFR 
resistance and your transgene. Since you have a mixed population, I wonder if there 
is an interaction effect of your mouse element. 

Nicolas Mermod, University of Lausanne, Switzerland: 

Your first question was about the mechanism of MAR functioning. We believe 
MAR is a regulation element, just like promoters and enhancers, and it is my fantasy 
that in the future people will not only work with enhancers and promoters, but will 
also incorporate the MAR as one of the final elements of the gene. Its function is for 
instance to allow the recruitment of histone acetyltransferases and other enzymes 
which will regulate the chromatin structure. Regarding the second question, in fact 
we first selected with neomycin, not with DHFR, and then in some cases we applied 
the methotrexate selection at a high concentration. Regarding the orientation, it is
not believed to be orientation dependent. What we have found important is that the
distance between the MAR and the gene of interest is relevant, so we are putting the 
MAR very close to the promoter and enhancer, and we find it to be the optimal 
setting. 

Nesredin Mussa, Lonza Biologics, UK: 

It is very interesting to see how you could improve the productivity of the cell lines 
using MAR. You mentioned that productivity can also be increased for existing 
stable cell lines. Have you tried this in your laboratory ? 

Nicolas Mermod, University of Lausanne, Switzerland: 

Yes, we did try that in our laboratory. For instance, we had a cell line which did not 
produce satisfactory IgG levels, so we diagnosed the problem as an imbalance 
between mRNA levels (analysed by quantitative PCR) between the light and the 
heavy chains. So, in that case we introduced the missing expression vector to restore
the balance, and we could increase productivity.

Lynne Krummen, Genentech, US:
What constrains CHO to be a cell type with a particular MAR element ? Secondly,
have you looked at other promoter combinations ?

Nicolas Mermod, University of Lausanne, Switzerland: 

The MAR element was the most potent element we found in CHO cells. The other 
ones showed either marginal or no activity. We also looked at LCRs, however, they 
are typically cell type specific, while MAR is clearly not cell type specific. We used 
this MAR with several promoters, here we wanted to use non-optimized vectors, 
with very standard promoters, such as SV40, CMV or EF1-alpha, and it works as
well, so it is not promoter dependent, at least for those promoters we have tested.t
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CYTOTOXIC UNCONJUGATED MABS AS DRUGS  

The clinical successes of the antibodies rituximab and alemtuzumab, for 
hematological malignancies, and trastuzumab, for solid breast tumors, havett
demonstrated that unconjugated antibodies can be useful drugs for the treatment of 
cancer. All of these antibodies have been approved and are currently in the market. 
Yet, a large need remains for improving this kind of drugs. For instance, rituximab 
induces a response in approximately 60% of the patients with relapsed/refractory 
low-grade non-Hodgkin’s lymphoma. Of these, only 6% are complete responses and 
response durations are typically around 1 year (1). 

The preferred type of unconjugated antibody for target-cell killing applications is
an IgG1-type mAb, where at least the constant (or the Fc) region is of human origin
(i.e., chimeric, humanized, or fully-human IgG1s). Unconjugated IgG1 mAbs can
exert their therapeutic effects via three classes of mechanisms. The variable region 
of the antibody molecule mediates the first class, while the other two involve the
constant Fc region. Direct binding of the antibody via its variable region to the target 
molecule on the surface of cancer cells can lead to cell death or inhibition of tumor 
growth, for example by triggering apoptosis upon cross-linking of target molecules
by the antibody. The Fc region operates in the other two-types of mechanisms: 
complement-mediated cytotoxicity, and Fcγ receptor (Fcγ γR)-dependent effector γγ
functions. While complement is an Fc-receptor-independent mechanism, the other 
Fc effector functions of IgG1s are mediated by the interactions of the Fc region of 
target-cell bound antibody molecules and Fcγ receptors on the surface of immuneγ
cells. For example, in antibody-dependent cellular cytotoxicity (ADCC), target-cell
bound antibodies crosslink FcγRs on the surface of natural killer (NK) cells and thisγγ
in turn triggers a lytic attack on the antibody-targeted cell by the immune effector 
cells.

©  Printed in the Netherlands. Springer.2005
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Studies in mouse models have highlighted the importance of FcR-mediated 
mechanisms. Recently, the activity of rituximab and trastuzumab in mice engrafted 
with human tumor cells was studied (2). It was found that most of the in vivo t
activity of both antibodies was lost when FcR-mechanisms were abrogated. At
similar effect has also been observed for a different antibody in a mouse model with 
intracranial tumors, where all of the in vivo anti-tumor activity of the antibody was 
lost when FcγR knockout mice were used (3).  γγ

In addition to the data from mouse models, a correlation has been found between 
the efficacy of an anti-tumor unconjugated mAb in human patients and the binding 
affinity of a particular FcγR to the antibody Fc region (4). There is a naturally γγ
occurring polymorphism in the gene encoding FcγRIIIA that gives rise to twoγγ
variants of the receptor differing in their binding affinity for the IgG Fc region. 
Approximately 10-20% of the population carries two copies of gene for the higher 
affinity variant. Recently the efficacy of rituximab within this patient population was 
investigated, finding a dramatically increased efficacy compared to the average 
efficacy in the total population. The study found an enhanced objective response rate 
(90% vs. 51% of patients after 1 year) and a large increase in molecular responses (5 
out of 6 patients vs. 1 out of 6) for patients with the homozygous high affinity
genotype relative to patients carrying at least one copy of the lower affinity variant 
of this receptor, respectively. 

GLYCOENGINEERING OF ANTIBODY PRODUCTION CELL LINES

We have developed a technology that boosts the biological activity of antibodies by 
enhancing an important class of mechanisms employed by unconjugated, cell-killing 
antibodies.  The technology, called GlycoMAb, enhances Fc-receptor-mediated 
effector functions via glycosylation engineering of the antibody Fc region. The IgG 
Fc carries two oligosaccharide molecules attached at conserved glycosylation sites 
and the presence of these carbohydrates is important for FcγR binding and effector γγ
functions such as ADCC (5-7). GlycoMAb is based on genetically modifying
antibody production cell lines for stable, constitutive overexpression of a particular 
glycosyltransferase gene encoding an enzyme with N-acetylglucosaminyltransferase 
III (GnTIII) activity (6). The antibodies produced by those cells have an engineered 
glycosylation pattern and increased ADCC and binding to the activating FcγRIIIAγγ
receptor on immune effector cells. The new molecular variants of the antibody carry
special types of oligosaccharides that are not synthesized by the standard cell lines 
used for antibody production in the biotechnology and pharmaceutical industries,
but that can be found at relatively low levels in natural antibodies in humans and at 
higher levels in other human glycoproteins. The glycoengineered antibodies are 
highly enriched (at levels much higher than those found in nature) in glycosylation
variants carrying bisected oligosaccharides, including both bisected, core-
fucosylated and bisected, non-fucosylated, the second ones resulting from 
competition between recombinant GnTIII and the endogenous fucosyltransferase
(6). Such glycoengineered antibodies have increased binding affinity to the
activating FcγRIII receptor on immune effector cells and increased ADCC. γγ
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By introducing a stable genetic modification to the antibody-producing cell line, 
large increases in potency of whole antibodies can be obtained while maintaining a 
simple production process that lacks chemical-conjugation and extra purification 
steps. Although a regulated expression system was used initially for proof-of-
concept, the technology normally employs standard constitutive promoters. 
Industrial antibody production cell lines have been engineered by this approach.
GlycoMAb conserves the bivalent target-binding nature and long serum half-life of 
antibodies and do not use toxic, immunogenic or radioactive moieties that can lead 
to higher side effects, elevated production costs or complex logistics from 
production to administration to patients. 

Standard antibody production cell lines (CHO and mouse myeloma cells) were 
engineered for GnTIII overexpression and therapeutic antibody production. The
antibodies included an antihuman neuroblastoma antibody (Fig. 1), an anti-renal
carcinoma antibody (Fig. 2), and the anti-CD20 antibody with identical sequence to
rituximab (Fig. 3). In all three cases, large increases in ADCC activity (measured ex-
vivo with human tumor cell lines and immune effector cells freshly isolated from 
blood donors) were obtained.

Figure 1. Increased ADCC of glycoengineered anti-neuroblastoma antibody. A chimeric IgG1
that binds to an isoform of L1-CAM expressed in human neuroblastoma cells was produced in
CHO cells engineered for GnT-III overexpression. The unmodified and GlycoMAb-modified 

versions of the antibody were compared in an ex-vivo assay for ADCC using a human 
neuroblastoma cell line as a target (T) and peripheral blood mononuclear cells (PBMC) as

effectors (E). An E:T ratio of 19:1 was used. 
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Figure 2. Increased ADCC of anti-renal carcinoma antibody. An industrial SP2/0-mouse 
myeloma cell line producing a chimeric anti-tumor IgG1 was engineered for GnTIII 

overexpression. Engineered cells with low and high levels of GnTIII overexpression were
isolated and antibodies produced by these cells were compared in ADCC activity with the 

original unmodified antibody. A large increase in ADCC activity was observed at the higher 
levels of GnTIII overexpression. Assay conditions were: E:T of 25:1, 4 h incubation, PBMCs

as effectors.

Figure 3. ADCC activity of anti-CD20 IgG1 improved via GlycoMAb technology. A chimeric
IgG1 with identical protein sequence to rituximab was produced in cells engineered for GnT-
III overexpression leading to high levels of bisected, non-fucosylated oligosaccharides in the

antibody Fc-region.  PBMCs were used as effectors, human lymphoma SKW6.4 cells were
used as targets at a E:T ratio of 30:1 in a 4 h assay.
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The correlation found in lymphoma patients receiving rituximab between
efficacy and the homozygous higher-affinity FcγRIIIA receptor genotype (4, seeγγ
above) gives an indication of the impact that enhanced Fc-FcR interactions could t
potentially have on the outcome of anti-tumor antibody therapy. This was the single 
parameter found to correlate with the vastly enhanced objective response rate and 
the molecular responses.  Modification of therapeutic IgG1s with GlycoMAb leads
to increased binding for the Fc- FcγRIIIA interaction (Fig. 4).  The next step in the γγ
validation of this glycocoengineering technology is to find out in non-human
primates, and eventually in humans, how the obtained increase in receptor binding 
and ADCC translate into increased efficacy. 

killer cells. Anti-CD20 antibodies (un-modified and glycoengineered versions) were
incubated with freshly-isolated human NK cells. (* Proportional to mean fluorescence by 

FACS analysis using an FITC-labeled anti-human IgG Fab). 
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QUESTIONS AND ANSWERS 

Meijia Yang, Serono Reproductive Biology Institute, US:

Since you are adding another branch of sugar in your molecule, in terms of 
regulation, is it considered a complete new molecule, since you are introducing
significant change to its activity, and therefore you need to go through new clinical 
trials and so on ?

Pablo Umana, GlycArt Biotechnology AG, Switzerland:

Yes, we believe that if you are significantly increasing the potency of the molecule, 
we imagine you would have to re-do the trials. So, this is best applied to molecules
that are just at the pre-clinical stage. 

Steven Charmow, Abgenix, US: 

Nice talk. I want to focus on what you said about the correlation between an increase 
in GnTIII activity with a decrease in fucosyltransferase activity, so that the presence 
of bisecting GlcNAc necessitates a lower level of core fucose. I think there is
evidence in the literature, particularly from a group in Japan that a decrease in core 
fucose without an increase in bisecting GlcNAc generates the same effect. Are you
familiar with these results ?

Pablo Umana, GlycArt Biotechnology AG, Switzerland:

Thanks for bringing that up, I did not have enough time to go into a lot of detail. 
Basically what we have seen is that in the context of bisected oligosaccharides, 
removing the fucose also has a very big impact on the increase of the Fc receptor 
binding and in biological activity, so, basically the same thing that has been 
described by the group in Japan. For the non-bisected  oligosaccharides, the same
thing can be extrapolated. When you overexpress GnTIII, you always produce a
little bit of bisected non-fucosylated oligosaccharides. What we can say solidly is 
that if you overexpress GnTIII to a  level where you have high amounts of bisected 
non-fucosylated oligosaccharides, then you have a much bigger increase in the
ADCC activity. So, we think the family of bisected oligosaccharides, removing the
fucose has a much bigger effect than just having the bisecting GlcNAc. t
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DEVELOPMENT OF A METABOLICALLY OPTIMIZED
FERMENTATION PROCESS BASED ON GLUCOSE-

LIMITED CHO PERFUSION CULTURE 
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Abstract. Many researchers are interested in glucose-limited perfusion culture in order to improve
cellular metabolism towards more efficient substrate consumprtion and reduced production of cytotoxic 
metabolites (e.g. lactate). 
We developed a highly reproducible glucose-limited perfusion process using a recombinant CHO cell line
producing human MUC-1 glycoprotein (currently under evaluation for immunotherapy of breast cancer) 
in a standard stirred vessel bioreator with cell retention by spin filter using serum-free culture medium.
The strategy is easy to perform and does not need any online glucose or other invasive measurement
making the process highly stable against disturbances. Using this strategy, glucose consumption rate
decreases, glucose concentration in the bioreactor drops and remains below detectable levels and the cells
do not longer produce any lactate, while cell specific productivity and space time yield increase 5fold and 
4fold respectivly (250 mg/L/day). Cell density remains very high at 1-2*107 cells/mL. Process time can 
easily be extended to more than 1000 hours. The glycosylation of the product is unaffected as shown by
glycoanalysis.
Preliminary results from metabolite quantification by LC-MS and from 13C-lactate feeding experiments 
proove a switch in metabolism towards an increases TCA-cycle activity and indicate that gluconeogenesis 
takes place. Confirmation experiments are underway.
This strategy has already been transferred successfully to a second recombinant CHO cell line secreting 
another human Mucin. Other CHO cell lines producing an enzyme and a humanized antibody and a 
murine hybridoma cell line are under investigation. 

1. INTRODUCTION 

Mammalian cells are of increasing interest for the production of therapeutic proteins
and vaccines especially if correct postranslational modifications (e.g. glycosylation) 
is required for functionality.

In the last decades intensive research has been done to improve the low 
efficiency of mammalian cell culture which is mainly caused by slow growth, low 
cell densities and low cell specific productivity compared to microorganisms. One 
interesting approach is the manipulation of the cellular metabolism by controlledf
feeding aiming at a reduced production of toxic and inhibiting metabolites.

© 2004  Printed in the Netherlands. Springer.
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Especially lactate is cited as one of the factors that inhibit cell growth and limit the
maximum cell density and product concentration in the culture. As the metabolism 
of glucose is greatly affected by its concentration (at high glucose levels about 70-
95% of of the glucose consumed is converted to lactate) a number of feeding 
strategies in fedbatch and continuous fermentations have been developed to maintain
the residual glucose concentration at low levels. In most cases this results in an 
increase in maximum cell density and therefore in mximum product concentration as
the cell specific productivity remains constant. To our knowledge there is only one 
example of chemostatic hybridoma fermentation where a strong increase in cell
specific productivity has been observed. 

Most of the techniques applied for maintaining glucose concentrations on very 
low levels include online glucose analysis or other invasive analysis which are 
susceptible to troubles limiting the industrial applicability of these techniques. That 
makes the development of a strategy for glucose-limited perfusion culture which is
easy to perform and stable against disturbances highly desirable. It has also to bett
ensured that the glycosylation pattern of the product is unaffected by the glucose-
limitation.

2. MATERIALS AND METHODS

Cells and product: CHO-K1 cells producing a fusion protein of human  
MUC-1 fused to the Fc part of an IgG antibody.  
The product which is expressed under the control of a
CMV promotor has a molecular weight of 170 kDa and 
contains 80 potential O-glycosylation sites. 

Culture medium: ProCHO-IV (Biowhittaker) with additional buffering 
using 20 mmol/L NaHCO3.

Fermentation system: 2L stirred vessel bioreacot (Applicon Biotek) with a 
working volume of 1L equipped with a propeller stirrer 
(200 rpm), bubblefree aeration and cell retention by using 
a spin filter (75 µm). The pH and the dissolved oxygen 
concentration were controlled at 7.2 and 40% of air 
saturation, respectivly.  

Analysis: Samples were taken every 24 hours and cell
concentration and viability were estimated using 
hemacytometer and trypan blue exclusion. Glucose and 
lactate concentration were determined using automatical 
enzymatic analysors (EBIO compact, Eppendorf and YSI
1500L, Yellow Springs). Product quatitiy was estimated 
by ELISA and product integrity analysed by SDS-Page.
The glycosylation of the product was determined by LS-t
ESI mass spectrometry. 
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3. RESULTS 

3.1 High glucose perfusion culture

After adapting the CHO cells which originally grew adherently in IMDM culture
medium containing 10% FCS to suspension culture in protein-free medium and 
optimizing the most relevant fermentation parameters a cell density of 3*107 mL-1
and a space-time-yield of nearly 100 mg/L/d were obtained. The SDS-Page showed 
that only a few number of proteins is present in the supernatant with the product t
being the main one, easing the downstream processing (fig.1). 

Figure 1. cell concentration, space time yield and SDS-Page during continuous high glucose 
fermentation

The perfusion rate was increased during the fermentation to avoid limiting levels in 
glucose and glutamine concentration (fig.2). Despite the high perfusion rate of 0.155
h-1, lactate accumulated to relativly high concentrations indicating that most of the 
glucose consumed is converted to lactate (fig.3). 
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Figure 2. Perfusion rate, glucose and glutamine concentration during continuous high 
glucose fermentation

Figure 3. Perfusion rate and lactate concentration during continuous high glucose
fermentation

3.2 Low glucose perfusion culture 

To maintain very low glucose levels without using online glucose analysis or other 
invasive techniques, a constant perfusion rate was adjusted at 25% of the maximum 
perfusion rate in the high glucose fermentation (fig.4).
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Figure 4. Comparison of perfusion rates during continuous high and low glucose 
fermentations

Using this strategy the glucose consumption rate decreases, the residual glucosemm
concentration fell below detection levels and the cells did not produce any lactate 
(fig.5). Simoultaneously, the cell specific productivity increases by >200% and as 
the cell density decreases only slightly (1-2*107/mL), the space time yield was
increased by >100% (up to 250 mg/L/d) (fig.6). A process time of more than 30
days could be realised without any problems. 
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Figure 5. Cell concentration, glucose and lactate concentration during continuous low
glucose fermentation

Figure 5. Cell concentration, glucose and lactate concentration during continuous low
glucose fermentation

The increase in cell specific productivity started when the degree of glucose
limitation (ratio between the current specific glucose uptake rate and the maximum 
specific glucose uptake rate) decreases below 0.4 (fig.6).
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Figure 6. Degree of glucose limitation (DGL) and cell specific productivity during low
glucose fermentation

Most important, the glycosylation of the product remains unaffected (glycostructures 
and site occupancy). First metabolite balancing and results from a 13C-Lactate
feeding experiment show an increased TCA cycle activity and indicate that 
gluconeogenesis takes place. 

This strategy could already be transferred successfully to another recombinant 
CHO cell line producing a second human mucin. Other CHO cell lines producing an 
enzyme and an antibody, respectivly are currently under investigation.

4. SUMMARY 

• Development of a CHO perfusion process for the production of a highly 
glycosylated protein at very low glucose levels t

• increase in cell specific productivity >200% and space time yield >100% 
• product integrity and glycosylation remain unaffected 
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QUESTIONS AND ANSWERS 

Otto Merten, Genethon, France: 

Thank you for your interesting presentation. Did you consider the use of other 
sugars that are metabolized differently than glucose ? 

Thomas Noll, Research Center Julich, Germany:

No, not yet, that is a very important point. I think the first to be checked will be
fructose. It is a very interesting thing. 

Dirk Lutkemeyer, University of Bielefeld, Germany:

I have a question regarding the cell retention. You mentioned a spin filter with a 75
µm mesh size. Can you comment on the retention rate and on the media composition
? Do you have proteins in the media ?

Thomas Noll, Research Center Julich, Germany:

The retention efficiency was between 85-90 %, that is quite OK. We first used a spin
filter with 20 µm, but that tends to block after about 200 hours, so we switched to
the 75 µm version. Regarding the medium, it is completely free of animal 
components, there is one recombinant protein in it, but I should not disclose the 
details since it is a proprietary medium. 

T. LINK, ET AL.



F. Gòdia and M. Fussenegger (Eds.), Animal Cell Technology meets Genomics, 431-438.
431

CHETAN GOUDAR1,2, RICHARD BIENER3, JAMES MICHAELS1,
CHUN ZHANG1, JAMES PIRET2 AND KONSTANTIN 

KONSTANTINOV1

APPLICATIONS OF QUASI REAL-TIME METABOLIC 
FLUX ANALYSIS IN MAMMALIAN CELL CULTURE

PROCESS DEVELOPMENT

1Bayer HealthCare, Biological Products Division, 800 Dwight Way, 
Berkeley, CA 94710 

2Department of Chemical and Biological Engineering, University of British 2

Columbia, Vancouver, BC Canada V6T 1Z3 
3Bayer AG Technology Services, Process Analysis, 51368, Leverkusen, 

Germany

Abstract. Metabolic flux analysis offers a means of quantifying changes in cellular physiology and 
metabolism and thus has the potential to play an important role in accelerating bioprocess development 
towards optimizing protein productivity. Most implementations of MFA to date have been of an off-line
nature while to be most useful for on-line process diagnosis and control, effectively real-time estimation 
of metabolic fluxes is necessary. We have developed a framework that allows for quasi real-time 
estimation of metabolic fluxes for mammalian cells in high-density perfusion cultures by using a
combination of on-line and rapid off-line measurements of experimental variables. The above approach
was used on experimental data obtained from long–term perfusion experiments with CHO cells at ~20 x
106 cells/mL. Metabolic fluxes were estimated for various steady states over the course of the experiment 
resulting in useful information on the changes in cellular physiology and metabolism in response to
changes in bioreactor conditions. The approach we present allows for robust estimation of metabolic
fluxes in a quasi real-time fashion and has the potential to accelerate bioprocess development by reaching 
desired protein yields with fewer experiments.

1. INTRODUCTION 

Mammalian cells are widely used for the production of therapeutic proteins that 
require their ability to effectively fold and glycosylate proteins. However,
productivities from typical mammalian cell processes are low and a variety of 
approaches have been taken to overcome this limitation. These include bioprocess
engineering of perfusion culture reactors to 20 x 106 cells/mL cell densities 
(Konstantinov et al., 1994; Trampler et al., 1994), and developing improved feeding
strategies to optimize cellular metabolism (Glacken et al., a 1989; Zhou et al., 1997).
Another tool for productivity engineering is metabolic flux analysis (MFA) which 
determines carbon fluxes in the central carbon metabolism and related pathways 

©  Printed in the Netherlands. Springer.2005
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(Bonarius et al., 1995; Nyberg et al., 1999; Stephanopoulos and Vallino, 1991; 
Zupke et al., 1995). MFA provides insights into cellular metabolism, especially
under varied environmental bioreactor conditions, rapidly clarifying cellular 
responses to culture conditions that can influence productivities.

Most applications of metabolic flux analysis to date have been of an off-
line nature which limits the impact that such an analysis can have on bioprocess 
development. To fully realize the potential of MFA for bioprocess diagnostics and 
decision-making, real-time metabolic flux information should be coupled with
automated process control strategies to more rapidly optimize bioreactor operation.

In the present study, we present a framework for a quasi real-time 
metabolic flux analysis (QRT-MFA) system and illustrate its application for 
studying the metabolism of Chinese hamster ovary (CHO) cells in high cell-densityr
perfusion culture. Specifically, the effect of changing basic process control variables 
such as pH, DO and temperature on cellular metabolism was studied and this was 
used to examine the operating ranges for these variables. Upon transfer of the
developed process to the manufacture of a licensed product, this information can be
readily used during validation efforts and for defining operating ranges for the 
bioprocess.  

2. MATERIALS AND METHODS

2.1. Cell Line, Culture Medium and Bioreactor Operation

CHO cells were grown in perfusion culture in 15-L bioreactors (MBR 
Bioreactor AG, Switzerland) with 12 L working volume and a heated water jacket.
The bioreactor was maintained at 37°C, with agitation constant at 40 rpm. Dissolved 
oxygen (DO) was maintained at 50% air saturation by sparging mixed oxygen and 
nitrogen. Bioreactor pH was maintained at 6.8 by the addition of 0.3 M NaOH. The 
bioreactor was inoculated at 1.0 x 106 cells/mL and cell concentrations during the 
experiment were maintained at 20 x 106 cells/mL by automatically bleeding cells
from the bioreactor based on optical density measurements. The bioreactors were
operated in a perfusion mode by continuously withdrawing reactor fluid and passing 
it through a cell separation device. The cells were recycled back to the bioreactor 
while the clarified liquid was harvested for subsequent purification steps to isolate
the protein of interest. 

2.2. Analytical Methods 

 Samples from the bioreactor and the harvest stream were taken daily for 
cell density and viability analysis using a hemacytometer and the trypan blue dye-
exclusion method. These samples were then centrifuged in a Beckman CS-6
centrifuge (Beckman Coulter, CA) and the supernatant analyzed for nutrient and 
metabolite concentrations. Glucose, lactate, glutamine and glutamate concentrations 
were determined using a YSI Model 2700 analyzer (Yellow Springs Instruments,
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OH) while ammonia was measured using an Ektachem DT60 analyzer (Eastman 
Kodak, NY). DO and pH were measured online using retractable Ingold electrodes 
(Ingold Electrodes, MA). The accuracy of these measurements was verified off-line 
using a Stat Profile 9 blood gas analyzer (Nova Biomedical, MA). The same 
instrument also measured the dissolved CO2 concentration. On-line measurements of 
cell density were made with a retractable optical density probe (Aquasant
Messtechnik, Switzerland) calibrated with cell density estimated by the 
hemacytometer. Amino acids were analyzed on a HP 1090 HPLC (Hewlett Packard, 
CA) using the AminoQuant protocol (Series II Operator’s Handbook) with pre-
column derivitization by ortho-phthalaldehyde and 9-fluorenylmethyl chloroformate
for detection of primary and secondary amino acids, respectively. y

2.3. Metabolic Flux Estimation 

 To obtain metabolic flux estimates in a quasi-real time fashion for on-line
physiological state identification, the computation of metabolic fluxes was 
integrated with on-line data acquisition and process monitoring. Specifically, 
LabVIEW (National Instruments, TX) was used for on-line data acquisition and 
process control while all flux calculations were performed using FluxAnalyzer 
(Klamt et al., 2001) in MATLAB (Mathworks, Natick, MA). Seamless 
commumication between these two environments allowed transfer of specific rate
data from LabView to MATLAB followed by subsequent transfer of the computed 
metabolic fluxes in the reverse direction.
The bioreaction network used in the study was similar to the one proposed byy
Nyberg et al., 1999 for CHO cells with modifications to include reactions for all
amino acids. A series of mass balance equations were written for each of the 
metabolites in the bioreaction network resulting in

Ax r=   (1) 

where A is the stoichiometric coefficient matrix, x, the vector of unknown
metabolic fluxes, and r, the vector of uptake and production rates. Nutrient 
consumption and metabolite production rates were incorporated in r and 
intermediate metabolite production rates were assumed to be zero based on the
pseudo-steady-state hypothesis (Zupke and Stephanopoulos, 1995). As the
stoichiometric matrix, A, was not square, and estimation of the metabolic flux
vector, x, was done using the weighted least squares approach as the matrix A was 
of full rank 

= ( )T -1 T -11)x = ( A)-1) r          (2) 

APPLICATION OF QUASI REAL-TIME METABOLIC FLUX ANALYSIS
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where ψψ is the variance-covariance matrix associated with the rate vector ψψ r.

3. RESULTS AND DISCUSSION

3.1. Perfusion Experiment with CHO Cells 

The perfusion experiment with CHO cells was conducted over a period of 120 days 
with 12 different steady states that each lasted for 10 days. The time profiles of 
viable cell density along with the corresponding steady state information are shown
in Figure 1. Viability was greater than 90% for all the steady states presented in 
Figure 1. Steady states corresponding to T=30.5 °C and pH=6.6 were characterized 
by lower cell densities as significant reduction in growth rates was seen under these
experimental conditions. 
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Figure 1. Viable cell densities for the 12 steady states examined in this study. The duration of 
the entire experiment was 120 days while that of the individual steady states was 10 days. 

3.2. Effect of DO on Cellular Metabolism

The DO set point for the process was 50 % air saturation and a lower limit of 20 %
and an upper limit of 100 % were examined in this study. These correspond to 
steady-states 2 and 5 in Figure 1. For both these steady states, no significant changes 
in glycolytic and TCA cycle fluxes were seen. The magnitudes of most of the amino
acid fluxes were also very similar and were comparable to those for the 50 % air 
saturation condition. Thus no significant changes in cellular metabolism were seen 
for the three DO concentrations examined in this study. 
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Figure 2. Glycolytic flux as a function of temperature for CHO cells in perfusion culture

3.3. Effect of Temperature on Cellular Metabolism

A temperature range of 30.5 – 37.5 °C was examined in this study. As expected, 
cellular growth and metabolic rates increased with higher temperatures and this 
manifested as increased glycolytic and TCA cycle fluxes (Figure 2). Specific 
productivity however, was inversely related to temperature as the lowest 
temperatures resulted in the highest protein production. 

3.4. Effect of pH on Cellular Metabolism 

The pH set point for the process was 6.8 and a lower limit of 6.6 and an upper limit 
of 7 were examined in this study (steady states 11 and 12 in Figure 1). A 39 % y
increase in glycolytic flux was seen at pH = 6.8 when compared to that at pH = 6.6 
while a 146 % increase was seen when the pH value was 7.0. It is hypothesized that 
this is due to the enzyme phosphofructokinase which is strongly influenced by pH. 
The effect of pH on the fluxes at the pyruvate branch-point was also examined and 
the results are presented in Figure 3. The fluxes shown in Figure 3 include the
puryvate flux into the TCA cycle, the pyruvate flux to lactate and the pyruvate flux 
to α-ketoglutarate expressed as a percentage of the flux entering pyruvate. No 
significant changes in the percentage values of these fluxes is seen suggesting that 
despite an increased glycolytic flux at elevated pH, the flux distribution at the 
pyruvate branch-point is unaffected. 

APPLICATION OF QUASI REAL-TIME METABOLIC FLUX ANALYSISQ
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4. CONCLUSIONS 

We have illustrated application of QRT-MFA for studying the effect of changes in
DO, temperature and pH on cellular metabolism for CHO cells cultivated in
perfusion culture. Rapid estimation of metabolic fluxes was possible through
seamless integration of the process control and metabolic flux computation
environments. Changes to DO in the 20 – 100 % air saturation range had no effect 
on cellular metabolism as seen from the unchanged magnitudes of most fluxes in the
bioreaction network. Higher temperatures were accompanied by increased cellular 
growth and metabolic rates whereas specific protein productivity decreased with 
increasing temperature. Increases in pH significantly increased the flux through 
glycolysis while the flux distribution at the pyruvate branch-point remained largely 
unchanged despite changes in the glycolytic flux. The approach presented in this 
study allows for rapid quantification of cellular metabolism and the insights gained 
from this study will be valuable during transfer of the fully developed bioprocess for 
manufacturing the licensed product.

5. REFERENCES

1. Bonarius, H.P.; de Gooijer, C.D.; Tramper, J.; Schmid, G. Determination of the respiration quotient 
in mammalian cell culture in bicarbonate buffered media. Biotechnol. Bioeng. 1995, 45, 524-535.

2. Glacken, M.W.; Huang, C.; Sinskey, A.J. Mathematical description of hybridoma culture kinetics. 
III. Simulation of fed-batch reactors. J. Biotechnol. 1989, 10, 39-66. 

3. Klamt, S.; Kremling, A.; Gilles, E.D. “FluxAnalyzer: A graphical interface for stoichiometric and 
quantitative analysis of metabolic networks.”; 8th International Conference on Computer 
Applications in Biotechnology, 2001, Quebec City, Canada.

C. GOUDAR, ET AL.



437

4. Konstantinov, K.; Chuppa, S.; Sajan, E.; Tsai, Y.; Yoon, S.; Golini, F. Real-time biomass-
concentration monitoring in animal-cell cultures. Trends Biotechnol 1994, 12, 324-33.

5. Nyberg, G.B.; Balcarcel, R.R.; Follstad, B.D.; Stephanopoulos, G.; Wang, D.I. Metabolism of 
peptide amino acids by Chinese hamster ovary cells grown in a complex medium. Biotechnol Bioeng
1999, 62, 324-35.

6. Stephanopoulos, G.; Vallino, J.J. Network rigidity and metabolic engineering in metabolite
overproduction. Science 1991, 252, 1675-1681. 

7. Trampler, F.; Sonderhoff, S.A.; Pui, P.W.; Kilburn, D.G.; Piret, J.M. Acoustic cell filter for high 
density perfusion culture of hybridoma cells. Bio/Technology 1994, 12, 281-284. 

8. Zhou, W.C.; Rehm, J.; Europa, A.F.; Hu, W.S. Alteration of mammalian cell metabolism by dynamic
nutrient feeding. Cytotechnology 1997, 24, 99-108. 

9. Zupke, C.; Sinskey, A.J.; Stephanopoulos, G. Intracellular flux analysis applied to the effect of 
dissolved oxygen on hybridomas. Appl. Microbiol. Biotechnol. 1995, 44, 27-36. 

10. Zupke, C.; Stephanopoulos, G. Intracellular flux analysis in hybridomas using mass balances and In
Vitro 13C NMR. Biotechnol. Bioeng. 1995, 45, 292-303.

QUESTIONS AND ANSWERS

Sadettin Ozturk, Centocor, US: 

At low pH I guess, there are lots of lactate coming from glutamine, could you 
differenciate how much lactate is coming from glutamine and how much from 
glucose ? 

Chetan Goudar, Bayer, US: 

Most of the lactate in this system is coming from glucose, almost 80 to 90 % of 
lactate is coming from glucose. 

Sadettin Ozturk, Centocor, US: 

Even at a low pH ? 

Chetan Goudar, Bayer, US: 

Yes, we did not see a significant shift. 

Sadettin Ozturk, Centocor, US: 

How can you tell wether that lactate is coming from glucose or from glutamine ? 

Chetan Goudar, Bayer, US: 

I am not showing all the fluxes in this talk, just the major ones, but there are about 
95 reactions in the network, and we can look at the other fluxes which link 
glutamine to lactate.

Steven Charmow, Abgenix, US: 

This is an steady-state system, where you are going from 3 to 7 months. What does 
determine how long a run goes ? 

APAA PLICATIONOO OF QUQQ AUU SI RERR AEE LAA -TIMEMM MEMM TATT BAA OLIC FLULL XUU ANAA ANN LAA Y SIS
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Chetan Goudar, Bayer, US: 

Ideally we would like to run this forever, but what typically happens is that whent
you are running the system for 2 to 3 months you observe a decline in productivity.

Steven Charmow, Abgenix, US: 

Why?

Chetan Goudar, Bayer, US: 

Because your protein expression is not stable. In the cell lines we have, after 2 to 3
months, you can observe 30 to 40 % drops in productivity. 

David Jayme, Invitrogen, US:

Is your system able to provide any advance warning when the cells might be
becoming unstable in terms of their production, even though most of these major 
metabolic fluxes are still constant ?

Chetan Goudar, Bayer, US:

This is what I was planning to show in the animation that did not really work, but 
what you can do is to have a map of the flux distribution at a given physiological 
state, and if you observe shifts in the distribution, and if they are not desirable, youf
can make appropriate process changes. This is where the real value is. Regarding the 
loss of productivity, normally you have to look at the titers of the product, but if 
there is some way that you can correlate productivity to your metabolic fluxes, then 
you could use the changes in the fluxes to know if you are going in a given 
direction. 

C.  G  OUDAR, ET AL.
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Abstract. The ever expanding use of animal cell cultures for production of valuable therapeutic products
has highlighted the importance of effective control and optimisation. Whilst data-based modelling
techniques proved to be a valuable tool in microbial processes for such a purpose, they have yet to be
investigated in detail for animal cell cultures. This contribution investigates how successfully well-
established data-based techniques can describe the process behaviour given the limited amount of data
available. Numerical techniques are developed and tested in an attempt to overcome problems of limited 
data. It is shown that cross-validation and bootstrapping in particular improve the estimation of most of 
the process parameters. Cell cycle information included in the model development improved the
estimation of the specific growth and production rates. This raises the possibility of using these estimates 
in a mechanistic model used to infer cell count and product concentration.

1. INTRODUCTION 

The expanding use of animal cell cultures in pharmaceutical industry demands better 
monitoring and control schemes in order to obtain high productivity, while 
minimising the production costs. Past experience with microbial processes
demonstrated that an accurate process model is an important component of an 
improved process control scheme. Successful attempts to model different cell lines 
have been presented in the literature using fundamental process knowledge1-2 but 
this is not always available, particularly when dealing with industrial data. 

Linear and non-linear data based modelling techniques have been widely applied 
for the monitoring, control and optimisation of microbial processes. In particular,
artificial neural networks have been shown to provide satisfactory estimates of 
process parameters that are difficult to obtain on-line3. They can subsequently be 
used for improved supervision4, optimisation5 and control6. However, the 
application of these techniques for modelling animal cell cultures remains limited.

The present work aims to investigate the application of data-based modelling
methods to estimate important state variables of different cell lines. Such an estimate 
would allow important process decisions to be taken. In the first case study the
model will provide estimation of parameters to improve the substrate feed regime. In
the second case study, the estimated values will provide important information about 
the state of the cultivation and allow the optimisation of the infection procedure. 

©  Printed in the Netherlands. Springer.2005
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Also this will allow the scientists to operate the cultivation in such a way that the 
productivity can be optimised. Clearly, these objectives are critical from an 
industrial point of view and reflect the importance of a study of this type.

A Radial Basis Function (RBF) neural network was used for model development 
in both case studies. It is rapid to train, offers locally based non-linear responses and 
provides the ability to calculate confidence limits on the predictions if required7-8. A 
problem encountered during model development was the limited number of batches.t
Data augmentation techniques, noise addition and bootstrapping were used to
generate ‘new batches’. In addition, cross validation was used to determine the best
training data set and model without increasing the size of the data set.t

The data use in this work consisted of a set of batches of CHO cell cultivations f
producing INF-  obtained from Birmingham University and batches of insect cell 
cultivations obtained from GSK. These two data sets were modelled separately, 
taking into account the differences in the processes and available measurements.

2. METHODOLOGY

2.1. RBF artificial neural networks 

The term “Artificial Neural Networks” originated from attempts to model and 
understand how the human brain works9. A Radial Basis Function (RBF) neural 
network consists of three layers of nodes interconnected in a feedforward manner. 
The first layer distributes the input data into the hidden layer containing the RBF 
units, which are non-linear transfer functions that calculate the outputs. Finally, thet
output layer gives the process parameter values predicted by the network10.

Neural networks “learn” from the information that is presented, and thus a
suitable training data set is required. This selection is usually accomplished by using 
process knowledge8, but also depends on data availability. The data matrix is 
separated into a training set (for model development), a g test set (to determine thet
most appropriate network structure) and validation set (to assess the model
efficiency on independent data). The identification of the best network structure and 
the efficiency of the RBF model can be assessed by calculating the error between the
actual and predicted values expressed as the Root Mean Squared Error (RMSE). 

2.2. Data augmentation / Cross validation 

Data augmentation techniques are used to increase a limited data set in order to 
improve the quality and robustness of data-based models. In the present work, two 
different methods of data augmentation were used, namely noise addition and 
bootstrapping. In the noise addition method11, a random number matrix is generated 
from a normal distribution, taking into account the variance of each variable. This 
matrix is then added to the original data to provide a new data set. The bootstrapping
technique consists of taking random samples of the original data setmm 12. These
samples are then replaced in the data matrix to obtain a new data set.

In contrast, cross validation does not increase the data set. Instead, the data set is
divided into subsets removing one for testing. This process is repeated until all 
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subsets have been left out for testing once. In this way, it is possible to determine the
most suitable training data resulting in the best performing model as assessed by the
RMSE achieved on the testing set. 

3. DATA AVAILABILITY 

3.1. CHO cell culture

Five batches of the culture of a recombinant CHO 320 cell line were available for 
the present study. Each of these batches was initialised with a different 
concentration of foetal calf serum (FCS), namely, 1%, 2.5%, 5%, 7.5% and 10%.
The detailed description of this process was presented elsewhere13. Off-line 
measurements were available for viable cell density and glucose, ammonia, lactate 
and product concentrations. In addition, the percentage of the cells in different cell 
cycle phases (G1, S, G2) were also available. The viable cell density and the product
concentration were used as outputs. The specific growth rate (µ(( ) and the specific µµ
production rate (qP) were calculated and used as additional outputs.

3.2. Insect cell/baculovirus expression system 

Twenty-one batches were available from the production of a recombinant protein by 
a baculovirus expression vector system in insect cells. The insect cells are cultivated 
until a certain cell count is achieved. The culture is then infected by a baculovirus 
containing the gene coding for the desired recombinant protein. Additional 
information about this process has been published previously14.

A number of measurements were available: respiration activity, pH, glucose,
lactate, cell count and cell viability. The culture stages prior and post infection were 
modelled separately, using cell count and cell viability as their respective outputs. 
The cell count was considered the most important parameter to estimate prior to
infection since its estimate will allow the optimisation of the infection procedure. In
the post infection stage the cell viability is critical to achieve high productivity. 

4. RESULTS

4.1. CHO culture

From the five batches available, one was assigned to be the independent validation
data set leaving four for model development/selection of structure. The data
augmentation techniques were applied to the data set used for model development, 
but the resulting model compared on the same set. This was also the case for cross
validation. Fig. 1 shows the summary of the lowest prediction errors for the 
validation data set obtained for the four process parameters estimated. Results for 
alternative training data generation approaches are indicated. 

In general, the cross-validation technique resulted in the lowest RMSE errors. 
Figs. 2a and 2b demonstrate the quality of cell count and product concentration
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estimation for the testing set. Clearly both the process parameters are accurately 
estimated, but on the independent validation set (Figs. 2c-d) the estimation is less 
accurate. However, the estimation of µ and qpq  (Figs. 2e-f) is satisfactory. 

Figure 1. Summary of the RMSE obtained for the ‘best’ RBF models on the CHO cell process 

Figure 2. Comparison of the RBF network predictions with the actual measurements of the
outputs of the CHO culture data. *- Actual values, o- Predicted values. 

This may be due to the fact that different input combinations were used to obtaint
the estimates. For µ and qpq  information on cell cycle (flow cytometric data reflecting 
the proportion of cells in G1, S, G2 phases) was included. This is in agreement with
the expectations based on fundamental process understanding. Given the accuracy of 
the specific growth and production rate estimation, it is possible that estimates
provided by the data-based model could be used in a mechanistic model predicting
biomass and product concentration. 
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4.2. Insect cell culture 

Six out of the original 21 batches were selected for model validation. Following
initial poor results, noise addition and bootstrapping were used to attempt to 
improve model accuracy. Fig. 3 shows the lowest prediction errors obtained with the 
validation data set for the pre- and post-infection data, when the model was trained 
with the original and the augmented data sets. Clearly the difference in the model
performance for the cell count (pre-infection) can be considered insignificant. In the 
case of viability estimation (post-infection), bootstrapping leads to more accurate 
estimation. 

Figure 3. Summary of the RMSE for the ‘best’ RBF models of the insect cell/baculovirus
expression system. 

Fig. 4 shows the comparison of the predictions of the ‘best’ model obtained for 
each output with the respective actual measurements through parity plots. The 
values of cell count and cell viability were scaled between 0 and 1 in order to protect 
industrial confidentiality. The experimental error bounds are indicated by solid lines
either side of the parity line. 

Figure 4. Parity plots of the predictions with the actual measurements of the outputs of the 
insect cell data (validation). * batch 1, o batch 2, + batch 3, batch 4, batch 5, batch 6. 

The results indicate that the cell count estimation captured certain process 
characteristics although deviations consistent with un-modelled dynamics can be 
seen in some batches. The quality of cell viability estimation is less than ideal. 
Whilst this is expected given the experimental errors associated with the viability
measurements and also the significant limitation in data availability, it is necessary
to include further process information (either in the form of cell death kinetics or 
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infection kinetics) and/or alternative modelling approach to improve the accuracy of 
estimation.

5. CONCLUSIONS

RBF neural networks have been used to estimate the process parameters in the CHO
cell culture cultivations producing INF-γ. Three different techniques were used in an 
attempt to address the issue of the limited quantity of process data. For the first case
study cross validation proved the most effective. It was found that the estimation of 
cell count and product concentration was less accurate than that of the specific 
growth and production rates. For the estimation of the latter parameters, cell cycle 
information in the form of flow cytometry data reflecting the proportion of cells inrr
G1, S and G2 phases respectively was included. In order to improve the accuracy of 
cell count and product concentration estimation, the estimates of specific growth and 
production rates provided by the data-based models could be used within a hybrid 
model scheme combining data-based and mechanistic models.

Whilst the above cell culture cultivations were performed in a University
environment and benefited from the availability of measurements reflecting the 
physiological state of the culture more explicitly, it is important to assess the ability
of data-based models to estimate process parameters for industrial cell culture
cultivations. Thus data from an insect cell/baculovirus system were also analysed 
using the same techniques. The model for cell count estimation provided reasonable 
estimates and these did not improve significantly by applying noise addition or 
bootstrapping. However, the estimates of cell viability have improved by the 
application of bootstrapping, although the results for the validation sets are still not 
ideal and alternative approaches for this parameter are being currently investigated.  
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QUESTIONS AND ANSWERS 

Bjoern Frahm, Technische Universität Hamburg-Harburg, Germany: 

I do not quite see the intention of generating artificial data by adding noise to 
existing data. In one case you already have 21 batches, would it not have been better 
to experiment under different conditions, for example substrate limitations, and then 
try to model these circumstances instead of just creating artificial data ? 

Claudia Cunha-Bakeev, University of Newcastle upon Tyne, UK: 

This is what we are trying to get, these were data from the University of 
Birmingham. They do changes in the fermentation, so that we can actually study it 
using this data technique. So, we are working at the moment with what we have.
Also, these techniques have also been used for microbial systems previously, and it 
is possible to use them correctly without compromising the model.

Nicolas Mermod, University of Lausanne, Switzerland: 

Is over training a problem for you, and if so, how it is solved ? Do you think that 
approach will be generalizable to other bioreactors ? It was not clear to me if you 
always used data from the same bioreactor, or whether they were different 
processes.

Claudia Cunha-Bakeev, University of Newcastle upon Tyne, UK: 

They are different processes, yes. We have the laboratory conditions at University of 
Birmingham, then pilot plant at GSK, and we are also working with Lonza
Biologics, although we could not show their results yet. So, the technique can be 
used for any kind of process.  

Sadettin Ozturk, Centocor, US:

I was just curious, I think  may be things change, but long time ago neural networks 
were limited to the ranges of your study. You could make intrapolation, but not 
extrapolation, so you could not get out of the ranges of t your study. Is there any 
recent development making this possible ?

Claudia Cunha-Bakeev, University of Newcastle upon Tyne, UK: 

No, you are right, we can not extrapolate in neuralt networks. That is, when we were 
selecting the training data, we tried to get the largest variation. 
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TECHNOLOGY APPLICATION  TO PROTEIN 
ANALYSIS AND PURIFICATION IN

BIOPHARMACEUTICAL MANUFACTURING 

Ciphergen, Biosepra Process Division, Cergy (France) 

Abstract.  Ciphergen Biosystems has recently developed a novel technology called the ProteinChip®

System that enables analysis of complex biological mixtures.  The ProteinChip System employs a unique
family of protein biochip arrays carrying functional groups (e.g. ion exchange, reverse phase, IMAC).
These ProteinChip Arrays have been designed to bind proteins and peptides from complex biological 
mixtures such as fermentation or cell culture supernatants.
The technology is referred to as SELDI (Surface Enhanced Laser Desorption Ionization – Mass
Spectrometry) which highlights the key elements of the technique: selective sample binding/desorption on 
functionalized surfaces followed by mass spectral analysis of retained components..  This molecular 
weight-based analysis also reveals important information about protein integrity (e.g. proteolytic
degradation, glycosylation) that can be exploited for the purpose of process optimization, lot acceptance
criteria or product specifications. 
Applications of Surface enhanced laser desorption ionization for protein expression analysis and fast
purification optimization from cell culture and fermentation media are discussed in this paper. 

1. INTRODUCTION

Process Proteomics is a novel approach to protein expression monitoring and 
protein purification optimization, at both small and large-scale.
The approach is based on Retentate Chromatography SELDI mass spectrometry
(RC-SELDI-MS), introduced by Ciphergen BioSystems.  It employs two
components : ProteinChip® Arrays and the ProteinChip reader. 
ProteinChip Arrays consist in a family of functional surfaces that carry chemical 
groups equivalent to those used for chromatography sorbents (e.g., anion and cation 
exchange, IMAC, reverse phase and hydrophobic surfaces, refer to Figure 1.). These 
arrays bind proteins and peptides from complex biological mixtures, such as cell
culture supernatants or fermentation feedstreams.

©  Printed in the Netherlands. Springer.2005
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Figure 1 : ProteinChip® Arrays carry functional groups similar to chromatography sorbents.
All spots on an array have the same functional group. A few microliters of sample (cell 

culture supernatant or clarified  fermentation) can be loaded on each spot, and analyzed 
using a specially designed Time of flight mass spectrometer.Accurate   molecular weight of 

the sample components is obtained in minutes.

After applying a cell culture or fermentation sample on the array, the spots are 
rinsed with buffer. Bound proteins can be selectively « eluted » from the chip
surface using appropriate buffer, as would be done using a chromatography sorbent. 
In practice, a few microliters of sample is sufficient to run an analysis . The array is 
analyzed using the ProteinChip® reader, a specially designed time-of-flight mass
spectrometer (TOF-MS). Proteins in the 1-500 kDa range can be detected, with a
sensitivity down to the femtomole level.
This approach can be used to monitor in « quasi real-time » the expression level of a 
target protein from a crude sample, and gives access to relative quantification data..

2. PROTEIN EXPRESSION MONITORING

Significant advances in the production of therapeutic and diagnostic proteins 
using cell-based systems have been achieved in recent years.  Improved mammalian
cell cultivation systems can produce proteins now routinely at the >1 g protein per 
liter scale..  These improvements in productivity, however, are often accompanied 
by increases in cell death and the release of damaging proteases and glycosylases.  
The presence of these hydrolases can result in a substantial decrease in final 
antibody yield, purity, and homogeneity.  In addition, numerous host cell proteins 
(HCP) and media-derived proteins are typically present along with the target protein 
that can be co-purified and may contaminate the final product.  A critical element in 
industrial  manufacturing processes is the establishment of specific, sensitive and 
robust analytical methods to detect and track both product-related and process-
related impurities throughout the process and in the final product.
Current methods of protein expression analysis rely mostly on gels and western 
blots ; these methods are time consuming,, less sensitive in the low molecular 
weight mass range,  and provide insufficient real-time information about protein 
integrity. The RC-SELDI-MS approach is simple (see Figure 2), and can be applied 
to both tagged and untagged proteins. Analysis time is much shorter than with using 
conventional gel-based methods, total analysis per sample is as little as 10 minutes. 
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Moreover, the RC-SELDI-MS technology provides accurate information about 
protein molecular mass, and gives greater insight into sample composition. For high-
throughput analysis, the approach can also be automated, using an autoloader or 
commercially available robots . 

Figure 2 : RC-SELDI-MS analysis and comparison with traditional gel-based methods 

In the example shown (Figure 3.), crude expression samples from an in vitro
expression system were analyzed using the RC-SELDI-MS technology. 6xHis
tagged recombinant proteins were selectively bound by IMAC (Nickel) surfaces in a
96-well bioprocessor. The impact of nutrients (amino acids) on the expression level 
of a model protein (GFP, 28 kDa) was assessed.
Fast results like presence or absence of protein after induction, time courses or 
relative expression levels can be obtained in a few hours, allowing to take decisions
on the cell culture conditions. This approach can help to bridge the gap sometimes 
existing between cell culture or fermentation monitoring and downstream 
purification, with a single integrated platform. 
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Figure 3. Expression monitoring : 6xHis tagged GFP (28 kDa, produced in an in vitro
translation system . Expressed protein is captured on IMAC (Ni2+) Arrays. A,B,C represent 3
different amino acid mixtures, which have an impact on the model protein expression. Fig 3c 

represents SDS-PAGE and Western blot of a single GFP sample. 

3. PROTEIN PURIFICATION OPTIMIZATION

ProteinChip Arrays and matching chromatography sorbents have been
developed. This approach has been recently applied to the purification of a
recombinant endostatin expressed in Pichia pastoris.
In a first step, a crude clarified fermentation sample was applied on four different 
types of arrays : CM, Q, RP and IMAC.
On chip screening principle is shown in Figure 4 . Results from endostatin binding 
experiments on various surfaces (CM, Q, RP and IMAC arrays) showed that the 
cation exchange surface (equivalent to a CM chromatography sorbent) was the best 
candidate to retain endostatin at a given pH, while impurities could be retained on
other surfaces.
After selecting and fine tuning a binding pH (pH 5.0), endostatin elution conditions
were determined from the CM surface, and found to start at about 200mM.
Conditions determined « on-chip » were then transfered on a regular 
chromatography sorbent (CM HyperZ, BioSepra). This sorbent is an ion exchange
resin, with a particle size of 70µm and a density of 3,2 g/L, specially designed for 
expanded bed adsorption. Analysis of collected fractions showed that endostatin was
fully adsorbed and eluted in the pH and ionic strength conditions « predicted » on-
chip (Figure 5).
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Other examples with various recombinant proteins have demonstrated the value of 
this « on-chip predictive chromatography » to accelerate the process of 
chromatography step selection. Using a combination of chips and beads with 
matching chemistry, process purification development time for an unknow
recombinant protein can be substantially reduced from weeks or monthes to days. y

Figure 4. : Principle of «on-chip» purification optimization.

Figure 5. : On-chip recombinant endostatin purification optimization using the ProteinChip®
technology .b and c represent elution of the protein using NaCl based on-chip prediction. 

4. CONCLUSION : A VERSATILE INTEGRATION TECHNOLOGY FOR 
« UPSTREAM » AND « DOWNSTREAM »

One of the key strengths of the RC-SELDI-MS approach is its simplicity of use 
and its power as an analytical tool to monitor in real-time a process flow. Having
access to accurate molecular weight information can be exploited for « pre-QC »
steps, like lot acceptance criteria. As an example, global evolution of glycosylation 
patterns  can be monitored, and linked to cell culture conditions and biological
activity. Post-translational modifications and protein integrity can also be followed.
Process Proteomics represents therefore and integration tool, that can be exploited 
both by protein expression groups and downstream purification : upstream, the 
approach allows to follow in quasi real-time protein expression monitoring much 
faster than conventional gel-based methods ; downstream, predicitive 



452 S. BENGIO, ET AL.

chromatography performed « on-chip » and transfered to regular chromatography
sorbents allows to save process development time.  
Finally, at a « pre-QC » step, this approach gives valuable information about target 
protein integrity, as well as product or process-related impurities. 
In certain cases, this approach can be applied for monitoring Host Cell Proteins and 
process-related impurities in commercial-scale production of therapeutic proteins, in
complement to conventional techniques such as ELISA or Western-Blots.
Recent developments allow to couple the ProteinChip® technology with
sophisticated tandem MS-MS analysis, giving access to protein identification by 
peptide mapping and Collision induced decay for sequence analysis. Peptide 
mapping using the tandem MS interface provides high accuracy M/z information 
from all available surfaces for database searching with high protein coverage, and 
then provides amino acid composition information.

sbengio@ciphergen.com.

QUESTIONS AND ANSWERS

Otto Merten, Genethon, France:

I think this is a very interesting system, but we are working with viruses, and viral 
vectors, and the chromatographic matrix can affect the purification. Do you think t
that this can also be used for evaluating different column properties for the 
purification of viruses or not ?              

Sylvio Bengio, BioSepra, France: 

So far, we have no experience with viruses. You are absolutely right, I think. A 
chromatography mechanism is by definition a three dimensional mechanism, where 
not only the properties of the matrix will play a role, but also what is happening in 
the internal porosities of the matrix, and this is particularly true for viruses. For 
viruses we have never tried such an approach, however, with different types of 
proteins we have seen, using different manufacturers’ resins that, especially for iontt
exchangers the correspondences were surprisingly good, including we were the first 
sceptical as chromatographists. 

For more information consult www ciphergen.com or contact : Dr. Sylvio Bengio 
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THE PROSPECTS FOR INSECT CELLS FOR USE AS A
CELL SUBSTRATE FOR THE PRODUCTION OF

BIOTHERAPEUTICS

Q-One Biotech Ltd., Todd Campus, West of Scotland Science Park, Glasgow
G20 0XA, United Kingdom.

1. INTRODUCTION 

Since the development of viral vaccines in the early years of last century, animal cell
technology has been used for the production of biologicals for prophylaxis and 
therapy of humans and animals. It was not until the late 1980s, however, before 
industry adopted the large-scale culture of prokaryotic or eukaryotic cells for the 
production of (recombinant) therapeutic proteins. At present, more than 50 drugs 
containing active ingredients produced in cell culture systems have been approved 
for marketing in the USA and Europe. All of the cell culture systems currently in use
have their advantages and disadvantages. Prokaryotic systems such as those based 
on Escherichia coli provide high yields, but the proteins produced can be without 
the post-translational modifications such as glycosylation and protein 
folding/secretion present in the equivalent proteins produced in mammalian cells.
The differences seen with the recombinant proteins may affect their therapeutic
activity. Eukaryotic systems on the other hand have the advantage that they are 
capable of some post-translational modifications. The production of recombinant 
proteins in insect cell systems is seen as robust, efficient and is low cost when 
compared to other cell based systems. These systems have been used to manufacture
recombinant proteins for research and in vitro investigations for a number of years. 
The production of biotherapeutics in insect cells may also present an advantage in 
producing safer products over the equivalent production in mammalian cells. 
Proteins can be produced in insect cells without animal supplements such as foetal 
calf serum. In the current climate of concerns over Bovine Spongiform 
Encephalopathies and bovine viral risks this represents a significant safety, as well 
as a cost advantage over other production methods. Theoretically, the use of such 
systems could be advantageous from a therapeutic, as well as a commercial point of 
view.  

Given the benefits for the production of recombinant proteins using Baculovirus
in insect cells, the question arises as to why there are currently no licensed human 
clinical products in the marketplace developed using this technology? One reason 
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for this could be the uncertainty of how these products would be accepted by the
regulatory authorities worldwide. As the investment costs of developing novel 
clinical products continue to escalate, pharmaceutical companies may be wary of 
investing significant amounts in this technology while the regulatory and safety 
aspects remain unknown. 

In principal, producing recombinant proteins from insect cells should be no 
different to Chinese hamster ovary or other cells. On deciding to move to pre-t
clinical and clinical investigation, a rigorous study of the safety of the materials and 
processes will take place to comply with the safety milestones and regulatory
requirements. In Europe the recently published Clinical Trials Directive make a
clear indication that all materials used in clinical trials are required to be produced 
under cGMP (current Good Manufacturing Practice). It is likely that this
requirement will be worldwide in the very near future. In the case of production in
insect cells this will normally require banks of the cells and seed stocks of the f
Baculovirus, and a safety testing and validation plan for the downstream production
of the protein. 

Specific regulatory guidance for the characterisation and testing requirements of 
insect cells and products derived from them is not available. Therefore
manufacturers are encouraged to use the generic guidelines already in place. The
principal guidance notes are the International Conference on Harmonisation Q5A: 
Quality of biotechnological products: Viral safety evaluation of biotechnology
products derived from cell lines of human and animal origin and Q5D Derivation
and characterisation of cell substrates used for production of biotechnological / 
biological products. The stated objectives of these guidelines are to provide
guidance and appropriate standards for cell lines and other materials used to prepare
biological products and to provide a general framework for the viral testing and 
clearance studies required for products with intended clinical use. The guidelines are
designed for a cell/reagent bank system, as this is the most practical, safe and cost 
effective method of generating clinical product. 

When assessing the suitability of cell lines, the history of the cells must be 
documented. As insect cells and Baculovirus are very infrequently used for clinical 
production, these materials will require a clear documented culture history.
Frequently cell lines have been passed between a number of laboratories before they 
are used for the production of a clinical product.  For example the Sf9 cells were
cloned in 1983 from parental line (IPLB-SF 21 AE) originally derived from the 
ovarian tissue of Spodoptera frugiptera described by Vaughn et aln (1977)l . Finally in 
the late 1980’s the cells were transferred to the American Type Culture collection
where they were expanded and laid down as a bank; these are now available for 
release to any laboratory. It can be assumed that between 1977 and today there has d
been considerable culturing and sub-culturing of the cells by different operators
using a number of different media types. Therefore there is the potential for the cells 
to be exposed to any number of materials that could affect the safety profile. 
Documenting the cultivation history of the use of physical, chemical or biological
procedures can present difficulties, as this may unavailable or incomplete. The
guidelines note that on some occasions it is impossible to document all of the 
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manipulations carried out before the final point of use and this will be taken into t
consideration. However, the significant manipulations that affect the production 
characterisation of the cells should be recorded. Note should also be made of the 
potential exposure to infectious agents, here the regulators require to know if bovine 
serum, enzymes or other cell growth promoters of animal origin were used during
the culture/manipulation of the cells. The accumulation of such data allows a 
thorough risk analysis of the potential entry of adventitious agents to the cell line
and directs the testing strategy to establish product safety. Companies such as
Protein Life Sciences or Invitrogen now offer characterised cell banks available for 
use in the production of products. These are based on clones from Sf9 or Hi5 cells.
Care should be taken to determine that the characterisation carried out by the t
companies selling these cells will satisfy the current guidelines and that these are
applicable.

Baculovirus expression vectors undergo a greater level of manipulation than the 
production cell lines. The Baculovirus genome is modified to include the foreign
transgene capable of producing the desired recombinant protein. The methodology 
of the procedures used to insert these genes and to produce the vectors vary, but are
reviewed by Kitts, 1996. In a similar way to the history of the cell line, the history of 
the vector requires to be documented, including all of the significant manipulations. 
Baculovirus vectors can be obtained from commercial sources that are suitable for 
production with modification for use to produce a clinical product. Again care
should be exercised on relying on the suppliers safety data that may not be sufficient 
to satisfy current guidelines. 

2. CURRENT AND POTENTIAL USE OF INSECT CELL SYSTEMS 

The insect cell system is currently very well suited for the production of 
glycosylated or non-glycosylated products for research purposes. For example, the 
system can be used for the rapid production of large amounts of protein for 
structural studies. The system has also been particularly useful for the production of 
“difficult” proteins that are hard to express in other systems.  Baculoviruses are 
frequently used to express genes that have been impossible to express in bacterial or 
other eukaryotic systems. Another use is the expression of putative gene products 
from genome projects, thereby serving as a high throughput system for the analysis
of targets for drug screening.  

With respect to the commercial production of biopharmaceuticals, a first target 
of choice has been the production of immunogenic proteins, for example vaccines.
Already, the production of virus-like particles (VLPs) to be used as viral vaccines 
seems promising because of the already proven high efficacy of the VLPs in 
inducing immune response in animals. Due to the advantages associated with the 
insect cell system, work is in progress to overcome the disadvantages mentioned 
earlier and to optimise insect cell systems. As a consequence, the time rapidly
approaches that the production of proteins of interest using the Baculovirus/insect 
cell system will no longer be confined to proteins for the research market. An 
increasing number of pharmaceutical companies are showing an interest in using the 
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Baculovirus/insect cell systems for the commercial production of bioactive proteins.  
Insect cell technology is appearing in an increasing number of patents filed. 
Furthermore, in the USA, a number of therapeutic proteins are currently in Phase III
clinical trials, with an increase in the number of candidates that are in Phase II trials. 
Vaccine applications are emerging strongly. In Europe, two sub-unit vaccines based 
on envelope glycoprotein E2 of Classical Swine Fever virusf produced in the BEV 
system have been licensed as a veterinary vaccine already. Porcilis Pesti is a vaccine
used to prevent infection of piglets with Classical Swine Fever virus (CSF)
marketed by Intervet [EMEA/V/C/046/01/0/0]. This vaccine is given by 
intramuscular injection of the emulsion at age 5 weeks. The active ingredient of the
vaccine is the CSF E2 antigen produced in an insect cell / Baculovirus expression 
system. The reason the insect cell / Baculovirus production system was chosen was
for the high level of antigen productivity able to be achieved by the insect system, 
this reduces costs and makes the process commercially viable. The glycosylation of 
the protein mimics that of the native circumstances of E2 processing during
replication of the virus, this processing aids in the immunogenicity of the protein 
facilitating the usefulness of this as a vaccine. And finally, the production system is 
bovine serum free, which again reduces costs and also reduces the concerns linked 
to the transmission of bovine viruses in the product (as this is a veterinary product 
used in pigs this is potentially even more significant than in humans due to the
increased risk of cross species transmission). Overall the efficacy of the product and 
the commercial concerns made this product viable. When the European veterinary
regulators reviewed the dossier on the product there were limited concerns raised 
with the insect cell / Baculovirus production system specifically. Other than the need 
to show that any Baculovirus was inactivated during the processing of the vaccine,
no specific insect testing was requested. The position of the veterinary regulators 
was encouraging for manufacturers, however the concerns in the veterinary market 
are considerably different from those of human clinical products. The potential 
concerns of insect viruses being present, contaminating the product or insect 
proteins or nucleic acid present in the product have already raised concerns and may
require further investigations before licensed products would be approved. 

3. THE FUTURE

Clearly there is an interest and move for human biotherapeutics synthesised on 
insect cells to be manufactured and used. The efficacy, safety and cost issues all 
appear to indicate that for some products this production system will be useful.
Therefore the likelihood is that we shall see such products being approved for use in 
humans in the future. A significant drawback to the use of insect cells for some
biotherapeutics has been the worry that the glycosylation pattern in insect cells is so
different from the mammalian version that these may not be able to be efficacious in 
humans. Recent advances in the use of modified cell lines to express a “human-like”
glycosylation pattern have given rise to the potential for insect derived proteins to be
useful in these products. Insect cells have been modified to eliminate “insect-like”
glycosylation patterns and replace these with genes coding for enzymes that will 
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mimic the mammalian forms. A new promise of insect derived proteins has recently 
been published by Masahiro Tomita and co-workers. They describe the generation 
of transgenic silkworms that produce cocoons containing recombinant human
collagen. The genes encoding human type III procollagen mini-chain, a fibroin light 
chain (from the insect silk), and an enhanced green fluorescent protein gene were 
synthesised in a vector construct. The genes used a fibrin promoter. Silkworm eggs
were injected with the vectors, producing worms displaying EGFP fluorescence in 
their silk glands. On examination the cocoons emitted EGFP fluorescence, 
indicating that the promoter and fibroin L-chain cDNAs directed the synthesized 
products to be secreted into cocoons. From this work it is clear that other proteins 
may be expressed in this way further reducing the costs associated with such 
production systems and potentially allowing novel therapeutics to be marketed. Such 
methodologies may be particularly useful in the less developed world where the cost 
of large manufacturing sites may be prohibitive. 
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QUESTIONS AND ANSWERS

John Aunins, Merck, US: 

I was a bit surprised too to hear about the lack of adventitious agents testing required 
for that. We know about contamination of rodent cell lines by adventitious viruses
coming in from different sources including media components. Do you know of any
examples about insect cell lines being contaminated by viruses ? 

Daniel Galbraith, Q-One Biotech, UK:

Yes, there is a number of examples, unfortunatelly I did not have enough time to
discuss them. People have been using baculovirus and insect cells for a long time, 
and we know that there are at least six known different viruses that can infect them. 

Herman Katinger, Institute of Applied Microbiology, Vienna, Austria:

There are systems available completely protein-free for CHO cells, for a cost of less
that a dollar per liter. Do you think that you can reduce further the cost with a 
protein-free medium, for the Baculo system, for example to half a dollar per liter ?

Daniel Galbraith, Q-One Biotech, UK:

I think we should mainly focuss on the amount of protein we are getting per cell and 
per liter, rather than cost per liter of medium. I think with the Baculovirus system, 
using the appropiate insect cells, and I know there has been a lot of work done on 
engineering insect cells to produce a higher amount of protein. So, I have never seen
any calculations where the insect cell production has been at a higher cost than the
equivalent CHO system, so I think that with the appropiate modifications we can go 
very low in costs. 
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HIGH PERFORMANCE CELL CULTURE PLATFORM
TECHNOLOGY FOR MAB PRODUCTION 

IDEC pharmaceuticals Co, Cell Culture Process Sciences, 11011 Torreyana
Road, San Diego, CA 92121, USA

Abstract. Various optimization approaches using 5L bioreactors and spinner flasks, including
manipulation of culture physical parameters (pH, temperature, osmolarity, pCO2) and design of cell 
culture basal and feed media, and feed scheme that prevent nutrient depletion or by-product 
accumulation, have been pursued in the interest of increasing productivity and delaying cell death. Using
this strategy, final scale-up processes for 6 MAbs led to harvest titers of 0.3 to 3 g/L, pending on the
specific cellular productivity.  This platform cell culture process is proven simple, robust, productive and 
scalable for IDEC clinical and commercial manufacturing.   

1. INTRODUCTION 

IDEC Pharmaceuticals has devoted efforts for maximizing monoclonal antibody 
(MAb) production to fulfil increasing clinical and market demand.  Process Sciences
Department endeavours to increase process productivity and decrease process 
variability.  To achieve this goal, IDEC has focused on the development of an
effective, reproducible, scalable and robust fed-batch cell culture process.  A typical 
IDEC cell culture process flow diagram (PFD) is shown in Figure-1.  With dedicated 
resources and efforts based on this PFD, we have successfully developed a platform 
supporting all IDEC clinical and future commercial MAb production.  The strategy,
methods and results for this development will be discussed in the following sessions. 
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Figure 1. typical IDEC cell culture process flow diagram. 
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2. STRATEGY AND METHODS

2.1. Cell line and Expression system:

The cell culture platform starts with the development of production cell line, which 
is derived from CHO DG44 parental cells transfected with IDEC proprietary vector, 
NEOSPLA.  The parental cells have been pre-adapted to serum-free and suspension
culture prior to banking.  This enables the prompt establishment of the MCB and 
MWCB.  The production cell lines typically exhibit long-term (> 200 days) stability 
in MAb productivity, as shown in Figure 2. 
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Figure 2. Typical cell line production stability over 200 days

2.2IDEC cell culture manufacturing platform

IDEC cell culture Platform development focused on (1) the basal and feed media, t
(2) the fed-batch operation, and (3) the optimal bioreactor operation environment. 
IDEC developed this platform based on MAb1, and then immediately applied to 5
other MAbs with minimal fine-tuning to achieve acceptable and satisfactory 
performance.  Most importantly, all raw materials and unit operations are identical 
for all 6 different MAbs processes.   
The platform process originally used customized vendor proprietary media because
of time and resource constraints.  Concurrently, IDEC devoted significant resources
to develop IDEC-own media (IM) and refined the platform process to accommodate
it.  In consequence, IDEC has the benefit of full sourcing control of qualified 
vendors to manufacture media at reasonable price and controlled quality, and the
ownership of complete formulation know-how, which significantly benefits process
development and trouble-shooting if needed.  The development of IDEC in-house 
media started with commonly used commercial media as building blocks.  The
appropriate “balanced” concentrations of amino acids, vitamin and trace elements 
were defined through systematic approach using factorial experimental design. 
Major efforts were also devoted to identify critical supplement and their optimal
dosage to maximize the performance in productivity and culture longevity.  The
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final medium formulation was proven feasible for powder form, and stable for 
extended period of time for both liquid and powder format.
Once the basal medium was defined, the feed medium was then developed based on
the basal medium without inorganic salts.  The feeding scheme was designed 
according to the overall metabolic profiles in order to replenish depleted nutrients as
well as minimize the accumulation of inhibitory metabolites.  The feeding was 
accomplished through discrete bolus additions instead of daily or continuous
additions, and one bulk feed concentrate stock was prepared and stored in a feed 
tank with sufficient quantity to supply feeds throughout the course of run without 
additional preparation. 
The bioreactor environmental conditions were systematically evaluated in 
appropriate scale-down models (spinner flasks and 5L bioreactors) to identify the 
optimal combination of pH, temperature, osmolarity, dissolved Omm 2 and CO2.
Appropriate sparging strategy concerning sparger type, gas mixture composition 
(O2/air ratio), impeller design and agitation rate was identified critical to control
dissolved O2, CO2 and foaming.

3. RESULTS AND DISCUSSION

The platform culture performance for MAb1 (the model system for the development 
of platform) is shown in Figure 3.  It clearly shows that the platform process is not 
only productivity and but also scalable from 5L, 100L/250L to 3000L bioreactors. 
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Figure 3. Performance and scalability of platform process for MAb1

This platform process was applied to five other MAbs in different phases of clinical 
development with minor fine adjustment in order to accommodate the different 
growth characteristics.  The growth profiles are shown in Figure 4.  All these 
processes fit into the two-week production cycle, which greatly simplifies the 
production logistics planning.  Two of the 6 cell lines were able to grow to peak 
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viable cell densities of 13x106 cells/ml, and the others to 7x106 cells/ml.  The 
corresponding MAb production profiles are shown in Figure 5.  For the non-
amplified cell lines used in Phase I/II production (MAb 5 and 6), the final harvest 
MAb titers range from 250-500 mg/L in 11-14 days.  For the other fully amplified 
cell lines used in late clinical development, the final harvest titers range from 1200 
to 3000 mg/L in a 2-week production cycle.  This translates to volumetric
productivity of 100 to 220 mg/L/day.
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The IDEC in-house media (IM) was developed based on MAb4, and its performance
is shown in Figure 6.  It clearly shows that IM performance is comparable to vendor 
proprietary media.  The impact of using IM on MAb4 glycosylation (galactose
content on the biantenary glycan) is shown in Figure 7.  It shows that the 
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replacement of vendor proprietary media with IM has no effect on MAb4
glycosylation. 
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4. CONCLUSIONS

The IDEC platform cell culture process has been proven simple, robust, productive 
and scalable. The platform process can readily deliver the MAb volumetric
productivity of greater than 100 mg/L/day using the fully amplified cell lines.  We
have also applied the state-of-art analytical techniques early to identify process
impacts on MAb quality.  If the MAb quality such as glycosylation is shown to vary, 
this platform process needs to be implemented the latest before the Phase III
manufacturing.  Finally and most importantly, the “team-oriented” approach is 
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essential for the success of development and implementation of this platform mm
process.  It is not possible for this accomplishment without the joint efforts of R&D,
pre-clinical and clinical development, marketing, process sciences, manufacturing, 
quality, compliance and regulatory at the first place. 
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QUESTIONS AND ANSWERS

Aziz Cayli, Boehringer Ingelheim, Germany:

You have an amplified cell line. What was the amplification step ? How much MTX
did you adde to the culture medium ? The feed solution that you used: did you have
just one single feed or two or three different feeds ?

David Chang, IDEC Pharmaceuticals, US: 

Regarding the feed solution, you have to minimise it, normally it is between one and 
three.

Herman Katinger, Institute of Applied Microbiology, Vienna, Austria: 

We cloned a lot of antibodies in recombinant CHO cells and we found out that each
antibody is somehow an individual protein. It is not possible to predict in advance
higher yields. We have some with very high yield and productivity and some that 
are not willing to become high producers. Did you have a similar experience ? 

David Chang, IDEC Pharmaceuticals, US:

The data I showed are on the six antibodies we have in development phases, they
were all treated through our platform technology, and I did not intentionally hide 
any low productivity cases. 

DAVID Y. H. C HANG
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DEVELOPMENT AND INTEGRATION OF A NEW 
ANIMAL-COMPONENT-FREE PROCESS FOR THE 

PRODUCTION OF UK-279,276

Pfizer Inc, Connecticut, USA 

Abstract. UK-279,276 is a 257 amino acid glycosylated and highly sialylated protein with a relative 
molecular weight of 36 to 61 kDa. This compound, a neutrophil inhibitory factor, was investigated for the
potential prevention of neutrophil-dependent ischaemia-reperfusion injury in stroke patients.  Earlyff
clinical lots were produced using a Chinese Hamster Ovary cell line in culture medium containing bovine 
serum albumin. It was then decided to develop a new process using a protein- and animal-component-free
culture medium produced by fluidized-bed granulation. Many challenges were faced in this development, 
but ultimately productivity was increased approximately five-fold, while retaining robust and 
reproducible product glycosylation and sialylation. Pharmacokinetic analysis in rats resulted in essentially 
the same clearance properties for both products.

1. INTRODUCTION 

UK-279,276 is a recombinant glycoprotein produced by transfected Chinese 
Hamster Ovary cells (CHO).  The compound was originally isolated from the canine 
hookworm ancylostoma caninum in which it functions as a neutrophil inhibitory
factor (NIF) in host defence (1). The recombinant protein was investigated as a 
potential drug for preventing ischaemic reperfusion injury in stroke patients or other 
indications (2). UK-279,276 has a molecular mass of approximately 36 kDa to 61 
kDa, with usually 30% to 50% being contributed by glycosylation. The protein is
257 amino acids long, a monomer with five disulfide bonds and seven potential N-
linked glycosylation sites. The glycan structures can have up to four branches and 
occur zero-, mono-, di-, tri-, or tetra-sialylated (2, 4). Manufacture of drug substance 
for Phase I and II clinical studies was carried out using a CHO cell line dependent 
upon bovine serum albumin, transferrin and insulin. Because of the increased 
concern about the risk of transmitting animal spongiform encephalopathy, a new
process was planned to be introduced for Phase III and beyond.  All raw materials
were of non-animal origin and no proteins were added except for peptides stemming 
from the addition of hydrolysates.  

©  Printed in the Netherlands. Springer.2005
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2. NIF PRODUCING CELL LINES 

Recombinant cell lines producing UK-279,276 (NIF) were derived from 
transfections of a CHO-K1 (ATCC CCL-61) host cell with the NIF gene as shown in
Figure 1. The 7B4 Master Cell Bank or Working Cell Bank was used for the
production of Phase I and II clinical material. For the animal-component-free (ACF) 
process, several options were initially pursued, either derived from new transfections 
or from the suspension culture 7B4, the parent of PF7.  The culture PF211 was
progressed based on its high productivity of UK-279,276, but was later discontinued 
because of cell line stability concerns and the preference for a cell line derived from 
the same transfection as PF7. Finally, it was decided to switch to the ACF-adapted 
cell line PFG01, which met all targets with respect to stability, productivity, and 
product quality (glycosylation, sialylation) (2). 

Figure 1. NIF producing cell lines.

3. THE ACF-V1 PROCESS

In the development of an ACF process for NIF production, the goal was to both
improve productivity and maintain a robust and acceptable pattern of product 
glycosylation and sialylation during scale-up. As an initial test of product 
comparability during the process development phase, pharmacokinetic studies were
conducted in rats to compare the PFG01-produced material with drug substance
from the non-ACF process.   
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The strategy for the new process, named “ACF-v1” in its final configuration, 
relied on a customized, but commercially available protein-free cell culture medium 
which resulted in superior product quality at small scale.  This medium was further 
improved by amino acid and yeast extract supplementation (2). Only the production 
stage, but not the inoculum culture, contained added yeast extract. The fed-batch 
stirred tank process also relied on a concentrated nutrient tt feed, containing the
majority of the components of the basal medium plus added yeast extm ract at five-fold 
concentration (2). Osmolality of this feed was controlled by eliminating sodium 
chloride and sodium bicarbonate, and the concentrations of amino acids such as 
cystine and tyrosine were adjusted to remain within solubility limits.  The fed-batch
process also used a 400 g/l glucose feed, which could be fed either continuously or 
as once-per-day shot additions to maintain a glucose concentration near 2.0 g/l in the 
reactor. Significant productivity improvements were made by switching from the
non-ACF process to the new ACF process. Time in the production bioreactor was
reduced by at least seven days, with the ACF-v1 process time set to 11±1 days.
Combined with a 2.5 to three-fold increase in harvest product titer, the productivity
was increased approximately five-fold – exceeding the commercial target by 20% to
50% depending on the day of harvest. 

Figure 2 shows example time profiles of the in-process product concentration 
and product quality typical of the ACF-v1 process. The product concentration is
shown normalized relative to the commercial target estimated from capacity and 
cost of goods considerations. Good reproducibility and robustness was achieved at 
four reactor scales ranging from one liter to 100 liters.  Day 11 product titers of 30% 
to 40% larger than the commercial target were reproducibly reached in different 
laboratories and at different scales up to 2000-L (data not shown). To support 
process development efforts, a rapid multi-sample in-process purification protocol 
was developed, consisting of an anion exchange chromatography step followed by a
hydrophobic interaction chromatography step (2). Samples purified by this two-
column method were subjected to enzymatic release of the glycan structures, which
were then analysed by anion exchange HPLC to determine the oligosaccharide 
charge profile (2, 4). Data in Figure 2 indicate that sialylation of the glycans 
decreased over time. Highly sialylated structures such as tri- and tetra-sialylated 
glycans decreased from approximately 50% on day 7 to approximately 39% on day y
13. At the same time, the fraction of zero-sialylated glycans increased from 
approximately 7% on day 7 to approximately 13% on day 13.  At this stage in
development, it was expected that two-column purified material needed to have at 
least 40% tri-and tetra-sialylated glycan structures, and no more than 10% zero-
sialylated glycans to deliver acceptable pharmacokinetic results in the rat model (4). 
For complete purification of UK-279,276, a third anion exchange chromatographic
step was necessary, which did impact final product yield and quality (2). Figure 3
shows typical results for final product quality at the one liter through 100 liter scale
in comparison to the non-ACF process. While the sialylation pattern achieved in the
new process was different from the non-ACF material, it was in itself comparable at 
all scales. Many (>20) batches produced under the default ACF-v1 conditions 
provided confidence in the reproducibility of final product quality. In addition, 
pharmacokinetic studies in rats resulted in a clearance rate of 0.08±0.01 ml/(min·kg)
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and a half life of 10.6±1.5 hours for ACF-v1 material, which was equivalent to the 
non-ACF product (0.08 ml/(min·kg) and 11.5 hours respectively). Further 
pharmacokinetic and toxicology studies in animals were planned prior to initiating
clinical comparability investigations and possible transition to the new 
manufacturing process.  

  Figure 2. Time profiles of product formation

Figure 3. Sialylation profiles of fully purified drug substance.and quality in the ACF-v1 
process.
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Figure 4. Effect of the pH on product titer and quality.

During development of the ACF-v1 process, the process pH set point was
investigated carefully. In the default process, the pH was controlled at pH 7.4 (±0.05
to ±0.15 pH units for the dead band). Range-finding studies, however, had shown 
that a significant increase in NIF production could be achieved by reducing the pH 
set point. Figure 4 illustrates that a pH set point of pH 7.2 to pH 7.0 resulted in a 
product concentration on day 11 approximately a factor 1.6 to 2.0 higher than the
commercial target, whereas this factor was only approximately 1.4 at pH 7.4.
Unfortunately, this opportunity could not be realized in the final process protocol
due to a lack of robustness in product sialylation. The product quality data in Figure 
4 show that some – but not all – batches controlled at a lower pH had significantly 
less tri- and tetra-sialylated glycan structures compared to the pH 7.4 reference. At 
the same time, these batches also had increased fractions of zero-sialylated glycans.
In contrast, pH set points of 7.30 to 7.55 were found to generate reproducible
product quality equivalent to the pH 7.4 default process.  Small scale experimental
design studies suggested that increased lactate accumulation, as seen at pH 7.3 or 
higher, was associated with better product sialylation.  
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During further scale-up and transfer to a manufacturing environment, the cell 
culture medium was switched from a liquid formulation to a solid raw material. This 
granulated material was produced by fluidized-bed granulation (AGTy TM, Invitrogen
Corporation) (3).  With respect to harvest titer and final product quality, no changes
were observed. However, the granulated material resulted in an approximately 18%
larger integral of the viable cell concentration over process time and approximately
14% lower cell-specific productivity. 

4. CONCLUSIONS

A new animal-component-free process, ACF-v1, was developed to produce the 
highly glycosylated and sialylated protein UK-279,276 (NIF) in a fed-batch stirred 
tank process using the recombinant CHO cell line PFG01. Process modifications
lead to an approximately five-fold increase in productivity, exceeding the 
commercial target for harvest product titer by 20% to 50%.  With a process time of 
11±1 days and a pH control set point of pH 7.4, the glycosylation and sialylation 
profile of the final product was robust and reproducible. Pharmacokinetic studies in 
a rat model verified that NIF produced in the ACF-v1 process had clearance and 
half-life properties comparable to the material used for early clinical studies.

The authors would like to acknowledge and thank Robert Webster, Pfizer Inc, 
UK, for conducting the pharmacokinetic experiments.  
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1. INTRODUCTION 

Identification, selection and expansion of the highest producing mammalian cell 
lines is tedious and often dependent on chance. We are attempting to establish a
novel cell identification and selection system, based on the expression of a tagged 
plasma membrane protein that serves as a capturing device for rare cells 
overproducing a co-expressed recombinant protein. Here we studied the feasibility
of this approach with transiently transfected CHO cells in suspension culture. Cells 
expressing an epitope-tagged plasma membrane protein were selected with
antibody-coated protein A beads. We found that with increased expression of the 
tagged protein the level of the co-expressed recombinant protein was reduced.
However, the data do support the notion that immobilized antibodies can be 
employed to select cells displaying an epitope-tagged protein. 

2. RESULTS 

2.1. Stable transfections of CHO cells can be done in suspension culture 

We have developed an efficient method for the bulk transfection of suspension-
adapted CHO cells promising to yield at least 10 to 100 times more stable cell lines
from a single transfection than is possible with the transfection of adherent cells. In
this study, we executed single-procedure transfections of suspension cultures at the
100 ml scale (i.e. with 2x108 cells), equivalent to the transfection of sixty-six 10 cm 
cell culture plates. We have also shown that this procedure can be scaled-up to 1-
10L, allowing one-step transfection of 109-1010 cells (see Girard et al. in this 
volume). 

©  Printed in the Netherlands. Springer.2005



472 M. DEROUAZI, ET AL.

2.2. Co-expression of proteins having shared processing pathways may reduce the 
level of the recombinant protein of interest

For the cell selection procedure we chose to investigate an epitope-tagged mouse
serotonin 5-HT3 receptor as a potential cell surface marker. This protein can be
expressed at very high levels (up to 1x107 receptors per cell) in heterologous
systems (Pick et al, 2003). Suspension-adapted CHO cells were transiently
transfected with human IgG and receptor DNA at different ratios. When the level of 
the receptor plasmid was more than 5% of the total transfected DNA decreased 
expression of the recombinant antibody was observed (Fig. 1). One explanation for 
this negative interference is that both of the exogenously expressed proteins utilize 
overlapping pathways for protein processing (endoplasmic reticulum, Golgi 
apparatus). 
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Figure 1. Suspension-adapted CHO DG44 cells were transiently transfected with IgG DNA 
(x% of the total DNA) and varying amounts of receptor DNA. The antibody titer in the culture 

medium was determined by ELISA at 24 hours post-transfection.

2.3. Antibody-coated beads may be useful in capturing high expressor cells that 
exhibit tagged receptor protein on the surface

The specificity of the interaction between the Flag-tagged serotonin receptor and the 
antibody was investigated using laser-scanning confocal microscopy. Beads were
pre-coated with a fluorescently labeled anti-Flag antibody (Cy3; Ex. 543 nm/ Em. 
560 nm), and CHO cells transiently expressing the Flag-tagged 5HT3 receptor were
incubated overnight with the antibody-coated beads. Cells bound to the beads were
stained with GR-fluorescein, a 5-HT3 specific fluorescent antagonist (Valloton et al.,t
2001). Only cells expressing the cell surface target were found attached to the beads
(Fig. 2).
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Figure 2. Fluorescence laser-
scanning confocal micrograph
visualizing the specific interaction 
of GR-fluorescein-labeled 5-HT3T
receptors (Ex 488 nm /Em 510 nm)
on the cell surface of a transfected 
CHO cell with the Cy3-labeled 
antibodies (Ex 543 nm/Em 560 nm)
fixed to the bead. 

The specific labeling of the 5-HT3 receptors on the cell surface allowed the
determination of transient transfection efficiencies using laser-scanning confocal
microscopy. We generally achieved transfection efficiencies between 20-30 % of the 
total cell number (data not shown). The cell viability was assessed using trypan blue 
staining. After overnight incubation with the beads 90 % of the cells were still viable
and continued dividing after a shift to normal r growth conditions (data not shown). 

3. CONCLUSION 

As a proof of principle the epitope-tagged 5-HT3 receptor may be able to serve as
cell surface target to allow the trapping of transiently transfected cells from 
polyclonal cell suspensions using antibody-coated protein A beads. Affinity trapping
of transfected cells with subsequent antibiotic selection for highly expressing cells is 
expected to be an attractive procedure for the rapid production of stable clones from 
suspension cultures.
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ABSTRACT In an attempt to increase the specific TPO productivity (qTPO) of rCHO cells (CHO-TPO),
the effect of expression level of calnexin (CNX) and calreticulin (CRT) on qTPO was investigated. To 
regulate the CNX and CRT expression level simultaneously, the Tet-Off system was first introduced in
CHO-TPO cells and stable Tet-Off cells (TPO-Tet-Off) were screened by the luciferase assay. The rCHO 
cells with a doxycycline-regulated CNX and CRT expression system (TPO-CNX/CRT) were established 
by cotransfection of CNX and CRT expression vector and pTK-Hyg vector into TPO-Tet-Off cells and 
subsequent screening by Western blot analysis of CNX and CRT. The expression levels of CNX and CRT
in TPO-CNX/CRT cells could be tightly regulated by adding different concentrations of doxycycline to a 
culture medium. Compared with the basal level (2 µg/mL doxycyline), a 2.9-fold increase in CNX
expression and a 2.8-fold increase in CRT expression were obtained in the absence of doxycycline. This
increased expression level of CNX and CRT resulted in a 1.9-fold increase in qTPO without growth 
inhibition. Furthermore, in vivo biological activity of TPO was not changed by increasing the CNX and 
CRT expression level. Taken together, the results obtained here demonstrate that a simultaneous
overexpression of CNX and CRT can increase the qTPO of rCHO cells.

1. INTRODUCTION 

For the production of therapeutic glycoproteins, CHO cells have been the most 
popular probably because CHO cells are able to perform complex post-translational 
modification, including glycosylation, in an authentic manner. To assess the effect 
of CNX and CRT expression level on q of foreign protein in rCHO cells, we 
selected TPO as a model protein. Human TPO, which is a hematopoietic growth 
factor inducing thrombopoiesis [1], is a very complex glycoprotein with 6 sites of N-
linked glycosylation and 18 putative sites of O-linked glycosylation. The heavy
glycosylation of TPO suggests that the post-translational process is most likely to be
a limiting step in TPO secretion and overexpression of CNX and CRT in rCHO cells
may increase specific TPO productivity (qTPO). We established a TPO-producing,

©  Printed in the Netherlands. Springer.2005
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Tet-Off rCHO cell line with regulated expression of the CNX and CRT. The Tet-Off 
cell line is based on regulatory elements of the tetracycline-controlled transactivator 
(tTA) and a tTA-dependent promoter that is virtually silent in the absence of 
tetracycline [2]. Here, we report the effect of CNX and CRT expression level on the t
q and in vivo biological activity of TPO in rCHO cells.

2. MATERIALS AND METHODS

2.1. Vector for Simultaneous CNX 
and CRT Expression.  

Figure 1 shows the schematic 
representation of procedure for the 
establishment of a vector for 
simultaneous expression of CNX and 
CRT, pBICC. The plasmids encoding 
the genes of CNX and CRT were 
constructed using the cDNA pool of 
CHO cells prepared in our laboratory. 
The cDNA templates were prepared 
from mRNAs of CHO cells (DUKX-B11, ATCC CRL-9096) using MarathonTM

cDNA amplification kit. 

2.2. Development of Double-Stable Cell Line.

The rCHO cell line expressing a human TPO (CHO-TPO) was established in our 
laboratory. To regulate the CNX and CRT expression level simultaneously, the Tet-
Off system was first introduced in CHO-TPO cells and stable Tet-Off, CHO-TPO 
cells (TPO-Tet-Off) were screened by the luciferase assay, as described previously.  

2.3. Slot and Western Blot Analyses. 

To determine the expression level of CNX and CRT, slot and Western blot analyses 
were performed. Cells were lysed for 30 min at a concentration of 1 × 107 cells/mL
in cell lysis buffer (Cell Signaling Technology, Beverly, MA) at 4°C. Cell lysate
was centrifuged at 12,000 g for 5 min at 4°C and supernatants were collected for slot 
and Western blot analysis. Western blot analysis of TPO in culture supernatants was t
performed in the same manner as used in that of CNX and CRT, except that a TPO 
polyclonal antibody (R&D systems, Minneapolis, MN) as a primary antibody for 
TPO expression and an alkaline phosphatase-conjugated anti-goat IgG (Sigma) as a
secondary antibody.
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2.4. Biological Activity of TPO. 

The in vivo biological activities of TPO were tested in mice. Female Balb/c mice 
(20-22g) were administered with the concentration of 30 µg/kg as a single 
subcutaneous injection. Each test group consisted of five mice. On each sampling
day, the mice were anesthetized with diethylether. About 200 µL of peripheral blood 
was obtained from the abdominal artery for measuring the hematological parameters
into EDTA tubes. The blood cell counts were determined using a Cell-Dyn 3500
analyzer (Abbott Laboratories, Abbott Park, IL). Statistical significance of 
difference in platelet levels between the vehicle and treated groups was assessed by 
Student’s t- test. 

3. RESULTS AND DISCUSSION

Figure 2 shows Western blot analysis of CNX and CRT in TPO-CNX/CRT cells. 
The expression levels of CNX as well as CRT in TPO-CNX/CRT cells could be 
regulated tightly by the doxycycline concentrations. When the doxycycline 
concentration decreased from 100 ng/mL to 0.1 ng/mL, the expression levels of 
CNX and CRT were increased in a
dose-dependent manner. The 
expression levels of CNX and CRT in 
the absence of doxycycline were 2.9-
fold and 2.8-fold higher than those at 
2 µg/mL of doxycycline (data not 
shown). Thus, CNX and CRT were
coordinately expressed in TPO-
CNX/CRT cells. 

Figure 3 shows Western blots of 
secreted TPO in culture supernatants
under the reducing condition.
Regardless of doxycline
concentrations, the MW of TPO was
approximately 90 kDa, which falls
into the range of MW (80-100 kDa) 
of TPO in human plasma. The MW of TPO calculated from its amino acid sequence 
is approximately 35 kD. Accordingly, TPO produced from CHO cells was heavily 
glycosylated and the MW was not influenced significantly by CNX and CRT 
overexpression. Figure 4 shows the changes in platelet levels of mice after a single t
injection of TPO samples at a concentration of 30 µg/kg. The biological activity of 
TPO produced at various doxycycline concentrations was similar, suggesting that 
overexpression of CNX and CRT enhances qTPO of rCHO cells without deterioratingtt
the quality of TPO. The biological activity of TPO produced in the absence of 
doxycycline was significantly higher than that of negative control, as shown by
statistical analysis using t-test (P<0.001, n=5).  



478

In conclusion, overexpression of CNX and CRT protein in CHO cells producing
TPO significantly increased qTPO without growth inhibition, resulting in the
increased TPO production. Furthermore, in vivo biological activity of TPO was not 
changed by overexpression of CNX and CRT, demonstrating its potential as a means 
to increase q of rCHO cells producing therapeutic proteins. 
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1. INTRODUCTION 

Glycosylation is a major post-translational modification of proteins that involves
attachment of glycan/oligosaccharide chains to the protein (1).  In producing 
recombinant glycoproteins it is essential to exactly replicate the native glycosylation
pattern in order to ensure proper functional activity of the glycoprotein.  For this
reason the mammalian Chinese Hamster Ovary (CHO) cell line has generally been
the host of choice.  In order to evaluate the adopted dual vector expression system, 
we have chosen to express the glycoprotein bovine FSH.  This glycoprotein is
difficult to purify in substantial quantities from bovine pituitaries.  A commercial 
form is available, however, it is frequently contaminated by other hormones such as 
lutenizing hormone, which it is believed, leads to some of the variability that is 
encountered with the superovulation procedure for cows.  The aim of this project is
to develop a system for expression of recombinant FSH by improving upon current m
CHO expression systems.  The gene promoter is an obvious feature where
expression levels can be controlled and/or maximised (2).  An important aspect of 
this project was ultimately to replace the existing viral promoters with strong 
constitutive promoters native to CHO cells (i.e. homologous).

2. EXPERIMENTAL

2.1. Northern and Virtual Northern Analysisl

Total RNA from CHO cells was analysed on 1.5% formaldehyde gel, transferred to
nylon membrane by the northern blot procedure and probed with a variety of CHO t
genes that were expected to be highly expressed (fig 1).  Labelling of probes was
balanced in order that signal strength was representative of expression level and t
therefore of promoter strength.  Candidate genes were also tested for the stability of 
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the message.  There are two main reasons for this.  One is that ultimately other 
features of these genes may be incorporated into the expression system to improve
mRNA stability and therefore the steady-state level of translatable message.  A
second reason is that a stable gene will generally be a housekeeping gene and as
such would also expect to be expressed constitutively. Virtual Northern analysis of 
cDNA generated from RNA of cells treated for different periods of time with
actinomycin D (to inhibit de novo RNA transcription) confirmed stability of mRNA.  
(A)  (W)   (X)  (Y)  (Z) 

(B)    (X)

Figure 1. Comparative expression levels of several candidate CHO genes.  Four 
candidate CHO genes (W, X, Y, Z) were analysed by northern blot.  Exposures were
restricted to ensure linearity of response. Gene X was further analysed on virtual 
northern (B).  Lanes represent CHO RNA decayed for 0h, 9h, 12h, 15h and 18h. 

Each band (1.5kb, 900bp, 400bp) is representative of gene X. 

2.2. Characterization of Promoter 

A CHO genomic library was screened with a number of different probes derived 
from cDNA’s of genes X and Y.  Relevant lambda clones were isolated and purified.  
A genomic fragment of 18kb of gene X was digested further and subcloned into 
pGL3-Basic.  Sequence analysis of a 7kb EcoRI fragment confirmed the presence of 
the entire gene X promoter.   Expression levels were comparable to those of HCMV
and SV40 viral promoters (fig.2).
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Figure 2. Relative expression levels of CHO promoter X to SV40, HCMV and s27 promoter 
levels.  All promoters were compared within the pGL3-reporter vector backbone.  The gene X 
promoter was dissected into segments of length 471bp, 739bp, 1021bp and 1350bp (X1 -X4

respectively).  Luciferase levels were measured in relative luminescence units (RLU). 

2.4. Immunocytochemistry 

In parallel to the promoter studies transient transfections were carried out using a
dual vector expression system to express the separate α and β FSH subunits under 
the control of the HCMV promoter.  Transfected cells were analysed for FSH
expression using immunocytochemistry and confocal microscopy.  Primary 
antibodies to both α and β FSH (kindly provided by Alan McNeilly, Edinburgh)
were used along with a FITC labelled secondary antibody.  Primary antibody to
luciferase and a Texas Red labelled secondary were used as positive control (fig 3). 

Figure 3. Immunocytochemistry of FSH-expressing cells. A and B are views of cells 
probed with the α and α β FSH antibodies respectively. C is a magnified view of cellsβ
at two different stages: cell full of vesicles containing FSH and a cell with vesicles 
being secreted into media.  A and B are at 10 x magnification, C and D are at 40 x 

magnification.  Non-transfected cells were also stained for beta FSH as a negative 
control (D).

(D)(C)(B)(A)
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3. DISCUSSION AND CONCLUSION

The promoter of a stable and highly expressed CHO gene was isolated.  Reporter 
analysis confirmed it to be a strong promoter generating luciferase levels higher than
that of both the viral SV40 and HCMV promoters.  FSH expression was confirmed 
by staining with specific antibodies.  The novel homologous CHO gene X promoter 
is now ready for introduction into expression cassette in place of HCMV. 
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INTRODUCTION

Human IgG is a heterotetrameric glycoprotein comprised of two heavy (H) and two 
light (L) chains.  Traditionally, production of recombinant antibodies has been
achieved by co-transfecting genes encoding both H and L chains into mammaliant
cells, such as CHO or NS0.
Abgenix and Japan Tobacco developed a novel method, cell-cell fusion (CCF), as an
alternative to co-transfection to generate recombinant antibody manufacturing cell 
lines.  In CCF, as shown in Figure 1, instead of co-introducing both HC and LC into 
the same cells, vectors encoding the HC and LC of an antibody are transfected 
separately into the host cells.  Stable transfectants expressing either HC or LC are 
selected using different selection markers.  The HC and LC producing cells are then 
fused to form hybrid cells that produce fully assembled and functional antibodies 
containing both HC and LC. We find that both H and L genes can be amplified 
using DHFR as the amplification marker.   
We have evaluated and compared the productivity and stability profiles of 
production cell lines derived from CCF and co-transfection methods. The biological
activity and the quality of antibody products from CCF cell lines were also
examined and compared to antibody produced from co-transfected cell lines.  This 
poster focuses on our progress in establishing our proprietary Cell-Cell Fusion
technology for the generation of recombinant antibody manufacturing cell lines. t

MATERIALS AND METHODS

CHO cells were transfected with a HC vector or LC vector.  Stable HC or LC clones
were selected using Hygromycin or Neomycin as selective markers.  Highmm
expressing HC or LC chain transfectants were selected by ELISA.  Gene 
amplification was done using MTX. Fusion of CHO cells was preformed by 
standard PEG fusion.  Figure 1 shows the cell-cell fusion procedure.  

©  Printed in the Netherlands. Springer.2005
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4-day titer analysis was performed on
supernatants from 4 day cultures seeded with 
2x105 cells in 1mL in 24 well.  The 
glycosylation pattern of antibody products was 
evaluated by enzymatically cleaving the
oligosaccharides from the antibody with PNGase
F and analyzing the oligoasccharides by P/ACE
MDQ Capillary Electrophoresis (Beckman).
Antigen binding activity was determined by an
antigen specific ELISA.

EXPERIMENTS AND RESULTS

Cell-Cell Fusion Cell Line Development Protocols

A potential concern with developing antibodyproduction cell lines with 
cell-cell fusion is amplification.  With co-transfection, both HC and LC vectors tend 
to be co-integrated into the genome.  The HC and LC genes are more likely to be co-
amplified during MTX amplification process.  In cell-cell fusion cell line 
development process there are two places that we can perform MTX amplification.  
One is pre-fusion amplification by amplifying the HC and LC genes separately in 
the parental HC and LC cell lines.  The other is post-fusion amplification by 
amplifying both HC and LC at the same time in the fused cell lines.   

FFuussiioonn

HC Parent 
(Hygro

ection)selectielectio

LC Paent
(Neo

seletioetion)etion))
VVeeccttoorrss

bbeeccoommee ssttaabbllyy
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ggeennoommee

DDoouubbllee

sseelleeccttiioonn
(Neo+Hygro
)

Chain
Heavy 
Chain

Hybrid cell line 
expressing HC +
LCL

Figure 1.  Cell-cell fusion procedure

Protocol 1 Protocol 2
Protocol 3

HC and LC Transfections 

Stable HC and LC pools Single cell cloning 

Fuse

Single cell cloning

MTX amplify 

Single cell cloning
Fuse

Single cell cloning

MTX amplify 

Single cell cloning

MTX amplify 

Fuse

Single cell cloning

Single cell cloning

Select

Select

Select

Select

(Fuse pools;
Amplify after fusion)

(Fuse clones;
Amplify after fusion) 

(Fuse clones;

Amplify before fusion)

Figure 2.  Cell-cell Fusion Protocols 
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There are potential concerns with either approach.  With post-fusion amplification, it aa
is not clear whether both HC and LC will be amplified at the same time since the
HC and LC are located on two different chromosomes in the fused cells and 
amplification of the DHFR gene associated with either the HC or the LC vector can 
allow the cells survive MTX treatment.  With pre-fusion amplification, it is not clear 
if HC alone can be well amplified since it has been reported that heavy chain protein 
alone is not secreted well and high levels of intracellular heavy chain protein is toxic 
to the cells. To identify the best amplification strategy, we tested three different cell-
cell fusion cell line development protocols, CCF1, CCF2, and CCF3 as shown in 
Figure 2.  In CCF1 and 2, HC and LC expressing cells are fused first and then 
amplified.  In CCF3, HC and LC cells are amplified separately first and the MTX
amplified HC and LC cells are then fused.  We compared productivity of cells
derived from the three CCF protocols and co-transfection protocol, and antibody
products derived from cell lines developed from both CCF and co-transfection
protocols. 

Productivity Comparison of Cell lines Generated by Cell-cell Fusion and Co-
transfection Protocols. 

Table 1 shows the 4-day culture titers of the five best single cell clones generatedf
by the CCF1, CCF2, and co-transfection protocols.  The five clones were then
amplified with various concentrations of MTX.  For CCF3 l, HC and LC parental
clones were amplified with MTX.  The best amplified HC and LC cells were then 
fused.  The productivity of the amplified cells from the four protocols were
compared and the results are shown in Table 2. 

Protocol MTX Pool ID 4-day
Titer

Co-trans 22E6-250nM 50 ug/ml

CCF1 22C6-150nM 38.8 ug/ml

CCF1 7A6-300nM 37.2 ug/ml 

CCF2 4-5F12-500nM 98.4 ug/ml 

CCF2 3-6B8-500nM 58.9 ug/ml

CCF3 250nM 37.2 uf/ml

Method Clone ID 4-day Titer

Co-trans 22E6 3 ug/ml

CCF1 22C6 1.7 ug/ml

CCF1 7A6 1.2 ug/ml

CCF2 3-6B8 8.9 ug/ml

CCF2 4-5F12 21 ug/ml

Table 1.  Productivity of best un-amplifed 
clones

Table 2.  Productivity of best amplified pools. 
CCF2 cells were lost due to equipment failure 
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Stability of MTX amplified CCF Cell Lins 

Figures 3 shows the specific productivity of six CCF cell lines over time.  Some of 
the CCF clones are relatively stable for over two months and others are not as stable.  
This is similar to MTX amplified co-transfected clones in which the stability varies 
from clone to clone.  

Productivity of CCF Clones in
Fed-batch Bioreactor 

Table 3 shows the productivity of four CCF clones in 2L fed batch bioreactors lines
in 3 different media supplemented with PP3. Figure 4 shows the productivity of 
CCF1 clone 4C7 at scales of 2L, 30L, and 100L fed-batch bioreactors in our 
proprietary animal component free medium.

Clone ID
CHO-S
SFMII

CD-CHO ABX-CHO2

CCF1-
3G10

1.09 g/L 0.66 g/L 0.92 g/L 

CCF1-4C7 1 g/L 0.8 g/L 1.07 g/L 

CCF3-4C8 0.45 g/L 0.58 g/L 1.00 g/L 

CCF3-
9E10

0.32 g/L 0.70 g/L 0.71 g/L 

Figure 3.  spr of CCF clones over time
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Figure 4.  Titer of CCF clone 4C7 in feb-batch 
bioreactors  at 2L, 30L, and 100L scales. 
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Antibody produced from CCF clones were purified with protein A column.  The d
glycosylation pattern and the antigen binding activity of the purified antibody 
materials were analyzed and compared to that produced from a co-transfection
derived cell line.  Table 4 summarizes the percentage of G0, G1, and G2 glycoforms
of antibody protein produced by each clone.  The range of different glycoforms from 
the 4 CCF antibody products is comparable with that observed for the two control 
batches of antibody.  Figure 5 5 shows that the antigen binding activity of CCF t
clone 4C7 is very similar to antibody from the co-transfection derived cell line. y

Figure 5.  Comparison of antigen binding activity of antibody products from CCF and co-
transfected cell lines 

Protocol-Clone ID % G0 % G1 % G2

CCF1-3G10 70.9 25.3 3.8

CCF1-4C7 71.9 24.5 3.6 

CCF3-4C8 75.8 21.5 2.7 

CCF3-9E10 76.8 20.5 2.3 

Co-trans batch1 69.5 26.7 3.8 

Co-trans batch2 78.9 19.3 1.8 
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Table 4.  Comparison of the 
glycosylation pattern of antibody 
products.  G0, G1 or G2 refer to
forms containing 0, 1 or 2 terminal ff
galactose residues, respectively, in 
biantennary structure. 

Comparison of Antibody Products from CCF and Co-transfection Derived Cell 
Lines 
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CONCLUSIONS

In conclusion, we have shown that (1) cell-cell fusion (CCF) is a viable method for 
generating recombinant manufacturing cell lines.  (2) Both LC and HC genes can be 
amplified using DHFR as the amplification marker to optimize cell line productivity. 
(3) The stability profile of CCF-derived clones is similar to that of co-transfection-
derived clones (4) We have achieved greater than 1g/L titer at 2 L and 30 L scales d
using a CCF clone and a proprietary animal component-free medium in a fed-batch
process(5) The antibody product derived from CCF clones is comparable in both 
glycosylation pattern and antigen binding activity to that derived from co-
transfection clones.
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1. INTRODUCTION

Since mammalian cells are able to correctly carry out protein folding and 
glycosylation, they are the host of choice for the expression of human glycoproteins 
of therapeutic use. Currently approved biopharmaceuticals derived from mammalian
cell culture include monoclonal antibodies, blood coagulation factors, colony 
stimulating factors and other recombinant proteins (Castilho and Medronho, 2002). 

Factor IX (FIX) is a coagulation glycoprotein that is either absent or deficient in 
hemophilia B patients. Administration of recombinant Factor IX to patients does not 
present the risk of virus contamination associated with hemodialysis or with Factor 
IX derived from human plasma. Human granulocyte colony stimulating factor (G-
CSF) is a cytokine that stimulates the proliferation and terminal differentiation of 
neutrophilic granulocytes from progenitor cells. Therefore, G-CSF is employed in 
the treatment of illnesses such as neutropenia and leucopenia. 

The aim of the present work was to construct recombinant vectors to be
employed in the transfection of CHO.K1 and BHK-21 cells, in order to obtain 
recombinant cell lines stably expressing human Factor IX and G-CSF.

2. MATERIALS AND METHODS

2.1. Human Factor IX 

The cDNA coding for human FIX was obtained from E. coli cells (ATCC 79870)
carrying the plasmid pCMV5FIX. Plasmid DNA was extracted through SDS 
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alkaline lysis. The plasmid was digested using EcoR I and the 2.4-kb fragment 
containing the FIX cDNA was purified from a non-stained agarose gel using the
“GFX PCR DNA Gel Band Purification” kit (Amersham Biosciences). 

The mammalian expression vector pCI-neo (Promega) was digested using 
EcoR I. The purified 2.4-kb fragment was linked to the digested plasmid using the
“Ready to go - T4 DNA ligase” kit (Amersham Biosciences). 

Competent E. coli DH5α cells were prepared by the Ca2+ methods (Sambrook 
and Russell, 2001). Competent cells were transformed with the pCI-neo plasmid 
with and without the insert and with EcoR I-digested pCI-neo plasmid. Non-
transformed competent cells and the three types of transformed cells were incubated
in solid LB medium with and without ampicillin (50 µg/mL).  

Colonies of transformed E. coli DH5α cells were transferred to tubes containing
liquid LB medium with ampicillin (50 µg/mL). The pCI-neo plasmid was extracted 
by alkaline lysis with SDS and digested with EcoR I.

2.2. Human granulocyte colony stimulating factor (G-CSF)ll

Genomic DNA was extracted from cheek and blood cells. DNA and protein contents 
were quantified by measuring absorbance at 260 and 280 nm. DNA was purified t
using the “GFX Genomic Blood DNA Purification” kit (Amersham Biosciences).

The ORF of the G-CSF gene was amplified by PCR using a GeneAmp PCR 
System 2400 thermocycler (Perkin Elmer). Two different reaction conditions were 
tested (Table 1). In both cases, 0.25 µg DNA, 20 pmoles of each primer, 0.5 µmoles
of each nucleotide and 0.1 µmol MgSO4 were used, at a final volume of 50 µL. The
enzyme “Platinum Taq DNA Polymerase High Fidelity” (Invitrogen) was employed.

Table 1 – PCR conditions tested for G-CSF amplification. 

PCR-1:   2 min/94°C PCR-2:   2 min/94°C
35 cycles: 1 min/94°C; 15 s/68°C; 1 min/72°C 15 cycles: 1 min/94°C; 15 s/62°C; 3 min/68°C  

20 cycles: 1 min/94°C; 15 s/64°C; 3 min/68°C 
  7 min/72°C – 1 h/4°C   7 min/72°C – 1 h/4°C 

2.3. Electrophoresis 

In all steps of the present work electrophoresis gels were carried out to analyse the
DNA fragments obtained. Agarose gels (1.4%) were run in TAE buffer and stained 
either with 0.1-mg/mL ethidium bromide or SYBR Green I Nucleic Acid Gel Stain
(Molecular Probes). λ DNA digested with Hind III, containing 23130, 9416, 6557,
4361, 2322, 2027 and 564 b fragments, was used as standard. Electrophoresis was 
run at 220V and 85mA, for 100 min. 

3. RESULTS AND DISCUSSION 

3.1. Human Factor IX 

The gene coding for human FIX is found at chromosome X and consists of 8 exons 
and 7 introns, with approximately 34 kb (Walsh, 1998). Due to the large size of this 
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gene, a strain carrying the cDNA for human FIX (1.4 kb) was purchased from the 
ATCC Library of human cDNA clones. 

After extracting the plasmid pCMV5FIX from the ATCC 79870 E. coli strain, it 
was digested with EcoR I and the fragments so obtained were analysed through 
electrophoresis (Fig. 1a). The fragment, which was 2.4 kb in length, contained the 
FIX cDNA. From a non-stained part of the gel the 2.4-kb fragment was recovered 
and purified.

The mammalian expression vector pCI-neo was also digested with EcoR I. Using
a commercial DNA ligase kit, the 2.4-kb fragment was linked to the open pCI-neo
plasmid. The recombinant plasmid so obtained was used to transform competent E.
coli DH5α cells, which were incubated in LB agar medium containing 50 µg/mL
ampicillin. As controls, non-transformed competent cells and cells transformed with 
the pCI-neo plasmid (without the insert) and with an open pCI-neo (digested with
EcoR I) were also tested for growth in this medium. The recombinant vector so 
obtained will be sequenced and then employed to transfect CHO.K1 and BHK-21 
cells previously adapted to serum-free suspension growth. 

3.2. Human granulocyte colony stimulating factor (G-CSF)ll

The ORF of the human G-CSF gene is relatively short (1.5 kb). Therefore, we 
decided to amplify this ORF directly from genomic DNA extracted either from 
cheek or blood cells. Since both the DNA concentration and the A260/A280 ratio were
larger for the blood cell DNA, this was used in the PCR.

From the two different PCR conditions, only under the PCR-1 conditions it was
possible to amplify the G-CSF ORF, as shown in Figs. 1b and 1c. The amplified 
fragment will be inserted in the pCI-neo vector and used to transfect CHO.K1 and 
BHK-21 cells previously adapted to serum-free suspension growth.

Figure 1 – (a) pCMVFIX digested with EcoR I; (b) PCR-1 and (c) PCR-2 products 
(fragment standard – lane 1; sample – lane 2). 
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ABSTRACT Over the last years there has been aT growing interest in the use of antibodies and antibody
fragments as therapeutic entities to treat cancer. Identification of the smallest antibody fragment still
capable of binding to antigen has progressed from full antibody molecules to Fab and recombinant single
chain Fv fragments. A further reduction to single-domain binding proteins based upon immuno-globulin 
VH and VH-like domains is being pursued since they offer exciting prospects in the development of 
novel immunotherapeutics. Unfortunately, the poor solubility and reduced antigen affinity requires 
additional engineering. By serendipity, it was discovered that this engineering is already performed in 
nature. Part of the humoral immune response of camels and llamas is based largely on heavy-chain
antibodies where the light chain is totally absent. These unique antibody isotypes interact with the antigen
by virtue of only one single variable domain, referred to as VHH. Here we describe the properties of 
camel VHH that offer added value over conventional antibody fragments as treatment modality for 
tumour patients. 

CAMELID HEAVY-CHAIN AND SINGLE-DOMAIN ANTIBODIES

Immunoglobulins found throughout the vertebrate phylum are composed of two
identical heavy and two identical light chain polypeptides, except in Camelidae
(camels, dromedaries and llamas) where an important fraction of the functional
serum antibodies are homodimers of heavy chains only (HCAbs)1. In these bivalent 
HCAb molecules, the antigen is bound by one single domain, the N-terminaly
variable domain, referred to as VHH. The VHH’s possess a number of amino acid 
substitutions that distinguish VHH’s from the conventional variable domain of the
heavy chain of conventional antibodies (VH). A VHH has a MW of only 15 kDa, 
which is at least half the size of the intact antigen-binding site of a conventional
antibody, the Fv or scFv (i.e. the variable fragment consisting of paired VH and VL 
domains, or a scFv a construct where the VH is tethered by a flexible linker to a VL
in one polypeptide chain, to enhance the stability of the recombinant protein). The
presence in serum of camelids, of heavy-chain antibodies devoid of light chains and 
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the CH1 domain, in conjunction with the possibility to immunise these animals,
allows for a straightforward cloning and selection procedure, and for the production 
of an antigen-binding unit consisting of a single-domain only, the VHH2. Thus, a 
technology was designed aimed at obtaining in vivo matured antigen binders in a
single-domain format. To this end a dromedary (or a llama) is first immunised with 
the purified antigen (or a mixture of purified antigens). The lymphocytes from the
peripheral blood are isolated and used to extract mRNA that is used in an RT-PCR 
with VHH-specific primers to amplify the VHH genes. The VHH gene fragments 
are then ligated in a phage display vector and an‘immune’ library is created from 
which potent antigen binders can be selected2. These VHH’s or cAbs are well
expressed in the periplasm of bacteria, are very stable, and interact with the antigen
with nM affinity, an affinity that is similar to what is obtained for the best scFv’s. 
Surprisingly, many VHH’s directed against enzymes act as competitive inhibitors3.
Moreover, VHHs can access antigenic epitopes not generally recognized by
conventional antibodies (unpublished results) and were recently shown to
transmigrate across human blood-brain barrier endothelium4. Lastly, the
comparative low complexity, high affinity and specificity of the antigen-binding site
of these single-domain antibodies consisting of only three loops offer particular 
advantages over classical antibodies in the design of inhibitors or cell receptor 
blockers.

SINGLE-DOMAIN ANTIBODIES TARGETING CANCER CELLS

Two camel single-domain fragments, cAb-Lys2 and cAb-Lys3, recognizing an
overlapping epitope of lysozyme, and a bivalent cAb-Lys3 were investigated for 
their ability to target transgenic tumours expressing lysozyme on their membrane. 
Biodistribution experiments with these cAbs in mice confirmed their extremely fast 
blood clearance in absence of accessible antigen. In contrast, the animals bearing 
tumours exposing the antigen retained the cAbs specifically at the tumour site5.

Having established the tumour targeting potential of VHHs, we went on using 
cAbs as modular building block in the generation of more complex constructs that 
have a favourable therapeutic effect. Indeed, the strict single domain nature of the
cAbs promotes them as ideal molecular recognition unit into more complex entities, 
e.g. bivalent or bispecific constructs obtained by cloning two VHH’s spaced by a
flexible linker such as the natural hinge of antibodies, immuno-toxins and other 
immuno-conjugates generated by fusing the genes of a VHH to that of a toxic 
protein or of an enzyme. A series of five camelid single-domain antibody fragments
(VHH/cAb) with specificity to carcinoembryonic antigen (CEA) were isolated from 
the phage displayed VHH repertoire of an immunized camel. All isolated binders
were expressed in bacteria in high yield (up to 10 mg/l) and possessed prolonged 
stabilities and high thermal stabilities. Epitope mapping revealed that each VHH
interacted with different, non-overlapping epitopes on CEA, with affinities in the 
range of 0.9-55 nM. The isolated VHH specifically recognized CEA expressed on
LS174T human adenocarcinoma cells as shown by flow cytometry. In addition, a 
recombinant fusion protein that contained the VHH with highest affinity for CEA
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(cAb-CEA5), fused to Enterobacter cloacae P99 β-lactamase (βL) was engineered.
The immuno-conjugate could be readily purified from periplasmic fractions in high
yields as a soluble protein without notable signs of aggregation. Both, the binding of 
the VHH and the enzymatic activity of the βL moiety are well preserved. The 
specific cytotoxic effect of the conjugate in combination with CCM prodrug on LS 
174T human adenocarcinoma cells expressing CEA antigen has been demonstrated. 
Biodistribution of the chimeric protein in nude mice bearing sc LS 174T cells 
confirmed the specific targeting to the CEA expressing tumours, and a favourable
tumor-to-organ ratio for antibody-dependent enzyme prodrug therapy. Outstanding 
in vivo therapeutic effects were recorded for this immunoconjugate in nude mice
bearing sc LS 174T carcinoma tumour xenografts in combination with sub-lethal 
doses of the CCM prodrug.

Smaller size, higher solubility, higher intrinsic stability, more economic 
production, easier tailoring into pluripotent constructs, reduced immunogenicity and 
targeting novel epitopes are the main advantageous properties of the camel-derived 
single domain antibodies over antigen-binding fragments of conventional antibodies.
Because of their excellent tumour targeting and the above properties, camel single 
domain antibodies are a promising format for cancer diagnosis/therapy to be used as t
monomer or as modular building unit for multivalent or multifunctional constructs.
Interestingly, efforts are currently being made to increase the stability of scFv
antibodies and to try to endow them with properties of camel single-domain 
antibody fragments6.
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Abstract. We have developed an in vitro immunization protocol of human peripheral blood mononuclear 
cells (PBMC) for generating human antigen-specific antibodies. By using this protocol, B cells producing
antigen-specific antibody can be propagated within a week. In the present study, we tried to establish an 
efficient strategy to clone variable region genes of antigen-specific human monoclonal antibody by 
applying in vitro immunized PBMC to the phage display method. To evaluate the efficiency of our 
strategy, variable region genes prepared by PCR from PBMC immunized in vitro with mite-extract (ME) 
and non-immunized PBMC were applied to the phage display method. After concentrating the ME-
specific phage antibody by several rounds of panning, the number of phage antibodies specific for ME 
and antigen specificity both increased by using in vitro immunized PBMC. These results demonstrate that 
efficiency in acquisition of variable region genes of antigen specific human monoclonal antibody can be 
improved by in vitro immunizing PBMC used as a source of antibody genes.

1. INTRODUCTION

Human monoclonal antibodies (mAbs) have a great potential for diagnosis and 
treatments of cancer, allergy and other diseases. However, we cannot immunize 
human with antigen by ethical problems. Monoclonal antibodies from mouse origin
are relatively easy to produce, however, their therapeutic availability is restricted by 
their antigenicity. They cause human anti-mouse antibody (HAMA) response. At 
present, human monoclonal antibodies are mainly produced by humanizing mouse
monoclonal antibodies with genetic engineering. But it is difficult to completely
remove antigenicity derived from mouse. Therefore, we have developed an in vitro
immunization (IVI) protocol of human peripheral blood lymphocyte (PBL) for 
generating human antigen specific antibodies. Until now, we have successfully 
generated human B cell clones producing CTB, KLH, or rice allergen specific 
antibody (1). However, this method has been restricted to the generation of low 
affinity IgM antibodies. In the present study, we tried to establish an efficient 
strategy to clone variable region genes of antigen specific human monoclonal
antibody by applying in vitro immunized PBL to the phage display technique. 

2. MATERIALS AND METHODS 
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2.1.Reagents 

Recombinant human IL-2 was purchased from Genzyme corporation (Cambridge, 
MA, USA). Recombinant human IL-4 was purchased from Pepro Tech EC LDT. 
(London, England). Muramyl dipeptide (MDP) was purchased from Chemicon
international Inc. (Temecula, CA, USA). L-Leucyl-L-Leucine methyl ester (LLME)
was obtained from Boehriger GmbH (Mannheim, Germany).m

2.2.In vitro immunization 

Human peripheral blood lymphocytes (PBL) were separated by density-gradient 
centrifugation from a healthy donor. Lymphocytes from peripheral blood were 
treated with 0.25 mM LLME. The LLME-treated PBL were cultured for 8 days in
ERDF medium containing 10% heat inactivated fetal bovine serum, MDP, IL-2, IL-
4, 2-mercaptoethanol and Mite-Extract (ME). Antibody production and antigen 
specificity of supernatant of cultured PBL was measured by ELISA.

2.3. Construction of Phage Display Libraryf

At first, mRNA was isolated from PBL and the VH (variable heavy) and VL
(variable light) genes were prepared by RT-PCR. To obtain diverse variable region 
genes of antibody, specific primers for several families (2) antibody genes were
prepared. Next, the heavy and light chain DNA fragments were joined with a linker 
DNA. The assembled ScFv (single-chain fragment variable) DNA was subsequently 
amplified with primers which attach Sfi I and Not I restriction site. The amplified t
product was digested with Sfi I and Not I for cloning into the pCANTAB5E t
phagemid vector. The ligated vector was introduced into competent E.coli TG1 
cells. Phagemid-containing bacterial colonies were infected with M13KO7 helper 
phage to yield phage-displayed antibody ScFv fragments. 

2.4. Detection of ME-specific phage clones by panning and ELISA 

The phage-displayed antibody fragments were selected by panning against ME.
Phage which display ME-specific antibody fragments bound to a ME-coated plastic
vessel. Non-specific phage were thus removed due to their inability to bind to the
vessel by washing. E.coli TG1 cells were infected with the phage which display 
ME-specific antibody. Cells were rescued with M13KO7 helper phage and panned 
against ME several more times to further enrich for ME-positivr e phage antibodies.
Then the cells were plated on a solid medium. Colonies were picked and rescued 
individually. Phage from individual wells were then assayed by ELISA.

3. RESULTS AND DISCUSSION

3.1. Efficiency of applying in vitro immunized PBL to phage display method
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15 positive clones were obtained from random picked 120 phage clones of in vitro
immunized library, and 12 positive clones were obtained from random picked 120
phage clones of non-stimulated library. Immunized library slightly exceeded non-
stimulated library in efficiency. Three markedly high reactive clones were obtained 
from in vitro immunized library, but such high reactive clones were not obtained 
from non-stimulated library (Figure 1).

in vitro immunizationNon-stimulated
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Figure 1. Reactivity of Phage Antibodies against ME 

Results showed that the number of phage antibodies specific for Mite-Extract and 
antigen specificity both increased by using in vitro immunized PBL. These results 
demonstrate that efficiency in acquisition of variable region genes of antigen 
specific human monoclonal antibody can be improved by using in vitro immunized 
PBL as a source of antibody genes. Furthermore, it has been speculated that affinity
maturation of lymphocyte can be occurred by in vitro immunization since especially 
high reactive clones were obtained from in vitro immunized library. We expect that 
the in vitro immunization and phage display hybrid protocol is a potentially 
powerful strategy to obtain variable region genes for antigen specific human 
antibody.
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1. INTRODUCTION 

The screening for antigen-specific hybridoma cells with adequate production rates is
still a very time, labour and money consuming procedure. Some alternatives such as
phage display and single chain libraries have been described1. However, these also 
require intensive screening or affinity maturation and are often protected by
proprietary rights. A reduction in the number of microtiter plates to be cultivated and 
tested by pre-selecting the fused cells that produce the right kind of antibody at high 
rates could therefore make the hybridoma technology more attractive, even for small 
research groups or for new genes at an early stage of research projects, when it is not 
yet clear whether the gene product is “worth” the effort. 

In a research setting one is often faced with the problem of having identified 
a gene of interest, for instance by subtractive hybridisation or by selection of an 
interacting gene by a yeast-two-hybrid assay 2-3. The establishment of a monoclonal 
antibody early on in the project is usually hampered by a lack of information about 
the protein, which prevents establishment of a purification protocol to obtain
sufficient amounts for immunisation of mice. Nevertheless, exactly at these earlymm
stages it would be especially helpful for clarification of the function to be able to 
locate the protein in the cell, to quantify its concentration or to have an antibody for 
co-precipitation and Western Blots. To overcome these difficulties we have 
developed the strategy described in this paper.  

2.   METHODS AND RESULTS

2.1. Isolation of genes and expression in yeast and insect cells 

SNEV (senescence evasion factor) is a nuclear protein presumably involved 
in mRNA splicing that was identified by a screening for genes that are differentially 
expressed in senescent versus early passage human endothelial cells 2. Blom4 (Bring 
lots of money 4) was identified as a SNEV interacting protein by yeast-2-hybrid 
screening and is homologuous to the subunit REXO70 of the rat exocyst complex3-4.
Both genes are upregulated in young cells and are of interest for a better 
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understanding of the molecular mechanisms underlying replicative senescence in 
cultured cells. The genes were cloned into pBacPac8HA and pPICZA vectors after 
addition of a 6-His-tag to the 3`-end of the genes. After production in Pichia pastoris 
cells or Sf9 cells, respectively, the proteins were purified as described in 5. 

2.2. Immunisation of Mice and Fusion 

Four mice each were immunised twice with 50µg of yeast derived purified 
antigen at three weeks intervals. Insect cell derived antigen was used for the third 
immunisation and the boost to avoid maturation of antibodies against traces of yeast 
or insect cell proteins. 3-5 days after the boost spleen cells were fused with Ag8.653
(ATCC CRL1580) mouse myeloma cells at a ratio of 3:1 according to the procedure
described by StemCell Technologies, USA. 10-14 days after fusion the HAT
selected cells were washed and sorted for IgG production. 

2.3. Secretion Assay and Flow Cytometry  

The single cell secretion assay was described by Manz et al. 6 and modified 
to suit different proteins and cell lines by Borth et al.7. The principle is based on
covering the cells stepwise with an affinity matrix consisting of biotinylated 
ConcanavalinA, Avidin, and a biotinylated goat-anti-mouse-IgG antibody. During
incubation the monoclonal antibody secreted by each cell is bound to its surface and 
subsequently stained with an anti-mouse-IgG-FITC conjugate. Ag8.653 cells were
treated the same way as negative control. Cells were analysed on a FACS Vantage 
(Becton Dickinson, USA) with two 5W Argon Lasers tuned to 488nm and multiline 
UV. Cells were sorted at 10 cells per well directly into two 96 well-microtiter plates
using the Automatic Cell Deposition Unit. Fig. 1 gives an overview over the sort 
gates used for selection. 

2.4. Testing and Repeated Sorts  

After this first enrichment step, clones were tested for IgG production and 
specificity. Positive clones were sorted again for high IgG-production at 2 cells/well
(1 plates) to ensure monoclonality. In the case of blom4, this step was performed 
using a double staining protocol for IgG production and specificity (Fig. 1, bottom 
right). Cells were incubated with the antigen for 30 min at 4oC, washed in RPMI and 
then incubated with goat-anti-6His-FITC conjugate and goat-anti-mouse-IgG-PE 
conjugate.  After testing and selection of specific clones the cells with the 5%
highest production rates were finally sorted  to obtain a stable and high producing 
subclone for production. Table 1 compares the number of plates sorted and of wells 
tested to those necessary when using limited dilution cloning. 

3. DISCUSSION

By adding a 6-His-tag on the genes several problems were solved:
purification with a commercially available His-tag column was possible and the
selection of specific mouse hybridoma cells using an antibody against 6-His. By 
cloning into two different cell types the antibody response of the mice was pushed 

 N. B ORTH, ET AL.



FROM GENE TO ANTIBODY: EFFICIENT SCREENING BY CELL SORTING 503

towards producing antibodies against the desired proteins and not against potentially
more antigenic yeast or insect proteins. This strategy may not be applicable,
however, if the desired protein is glycosylated. By sorting IgG producing cells a 
reduction in work load of a factor of ten is easily achieved. This includes not only 
testing, but also cell culture work. Using the antigen for staining during the first sort 
would further decrease the work load, however at this early stage it may be 
considered more important not to loose any of the antibody producing cells. During
stabilisation of the specific hybridoma subclones the benefit of sorting is enhanced 
because several subclones have to be selected. Also, with sorting three subclonings 
are sufficient, while with limited dilution cloning 5-10 such subclonings are
necessary to obtain a cell line with the desired properties. 

Figure 1. Sort gates and strategy: a gate is set on FSC/SSC to identify viable cells( top left). 
This gate is refined by excluding cells that take up DAPI (top right). Finally on a plot of  

FSC-W (identifies single cells) against FL1, the cells with secreted IgG molecules caught on 
their surface are sorted (bottom left). Double staining for IgG-production and specificity:

After application of the affinity matrix and secretion period, cells were incubated on ice with 
the antigen. After washing, cells were stained with an anti-mouseIgG-PE conjugate and an

anti-6His-tag antibody conjugated to FITC (bottom right) 
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Table 1. Comparison of Cell Sorting to traditional Limiting Dilution Cloning (LDC): Values
given for Cell Sorting are the averages calculated from 8 mice, values given for LDC are 

theoretical values calculated from the percentages given 

Cell Sorting LDC)

% IgG positive cells (intracellular) 10 10
% IgG positive wells 80 10
% antigen specific of positive 5 5
Antigen specific antibodies
isolated per mouse

2 2

wells tested (1st Subcloning) 50 400
wells tested after 2nd Subcloningd

(1 plate Sorting, 10 plates LDC 
per mAb) for 2 mAb

60 600

% high producers sorted in 3rd

sorting step  
5

Wells tested after 3rd subcloningd

step for 2 subclones 
40 400

Results of Sorting 

IgG production after one sort 
(pg/cell/day)

0,2-5

Stable high producers                  
(>20pg/cell/day) per mAb 

10

Final IgG production after three
sorts (pg/cell/day)

12-47

Total tested wells for 2 high

producing mAb cell lines 

150 1400 or more

Total plates cultivated for 2 high

producing mAb cell lines 

6 50 or more
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Abstract. When developing cell culture processes based on recombinant mammalian cell lines, 
researchers faces very often problems related with early selection of that clone, which could better fit with
the requirements needed for the future scale-up. Among desired characteristics for newly selected clones 
are high level and stable expression of desired protein and capability to reach high cell density in protein 
free-medium, in many cases under nutrient or oxygen limitations.
In this work an integrated methodology was developed for the final cell line/culture medium selection. 
For this aim kinetic parameters were determined in batch cultures and expression stability was studied 
during long term cultures. An integral multiparametric coefficient was calculated for each clone and five 
of twelve clones were pre-selected based on this value. The final selection was done based on resistance 
to apoptosis induction when these cell lines reached limiting conditions at the end of exponential growth
phase. 

1. INTRODUCTION

The loss of heterologous protein expression in recombinant mammalian cells is one 
of the major problems faced by industrial cell line developers and have been
reported by several authors (Kim et al., 1999). By this reason the development of a 
procedure for obtention of stable and high producer cell lines is very important, 
especially for those processes based on long term continuos cultures. 

The lack of high throughput clone selection procedure that could render with 
high efficiency clones with desired characteristics for further scale-up process (i.e.
high specific production rates) have been pointed out (Grammatikos et al, 1997).
Several authors have attempted to develop with relative success this kind of 
procedure (Massie et al, 2000; Al Rubeai et al, 2000).

In this work several clones were isolated in protein-free medium and an 
integrated methodology was developed for the final selection of the best 
combination of cell clone and culture medium attending stability of the expression 
during long term cell culture and specific rates determined by kinetic studies using 
spinner flasks. 

Finally the resistance to apoptosis induction of the pre-selected clone/culture 
medium combination by nutrient limitation at the end of exponential growth phase 
was studied.

©  Printed in the Netherlands. Springer.2005



506 A. CASTILLO, ET AL.

2. MATERIALS AND METHODS

Several clones of recombinant NSO myeloma expressing a humanized monoclonal 
antibody were adapted to grow in two different protein-free cell culture media: 
PFHM-II (Invitrogen) and Turbodoma HP (Dr. F. Messi Cell Culture Technologies). 

Expression stability studies were carried out in 25 cm2 T-flasks by duplicates. 
Cells were sub-cultured every 3 or 4 days during 45-50 days. Periodically cells were
taken from each flask and seeded by triplicate in 24-well cell culture plates at 1 x
105 cells/mL per well. After 10 days IgG concentration in supernatant was tested by 
an anti-human IgG sandwich ELISA. Stability index (Kest) was calculated as the
surface under the curve in the IgG concentration versus culture time correlation. 

Kinetic studies were carried out by triplicate in 250 mL spinner flasks (Integra).  
During these studies samples were taken daily or twice per day for cell counting by
trypan blue exclusion method. After that, samples were centrifuged and stored at –
70o C for IgG concentrations measurement. 

The fraction of apoptotic population induced by nutrient limitation at the end of y
exponential growth phase was studied using Anexin V assay (Pharmingen).

3. RESULTS AND DISCUSSION 

Specific growth and production rates, as well as maximum IgG concentration were
determined for each clone and medium combination by kinetic characterization of 
batch cultures and the stability index from expression stability studies.  

The integrated selection index (ΚsΚ ) was calculated using the following equation: 

ΚsΚ = A Kest.i/ Kest.ii max + B qabi/ qii ab,max + C [IgG]i/[IgG]ii max+ D µiµ /µii µ// maxµµ (1)

Where: Kest.i, qabi, [IgG]i and µi are the stability index, the specific antibody 
production rate, the antibody concentration at the end of the batch and the specifict
growth rate for a given clone respectively; Kest.max, qab,max, [IgG]max and  µmax are the 
maximum values of stability index,  specific antibody production rate, the antibody 
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Figure 1. Selection index for different clone and culture medium combinations, where A to H:
clone names; P: PFHM-II medium; T: Turbodoma HP medium.
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concentration at the end of the batch and specific growth rate respectively among all 
studied clones. The weight coefficients A = 0.4, B = 0.3, C = 0.2 and D = 0.1 were 
defined in decreased order giving the highest value to the estability index and the 
lowest to the specific growth rate and in the way that their sum was the unity.

The values of ΚsΚ determined by equation 1 for tested clone/culture medium 
combinations are compared in the Figure 1. From these results the combinations 
with a ΚsΚ higher than 70 % were selected for further characterization attending their 
resistance to apoptosis induced by nutrient limitation at the end of exponential 
growth phase. After this assay (Figure 2) the clone B in PFHM medium showed the 
lowest fraction of apoptotic population, that renders it as the best candidate for 
further development. However if the process could be designed in order to avoid 
nutrient limitation (ex. perfusion instead batch or feed-batch) the best candidates
could be the clones D or E cultured in PFHM-II medium, because they showed the
highest values of integrated selection index.                             

0

10

20

30

A / P FHM B / P FHM D/ P FH M E/ P FH M F/ P FH M

Figure 2. Percent of cell population in apoptosis induced at the end of exponential growth
phase for pre-selected clones. 

4. CONCLUSIONS 

We have developed an integrated strategy for cell line selection that considers the 
influence of the most important characteristics needed for a cell line during the
process scale-up. In the present study the best candidate for further development is t
the clone B cultured in PFHM-II medium.  
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Abstract. We are using microinjection of plasmid DNA into the cytoplasm and nucleus of Chinese 
hamster ovary (CHO) cells to better understand the mechanisms involved in DNA degradation and 
integration within the cell and to identify the requirements for the establishment of highly productive cell 
lines. Microinjection is an excellent tool for these studies since it allowed us to control the timing and the 
location of DNA transferred into single cells. 

1. INTRODUCTION 

The first barrier for the establishment of recombinant cell lines is gene transfer or 
more specifically, the delivery of plasmid DNA into the nucleus. The current gene 
transfer methods such as calcium phosphate coprecipitation (CaPi), lipofection, 
polymer-mediated delivery and electroporation do not allow control of the amount 
or subcellular location of the DNA delivered into each cell. The DNA fate during
transit from membrane to the nucleus is yet not fully elucidated, but it has been 
shown that a dominant part of the DNA does not even reach the nucleus but is
degraded3. Microinjection of naked DNA into specific cellular compartments allows 
both the copy number and the location of the plasmid DNA to be controlled.
We have investigated several parameters of microinjection including DNA
concentration, timing of injection with regard to the cell cycle, and subcellular 
location of the injection in order to evaluate the feasibility of this technique for the
establishment of highly productive stable cell lines. 

2. RESULTS 

2.1.DNA concentration and location of injection affect protein expression level 

For the studies described below, pEGFP-N1 was dissolved in pure water because the
use of buffered solutions resulted in lower GFP expression following microinjection 
(data not shown). The DNA concentration was found to be a critical parameter for 
successful microinjection. DNA concentrations from 0.5 to 1 mg/ml resulted in no
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GFP expression while DNA concentrations in the range of 0.25 to 0.5 mg/ml
resulted in GFP expression but no subsequent cell division. Reduction of the DNA 
concentration to 0.06 mg/ml resulted in both GFP expression and cell division 
following microinjection.

GFP expression was observed 2-3 hours after DNA injection.  This result 
indicated that GFP began to accumulate 1-2 hours after microinjection since this
protein must mature for at least one hour before it becomes fluorescent. In general,t
GFP expression was higher following microinjection into the nucleus as compared 
to microinjection into the cytoplasm (Fig. 1).

Figure 1. A: CHO cell expressing GFP 3 hours after microinjection into the cytoplasm. B: 
CHO cell expressing GFP 3 hours after microinjection into the nucleus.

2.2. Potential correlation between cell cycle stage at the time of microinjection and 
GFP expression 

Results from CaPi transfections of synchronized CHO cell cultures demonstrated 
that the cell cycle plays an important role in transient transgene expression2, and 
Chida et al. (1998) showed a correlation between cell cycle and stable gene transfer. tt
The frequency of stable transformation after injection is higher for cells in the G1/Sn
boundary and in early S phase.

The effect of the cell cycle on GFP expression following microinjection was 
investigated by injecting cells at different time intervals after plating. CHO cells 
were seeded either 4 or 19 hours prior to microinjection. The position of the cells in
the cell cycle at the time of microinjection was analyzed by flow cytometry. The
culture plated one day prior to microinjection had 42% of the cells in the S-phase, 
while the culture plated 4 hours prior to gene transfer had only 28% (Table 1). Over 
60% of the cells plated one day prior to microinjection were expressing GFP one 
day after injection into the cytoplasm. In contrast, only 32% of the cells were GFP-
positive following microinjection of cells plated 4 hours prior to gene transfer. 

A B
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Table 1: The cells were injected either 4 or 19 hours after plating. The cell cycle stage at the
microinjection time was analyzed by flow cytometry. The transfection efficiency was assessed 

3 and 24 hours after microinjection.

Injection 

time after 

plating

Location of 

injection

3h after 

injection

Day 1

after

injection

G0/G1 S G2/M

4 h Cytoplasm 0 32% 35% 28% 37%

Nucleus 30% 20% 35% 28% 37%

19 h Cytoplasm 10% 64% 42% 42% 16%

Nucleus 40% 20% 42% 42% 16%

2.3. Formation of GFP-expressing colonies after microinjection into the cytoplasm 

Initially after injection into the cytoplasm, cells divided and expressed GFP at 
similar levels. Three to six days later, the formation of colonies with different 
morphologies was observed (Fig. 2), but GFP expression levels within individual 
cells of these colonies was heterogeneous.

Figure 2. A and B: CHO cells expressing GFP two days after microinjection into the
cytoplasm. C and D: Colonies of CHO cells expressing GFP 6 days after microinjection into

the cytoplasm. 

Nuclear injection of DNA resulted in very high GFP expression levels, as judged byy
visual examination, but these cells did not divide. The cause of this mitotic 
inhibition is not known.  

A B 

C D 
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3. CONCLUSION

Following microinjection of DNA into the cytoplasm, cells expressing GFP for up to
six days were generated. We observed that the amount of DNA injected is critical. 
Since the injection volume is constant, DNA copy number can be modulated by 
changing the concentration of plasmid DNA. We identified conditions that allowed 
good expression of GFP while allowing the cells to continue to divide. The timing of 
injection may also have a strong impact on reporter protein expression level.t
Indications are that this is related to the cell cycle phase at the time of gene transfer.
Microinjection is certainly a promising approach for the generation of stable cell
lines since it allows the establishment of recombinant cells in a short period of time
without major screening efforts. One key issue remaining is the question of the
stability of the transgene expression in clones generated by microinjection.
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INTRODUCTION

After antibody selection from phage display at CAT, lead scFvs are reformatted to
human IgG and are produced using mammalian expression systems which are well
suited to expression of proteins that require assembly and glycosylation.  For large-
scale production of IgG, such as that required for clinical trials and for market, 
stable recombinant myeloma cell lines (GS-NS0) are constructed.  The stability of 
these recombinant NS0 cell lines in terms of growth and expression is critical for the
success and yield of the IgG production process.  However, not all recombinant cell 
lines show the desired stable expression profile. Here we present a comparative 
assessment of a stable and unstable cell line expressing the same recombinant IgG 
and discuss the causes of instability. 

METHODS

Cell line construction and characterisation. NS0 host cells were transfected with 
CAT-derived human antibody genes using the GS-expression system (Bebbington et
al, 1992).  Following the initial clonal transfection, two transfectants expressing the 
same recombinant IgG were selected for limiting dilution cloning.  A high-
producing clonal cell line from each parent transfectant expressing recombinant 
human IgG was identified and serum-free adapted.  Growth and expression studies
were carried out in shake flask cultures over 20-50 generations to evaluate the 
stability of these lines.
Analysis of cell supernatants. The IgG present in cell supernatants was quantified 
by enzyme-linked immunosorbent assay (ELISA) and analysed by western blotting
using specific antibodies to detect heavy and light chain polypeptides.
Analysis of cells by flow cytometry. Intracellular antibody content of the cells was 
analysed using FITC-conjugated goat anti-human IgGs specific for heavy and light 
chains against a goat IgG-FITC isotype control (Bae and Lee, 1996). The
fluorescence intensity was measured by flow cytometry. 
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RESULTS

Cell line expression stability. Two clonal cell lines were isolated by limiting
dilution cloning.  One cell line was found to be stable in terms of growth and 
antibody expression over 58 generations whereas the other showed a rapid decrease 
in antibody production over 20 generations (Figure1).  The unstable cell line also 
showed an increase in maximum viable cell number over this period of 20
generations whereas doubling time remained constant.
Western blot analysis of secreted proteins. The decrease in the IgG expression in 
the unstable line correlates with decreased heavy chain expression whereas light 
chain expression remains constant (Figure2).

Analytical cloning. Cell stocks of the stable and unstable cell lines from early, 
middle and late generations were cloned by limiting dilution.  Supernatants derived y
from the resulting single colonies were assessed by ELISA to detect assembled IgG. 
The analytical cloning data indicates an increasing proportion of non-IgG producing 
cells with time in the unstable cell line that explains the observed drop in IgG 
productivity.  Moreover, as many of the non-IgG-producing clones express light 
chain alone this explains why levels of light chain protein are maintained by the 
parent cell line (Figure 3).
Flow cytometic analysis of the stable and unstable cell linestt . The flow cytometric 
analysis of the stable and unstable cell lines confirms the findings of the analytical
cloning showing loss of heavy chain production in the unstable cell line over time
(figure 4).
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Analysis of clones derived from the unstable cell lines. Non-producing, light chain 
only-producing and IgG-producing clones derived from the unstable cell line were 
identified by ELISA analysis. The identities of these clones were confirmed by
analysis of secreted protein using western blotting (Figure 5). Flow cytometric 
analysis confirmed that the clones have identical profiles of intracellular and 
secreted heavy and light chain production (Figure 6).

CONCLUSIONS

The decrease in productivity of the unstable cell line results from an increase in the 
proportion of non-IgG-producing cells in the cell population.  These non-IgG-
producing cells include cells producing light chain only and non-producing cells that t
express neither heavy or light chain protein. 
The non-IgG-producing cells were initially identified by analytical cloning but can
also be detected in the parent cell line by flow cytometric analysis highlighting the 
potential of flow cytometry as an analytical tool.
Whilst there is a high probability that the unstable line was clonal, there is still a
possibility that it may not have derived from a single cell.   If this is the case then 
further rounds of cloning should derive a stable cell line and experiments are 
currently ongoing to assess this approach.   Alternatively, the heterogeneity may
have arisen spontaneously (eg during serum free adaptation and/or subculture) and 
further experiments to investigate this are ongoing by characterising and comparing
the clones derived from the unstable cell line. 
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Figure 5. Western blot anlaysis of secreted protein
of unstable line clones.
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Abstract: Product specific cell based fluorescence-assays have been established and tested on two
hybridoma cell lines using a microfluidic and dielectrophoretic cell handling device in combination with
fluorescence-spectroscopic detection. Product specific secretion rates of suspended single cells can be 
quantified. Automation and high throughput screening of large numbers of cells will be realized.

1. INTRODUCTION

The production of Biopharmaceuticals may be optimised on many levels. In addition
to the established fields of upstream and downstream process engineering, the cells, m
as the smallest production unit, are becoming the targets of optimisation efforts. Use 
of cells selected for sustainable high production can significantly reduce costs and 
improve process reproducibility and safety. Fully automated single cell screening
procedures will potentially fill the currently existing gap between genetic cell
engineering and coventional process development for industrial scale production of t
biopharmaceuticals. To find the best producer cells large numbers of samples must 
be screened. Cell specific production rates can be estimated using small and defined 
cell populations in multiparallel miniaturized culture volumes or by single cell 
screening. In order to calculate specific production rates, the exact number of cells 
must be determined. Single cell assays are the ultimate solution for cell selection 
since exact determination of both production and secretion rates via image analysis 
is possible on a per cell basis. Single cell selection processes require highly sensitive 
detection methods and assays and highly specialised cell handling technology.
"Conventional" techniques such as FACS are inadequate.

2. TECHNOLOGICAL PLATFORM

2.1. Cell Handling 
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Suspended single cells were handled by a combination of microfluidics and 
dielectric field forces using the Cytocon300TM-Technology. Microchannels and 
electrodes are integrated on a chip that can by placed on a microscopic unit (fig.1, 
left). Suspended cells are injected into the fluidic system, transported to the center 
part of the chip and fixed temporarily by dielectric field forces in an octopole field 
cage (fig. 1, right). 

3. DETECTION AND SELECTION 

3.1. Fluorescence Based Secretion Assay

Detection molecules, e.g. antibodies, antibody-fragments, protein A and protein G,
which are labelled with fluorochromes (defined quantum yields) of high target-
affinity (polyvalent binding sites) were used. Suspended cells are incubated with
product specific detection molecules, washed and injected into the CytoconTM300-
system. Secreted proteins are catched specifically by detection molecules and form a
pericellular localized corona of fluorescent precipitates. Intenf sitiy and thickness of 
the corona can be correlated to secretion capacity.

3.2. Detection and Classification of Fluorescence Signals

The InsightTM-Technology was used for spectroscopic detection of fluorescent 
molecules. Single cells are centered in the field cage and scanned by a confocal laser 
beam at equatorial plane. Events of emitted fluorescence-quants are detected time 
resolved (fluorescence-spectra). Spectra are analyzed by autocorrelation-algorithms.
Size and number of detected molecular aggregates can be derived and referred to the
confocal volume of about 1fL. Whole equatorial sections will be monitored by
beam-scanning and aggegates summarized (ligands, fig. 3). Images can be generated 
to visualize the distribution of molecular aggegates (fig. 2). 

3.3. Sorting of Cells, Cell Deposition and Outgrow 

Cells classified as high producers were selected by controlled microfluidics and 
dielectric gates after release out of the field cage. They are accelerated by sheath
fluid and transported out of the microchip. Selected cells are deposited into 
miniaturized culture systems (96-well or 384-well plates). The outgrow frequency of 
selected single cell clones is 15 % compared to 22 % in reference culture prepared 
by limited dilution (1 cell / well).

3.4. Selection Stability 

The stability of selected high and low producer clones (selected by FACS) was 
monitored over a period of 71 days, equivalent to 40-47 cell cycles. Selected high 
and low producers show constant ratios in production rates over culture time in 
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conventional culture (T-flask). Two clones of high producers selected by limited 
Dilution show constant ratios in production rates over 122 days of culture 
(equivalent to 183 resp. 232 cell cycles) but a consistent decline of productivityt
down to 47 % resp. 40%. 

4. REMARKS

CytoconTM300 and InsightTM are registered trademarks of Evotec OAI AG. 

Figure 1. Microchannels and microelectrodes for cell handling (left) 
Single cell fixed in field cage (right)

Figure 2. Cellular images showing fluorescent corona (InsightTM-Scan, left)M

Overlay of confocal scanning and phasecontrast image
(right, generated by P. Klein )



Figure 3. Distribution of precipitated ligands per cell (50 cells shown;
hybridoma cell lines) each left: unlabelled; each right: labelled
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Abstract. The large scale production of recombinant proteins is mainly routed by the stability and 
production potential of the master cell bank. Biological safety of the product is accessed to the history of 
the cell line as well as to production conditions, down stream procedures and quality control. The quality
of a recombinant cell line is assessed predominantly at the lab scale fermentation but at that time the 
physiologic and genomic status is already defined. For that reason it is inevitable to control parameters
influencing the productivity and growth properties already during clone development. Clonal changes in
transcriptional and translational behavior according to stress during selection and amplification have to be 
identified and comprised into the screening process. In different examples we have analyzed production 
titers and growth rates as well as genotypic variables concerning house keeping genes, selection markers
and target genes providing information on the further development of recombinant clones. 

1. INTRODUCTION 

The generation of expression clones for the production of recombinant proteins for 
biopharmaceutical use has developed in the last twenty years concerning production
systems and vector constructs. Expression in E.coli depends on the plasmid vector 
determining the strength of the promoter, the origin of replication (ori) controlling
the plasmid copy number in the production system, but also the gene of interest 
affecting predominantly the translational machinery. A more complicated 
perspective is evident in mammalian cells. The development of a production clone is 
an interactive process, conducted by different variables that cannot be controlled per 
se but must be evaluated often at a very late stage of clone selection. Here we report y
data on the development of recombinant cell lines expressing different proteins that 
are applied intravenously at dosages from microgram to gram amounts and thus
having diverse requirements regarding expression rate, product quality and 
purification.

2. MATERIALS AND METHODS 

2.1. Transfection of IgM (HB617) genes into CHO cells 
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Transfectants were generated by lipofection of CHO dhfr- cotransfecting two
plasmids carrying the µ-chain with selection marker and κ-chain with the joining 
chain as bicistronic expression cassettes under control of the CMV immediate early 
promoter. 24 hours after transfection, selection was started until clones arose in 96-
well plates and primary transfectants were expanded to T-flasks for further analysis. 

2.2. ELISA, Western-blot, FACS-analysist

Quantification of expressed proteins was accomplished by indirect double sandwich
ELISA, and IgM content was quantified with polyclonal human IgM (Sigma). 

The degree of polymerization of human monoclonal IgMs was analyzed in
NuPAGE tris-Acetate 7% gels (NOVEX) using denaturing, non reducing conditions. 
Gels were blotted and polymeric IgMs were detected with alkaline phosphatase 
conjugated goat anti human κ-light chain. 

Intracellular content of IgMs was analyzed by FACS. Cells were fixed, washed 
and stained with mouse anti-human κ-chain antibody conjugated with Quantum red 
and goat-anti-human γ-chain antibody conjugated wγγ ith FITC simultaneously and 
analyzed in a FACS Vantage. Cells were excited with 250 mW laser power at 488
nm and fluorescence emission was measured with a 530/30 BP filter (Fl1) and a
660/20 BP filter (Fl3), respectively. Nonproducing host cells were used as negative 
control as their fluorescence was set between 0 and 10 on the logarithmic scale for 
both parameters. Compensation of spectral overlap from Fl1 to Fl3 was adjusted 
using cells stained only with goat-anti-human γ-chain FITC. γγ

2.3. Real time PCR

Isolation of genomic DNA and total RNA was done with Wizard SV96 Genomic 
DNA purification System and Trizol reagent. RNA samples were digested with 
DNaseI and transcribed into cDNA with MMLV reverse transcriptase using oligo-
dT(20) primer. Real time PCR (RT-PCR) was carried out using Rotor Gene 2000
thermocycler (Corbett Research, N.S.W. Australia) with Rotorgene software version
4,2. Each experiment was carried out with decimal dilutions of specific templates
(107 to 102 copies per µl). Purified PCR products amplified with the same primers 
and quantified with the Bioanalyzer were used as standards. All samples were
measured in triplicate and standards were measured in duplicate. A non template 
control was run in every experiment to avoid detection of unspecific priming. 

The absolute number of specific genes was calculated for each sample with three 
measurements giving a maximum standard deviation of 10%. These values were 
normalized by dividing them to the absolute gene copy number of beta-actin and 
expressed as a multiple of beta-actin resulting in relative gene copy numbers and 
relative transcription rates of heavy and light chain. 

3. RESULTS AND DISCUSSION

3.1. Determination of generation of pentameric IgM in recombinant cell lines
expressing IgMs of different specificity 
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Two different recombinant monoclonal antibodies of IgM subclass were expressed 
in CHO dhfr- cells and the pentameric IgMs were verified in Western-blot 
immunostaining. MAb 4E10 is a class switched isotype of an anti-HIV-1 antibody,
while mAb HB617 was originally expressed as IgM and is directed against a
glycosphingolipid. Both antibodies have the same constant regions in there 
genotype. We confirmed the presence of complete, covalently linked, polymericmm
antibodies in the culture supernatants using denaturating, non-reducing SDS-
PAGE/Western-blots. The immunoblots revealed predominantly pentameric and 
monomeric form for the IgM isotype at an estimated ratio of about 1:2 for 4E10IgM
and an exclusively pentameric form for HB617IgM (fig. 1). 

Lane 1.........high molecular weight marker 
Lane 2.........human polyclonal IgM 
Lane 3 - 4...different subclones of IgM 4E10 
Lane 5 – 9..different subclones of IgM HB617

Figure 1. monomeric and oligomeric distribution of IgMs expressed in cell culture 

Our data correspond with results published by others on the expression of polymeric
IgM in lymphoid (Randall, King et al. 1990) and non-lymphoid cell-lines (Davis,
Collins et al. 1989; Yoo, Coloma et al. 1999). We have compared different 
transfections with the HB617 plasmids under different conditions and even with and 
without serum in the cultivation medium and confirmed the pentameric structure of 
the expressed IgM. As shown in other recombinant hu IgMs the different potential to t
generate pentamers is determined in the variable region (Wolbank, Kunert et al.
2003). In other experiments we have expressed human IgA class switched antibodies
and found also different distributions of oligomeric structures, that are specific for t
each antibody. In context with this, it may be plausible that antibodies that were also 
in their native form of IgM isotype form also pentameres when expressed in CHO 
cells.

3.2. Evaluation of early transfectants

Screening of early transfectants simplifies and minimizes the effort of laboratory 
intensive screening for recombinant production clones. A strong correlation between
the gene copy number of the exogenous target gene and the expression titer of the
POI (protein of interest) was often demonstrated in recombinant expression systems
but only at very late stages of clone development. We have determined the gene 
copy numbers and transcriptional rates of different production clones expressing 
human monoclonal IgMs with RT-PCR and correlated the results to secretion rates
and intracellular antibody content. Table 1 shows that specific productivity of three 
different subclones of HB617 compared to intracellular POI and homogenicity of 
the cell population. In this example clear preference for the B8 subclone is indicated.  
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Table 1. Comparison of specific production rate and intracellular antibody content of HB617 
IgM clones

ELISA FACS analysis relative geo meanHB617 
subclone Qp [pg/cell/day] % cells > blank Fl1/FITC Fl3/QuRed 

B8 23,8 72 7,3 12,2
G9 0,6 5 3,9 2,6 

D10 15,9 34 5,8 7,2

In parallel we have analyzed gene copy numbers and transcriptional activity of the 
three subclones B8, G9 and D10 as illustrated in figure 2. The results give an 
example of significant correlation of nucleic acids of the target gene with production
rate of the clone. The gene copy number of the antibody’s heavy and light chain 
were referred to a house keeping gene (beta-actin) that was set at 1 for gene copy 
number as well as transcriptional rate. In this example heavy chain and light chain of 
the recombinant antibody were expressed from two different plasmids after co-m
transfection and integration into the genome, both driven by the viral CMV 
promoter. This fact is reflected in the results of the RT-PCR finding similar amount 
of these two genes in gene copy number as well as transcription rate. The clone G9
that generates minor amounts of secreted and intracellular antibody also gives poor 
results to the amplification of target gene nucleic acids. f

Figure 2. real-time amplification of genomic DNA and cDNA of exogenous genes in different 
subclones; D10 µ-chain transcripts were not analyzed 
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Abstract. The present report describes at which state after transfection other parameters beside ELISA
titers in the culture supernatant can be obtained in order to identify a clone suitable for production in pilot 
plant fermentation. 

1. INTRODUCTION

At the IAM different recombinant cell lines expressing therapeutic proteins like
human monoclonal antibodies, human hormones and human cytokines have been
developed, which are produced in large quantities in pilot plant fermentation. 
Usually, early transfectants of recombinant cell lines are only screened by ELISA 
due to low sample volume and the need for fast results. Several other analytical 
methods allow further investigation of characteristics necessary for the identification 
of a production clone.  

2. MATERIALS AND METHODS

Transfection and Cultivation of Adherent CHO-Cells

Dihydrofolate reductase deficient CHO-cells were cotransfected by lipofection with
the plasmid encoding the amplification marker (dhfr) and the plasmid carrying the
target gene. Cells were transfected in 96-well tissue culture plates. After screening 
by ELISA highest producers were subcultured into 24-well, then into 6-well plates
before expansion into T25-tissue culture flasks.

2.1. Determination of qpq  and Intracellular Titer 

Product titer in the supernatant was determined by ELISA while quantification of 
the intracellular titer of the protein was achieved by FACS analysis. 
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2.2. Measurement of Growth Kinetics by GCSS  

Determination of growth rates with the GCSS (General Cell Screening System) is
done by a high resolution turbidity measurement (700 nm) performed directly in the
96-well tissue culture plate (Steindl F., 1990). Therefore cells from T25-tissue 
culture flasks were seeded into these specially designed plates. Growth behavior of 
the cells was determined until the cells reached the stationary phase. 

2.3. Determination of Nucleic Acids 

Nucleic acids (mRNA, genomic DNA) were isolated from cells grown in 96-well
and 6-well plates, as well as in T25-flasks. By real-time PCR the amount of target
gene and amplification marker in relation to a housekeeping gene was determined.  

3. RESULTS

3.1. Comparison of Growth Rates and qpq  of Different Clones 

Figure 1. shows specific growth rates determined with GCSS, while Figure 2.
demonstrates qp of the same clones during 2 weeks of cultivation in T25-flasks. 

Figure 1. Growth rates of different clones Figure 2. qpq  of different clones

3.2. Product Secretion into the Cell Culture Supernatant 
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Figure 3. shows the relationship between qpqq in the culture supernatant and the 
amount of intracellular product determined by FACS analysis. 

3.3. Determination of Nucleic Acids 

Figure 4. describes the development of genomic DNA levels of clone 2B1 in 
different cultivation vessels. Amplification pressure was raised from 0,048 to 0,096 
µM MTX before expansion into 6-well plates. In the 96-well plate no product titer 
was determined. Figure 5. demonstrates the correlation of mRNA (transcribed to
cDNA) levels and product titers of different clones in T25-flasks. 

Figure 4. Genomic DNA levels versus titer Figure 5. mRNA levels and product titers

4.  CONCLUSION AND PROSPECTIVES 

The project work so far demonstrated that gaining other parameters beside ELISA t
titers in early stages after transfection – in face of low available sample amount - is 
possible. Determination of nucleic acid levels as well as the rate of product secretion 
have proven to be additional criteria for a more reliable clone selection. 

The relevance of all these parameters in order to predict the suitability of a clone 
to become a production clone has to be clarified retrospectively.  The question 
whether a clone has to be fast growing and reaching high cell densities with a lower 
qp, or the other way round in order to succeed in pilot plant fermentation remains
unanswered for the moment. Experiments in fermenters after serumfree adaptation
have just been started.  
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1. INTRODUCTION

One of the major challenges in the establishment of recombinant mammalian cell 
lines for the manufacturing of biopharmaceutical products is the selection of a robust 
clone that shows both a high specific growth rate and a high specific productivity.
This is often not easily achieved as cells tend to show a different behaviour when 
transferred from a T-flask or spinner culture to a bioreactor. This is supposed to be
mostly due to the increase in shear stress that occurs in bioreactor systems. Since 
changes in cellular metabolism and physiology associated with the transfer of cells
into bioreactors are not well understood we investigated this phenomenon using a
system of five recombinant CHO subclones representing candidates for the 
establishment of a Master Cell Bank.

2. MATERIAL AND METHODS 

Experiments were carried out with five serum-free adapted subclones of a 
recombinant CHO DHFR- line producing a monoclonal antibody. The bioreactor 
cultivation was performed in the multiple fermenter system Sixfors (Infors HT) in 
repeated batch mode. In the course of inoculum preparation cells were cultivated in 
T-flasks and spinner flasks (WV 0.125l and WV 0.5l). The General Cell Screening
System (GCSS) was used as a tool for comparing growth characteristics of 
subclones derived from different cultivation systems in the course of inoculum 
preparation and bioreactor cultivation. It enables non-invasive determination of 
growth kinetics in 96 well plates [Steindl, 1990]. In addition, part of the inocula was
used to perform batch cultivations in spinner flasks. The obtained results were 
compared with those found in the bioreactor. Cell concentrations were determined 
measuring the cell nuclei with a Coulter Counter after cell desintegration. Viability
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was determined using a hemocytometer and the product concentration using an in-r
house developed ELISA. 

3. RESULTS AND DISCUSSION

3.1. Bioreactor cultivation 

Shear stress present in bioreactors appeared to exert a major effect on three (7D3, 
7E5/EF 29.11 and 17.12) of five subclones used in this study. Even if all of the 
subclones were cultivable in spinner cultures three of them could not be cultivated in
the bioreactor due to enhanced formation of aggregates (Fig.1).

Fig 1: Progression of viable cell concentration in the course of repeated batches; one peak 
represents one batch

3.2. Spinner versus Bioreactor 

In comparing the results from spinner and bioreactor cultivation we were able to
predict the specific productivity of the subclone during growth, whereas no
predictions could be made regarding the specific growth rate (Fig.2).

Fig.2: Specific productivities (A) and specific growth rates (B) obtained from batch 
cultivations in spinner and bioreactor 
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3.3. Aggregation phenomena 

Regarding the robustness we found that cells with an increased potential to form 
aggregates already on the stage of spinner cultivation could not be cultivated in the
bioreactor. Enhanced aggregate formation occurred rapidly. Therefore, aggregate
formation in the spinner proved to be a good indicator for the robustness of a clone.
Furthermore, we could observe adherence phenomena of cells cultivated in GCSS 
plates. This behaviour indicates that an active component was involved in the
appearance of aggregation. Active adherence could not be observed for cells derived 
from T-flasks. 

3.4. General Cell Screening System (GCSS)

The GCSS has proved to be a valuable tool to compare cells taken from different 
cultivation systems with respect to specific cell growth and specific productivity. In 
our study we found a clear change of these parameters after the transfer of cells from 
static to stirred systems (Fig.3 A/B).  

Figure 3: Specifc productivities (A) and specific growth rates (B) determined in GCSS 
cultivation: cells were transferred from: A: T-175-flask  B: Spinner 0,125l WV C: Spinner 

0,5l WV  D: Bioreactor 

4. CONCLUSION

Three out of five investigated subclones were technologically irrelevant, as they 
were not cultivable in bioreactors. Our data revealed that changes in cell line
performance occurred concomitant with changes in the cultivation systems. We
could find a negative correlation between aggregation in spinner cultivation and 
growth in the bioreactor. In conclusion our data clearly indicate, that cultivation in 
stirred systems has to be performed to allow an estimation of cell line performance 
in bioreactors.
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5. PERSPECTIVES 

We have established a system of five subclones, which can serve as a model for the
identification of parameters relevant for clone selection. Using this system we want 
to perform microarray analyses for a better understanding of gene expression 
profiles of cells undergoing physiological changes associated with shear stress. In
addition, a proteomic approach is planned in order to identify proteins potentially 
implicated in the cellular response to stress factors. This combined analysis may 
provide essential information for cellular and metabolic screening efforts and could 
lead to a better strategy of clone selection and process optimization.  
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1. INTRODUCTION 

The number of recombinant proteins expected to gain approval as human 
therapeutics is expected to increase dramatically in the next few years. This increase
is expected to create problems in manufacturing capacity, particularly for antibodiestt
as they use a disproportionately high total production capacity due to the high doses
required. This in turn has led to the optimisation of production platforms (largely
CHO and hybridoma cell-lines SP2/0, NS0), to maximise product yields and 
efficiency. The human cell line PER.C6™ was recently shown to support antibody 
yields up to 500 mg L-1 from batch cultures with a glycan pattern similar to that 
reported for human serum IgG (Jones et al 2003). It was therefore decided to
develop a fed-batch process for this cell-line in order to establish it as a platform for 
recombinant antibody production.  

2. MATERIALS AND METHODS

Two PER.C6 clones expressing different human recombinant antibodies were
selected for this study. Both clones were generated using the protocol described 
previously (Jones et al 2003). Cells from a serum-free cell bank were thawed 
directly into 250 ml Erhlenmeyer flasks (Corning), containing 25 ml serum free
medium at a starting cell concentration of 0.3 x 106 ml-1. Flasks were shaken at 100 
rpm and maintained in logarithmic growth by passage every 1-3 days in a
humidified incubator at 37oC and 5% CO2. Batch cultures were performed in ExCell 
VPRO (JRH Bioscience). Cell counts were performed using a CASY automatic cell 
counter (Schärfe Systems). Glucose, lactate, ammonia and phosphate concentrations 
were determined on cell-free culture supernatants using an Ektachem II analyser 
(Kodak). Amino acid concentrations were determined using the AccuTag HPLC
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method (Waters) according to the manufacturers instructions. Antibody
concentrations were determined by ELISA. 

3. RESULTS

3.1. Batch Cultures

Figure 1 shows a typical batch culture for each clone. Cell specific productivity and 
antibody production per day decreased on day 8 and 10 for clone 1 and 2
respectively, 1-2 days before maximum cell number was reached.  

Figure 1. Viable cell number (open circles), antibody concentration (closed triangles), cell 
specific productivity (closed diamonds) and productivity per day (open diamonds) for PER.C6 

clone 1 (A+B) and clone 2 (C+D).

3.2. Metabolic Characterisation 

The metabolite profile of both clones was similar (Figure 2 shows the profile for 
clone 1). The decrease in specific productivity for both clones correlated with 
depletion of phosphate, glutamine, leucine, isoleucine, serine, methionine, arginine
and cystine. Ammonia, glutamate and alanine consumption occurred immediately 
following glutamine depletion suggesting a reversal of glutamine catabolism.
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3.3. Design of Feed Strategy

A basic feed concentrate (glucose, glutamine, amino acids, salts and growth factors)
was prepared and timing determined from the nutrient utilisation profile. The
concentration of each nutrient in the feed was determined from the cell specific 
utilisation rate in order to supply each nutrient at the level required by the cells and 
limit overflow metabolism. These feed strategies resulted in an increase in antibody 
yield by greater than 50%, from 0.5-0.6g L-1 to approx. 1.0g L-1. Figure 3 shows one
typical experiment. 

Feeds were added every two days. Additional components are currently being 
tested and the existing component concentrations further optimised. t

Figure 2. Metabolic profile of PER.C6 clone 1grown in shake flask on VPRO.
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Figure 3. Viable cell numbers and antibody yields from batch cultures versus two feed 
strategies. 

3.3. Product Quality

Analysis of purified antibody by IEF, SDS-PAGE and glycan analysis by HPAEC-
PAD showed product quality to be essentially the same in the feed experiments as in 
the batch cultures (data not shown).
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CHINESE HAMSTER OVARY (CHO) CELL CLONES
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 MO 63103 USA

Abstract. It is widely known that different recombinant protein expressing Chinese Hamster Ovary m
(CHO) cell clones can have variable nutritional requirements.  Sigma-Aldrich has previously developed 
an Animal-Component Free Medium (CHO-AF, Product Code C5467) that for many CHO clones yields 
excellent growth and productivity.  However, with some CHO clones it yields less than optimal 
performance.  Therefore the need has arisen to create a second-generation medium that will complement 
CHO-AF.
The Dihydrofolate Reductase (DHFR) gene amplification system has become very popular for use in 
CHO clones.  The DHFR system allows the gene of interest to be amplified with increasing concentration 
of methotrexate, leading to increased protein expression.  The recombinant cell lines used in the 
optimization of this new medium were all DHFR clones expressing a variety of protein products,
including a rIgG and rhM-CSF.   Each cell line poses a unique challenge, as demonstrated by the
differences in amino acid utilization rates.  
Based on cell growth, r-protein production, and the amino acid consumption rates, CHO DHFR- Medium 
(Product Code C8862), was developed.  The base formulation for CHO DHFR- was very different from mm
that of CHO-AF, allowing for the development of a complementary animal-component free medium. 
Experiments have shown that CHO DHFR- promotes better growth and protein production than CHO-AF 
with many CHO clones, but there are still other cases where using CHO-AF is advantageous.  The 
development of this new medium resulted in growth and recombinant protein production rates surpassing
that of other commercially available media.  Finally, the application of these two CHO animal-component 
free media in spinner flasks and 5-L bioreactors is discussed. 

1. INTRODUCTION

Chinese Hamster Ovary (CHO) cells are one of the most frequently used cell lines 
for the expression of recombinant proteins that require post-translational 
modification to express full biological function.  Since more and more
biopharmaceutical companies are producing their potential therapeutic agents in 
CHO cells, there has been increased regulatory scrutiny of the medium in which the 
cells are grown.  Animal component-free media have now come to the forefront for 
use with CHO cells.  Sigma has previously developed a CHO Animal Component-
free Medium (CHO-AF, Product Code C5467), to support the suspension culture of 
CHO cells and to achieve the desired recombinant protein expression. This CHO 
medium contains recombinant human insulin, plant hydrolysates, and proprietary
iron chelators. All other components are also of non-animal origin, including amino
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acids, vitamins, fatty acids and surfactants.  CHO-AF has proven to be medium of 
choice for many recombinant protein producing cell lines, but not for all.  t

In order to obtain maximal growth and recombinant protein production with
those clones for which CHO-AF is not optimal, Sigma has created CHO DHFR- 
Medium (Product Code C8862).  Much like CHO-AF, CHO DHFR- Medium 
contains recombinant human insulin, plant hydrolysates, and proprietary iron
chelators and is completely animal-component free.  Many factors were considered 
while CHO DHFR- Medium was being developed, including amino acid analysis.  
This information allowed insight into the utilization rates of different cell lines. 

The recombinant cell lines used in the development of this medium were all 
DHFR (Dihydrofolate reductase) clones.  This cloning system allows one to greatly
increase the gene of interest copy number within their specific clone, leading to
increased recombinant protein expression.  The cell lines that were studied produced 
either a recombinant antibody or a recombinant human growth factor.  

Finally, CHO DHFR- Medium is compared to other commercially available
media and is also tested in bioreactor experiments. 

2. MATERIALS AND METHODS

Sigma-Aldrich Corporation (St. Louis, MO) supplied all chemicals, media and 
solutions unless otherwise stated. t
Cell Lines. CHO 5/9 m alpha 3-18 (M-CSF) cells (ATCC #CRL-10154) were
obtained from the American Type Culture Collection (ATCC).  Cell line CHO-IgG
is a proprietary clone expressing a recombinant antibody.  
Cell Culture and Cell Growth Assays. Cells were grown in suspension in CHO-AF 
and were used to seed experiments done in 125mL or 250ml (100mL and 150mL 
liquid volume respectively) Techne Spinner flasks.  The initial inoculum was 50,000 
viable cells per milliliter.  All conditions were run in duplicate.  The cells were 
cultured in Forma incubators at 37°C and 5% CO2.  
For bioreactor experiments, B. Braun Biotech International’s Biostat® B 5 liter 
reactors were used.  They were set-up with marine impellers and a 0.5 µm sparging
stones.  These were also seeded at 50,000 viable cells/mL.
Quantification of Recombinant Humanized IgG and Recombinant Human M-CSF. 
The IgG secreted into the medium by CHO IgG was measured by HPLC (Waters 
2690 HPLC Millipore, MA) using a protein-G affinity column.  Recombinant 
Human M-CSF was measured by a Quantikine® Human M-CSF Immunoassay 
supplied by R&D Systems (Catalog # DMC00).   

3. DISCUSSION 

Sigma’s new product, CHO DHFR- Medium (C8862), was developed in response to
data suggesting that our CHO-AF Medium (C5467) was not performing as expected 
with a significant amount of recombinant CHO cell clones. This is demonstrated in 
Figure 1, where CHO-AF yields sub-optimal growth and productivity with the
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CHO-IgG cell line.  CHO DHFR- is a vast improvement over this medium when 
considering the CHO-IgG clone.  However, the variable requirements of different 
CHO clones are clearly shown by the results in Figure 2.  Here the CHO-M-CSF cell 
line grew similarly in both media, but the rh-M-CSF production was much better in
CHO-AF.

Growth and recombinant IgG Production with CHO-IgG clone

Figure 1. Comparison between CHO-AF and CHO DHFR- media for growth and 
recombinant IgG production.

Growth and recombinant hM-CSF Production with CHO-M-CSF clone 

Figure 2. Comparison between CHO-AF and CHO DHFR- media for growth and 
recombinant M-CSF production

Furthermore, amino acid analysis gives even deeper insight into the variations
amongst CHO clones.  Aspartic acid (ASP) utilization is one example.  Comparing 
the CHO-IgG and CHO-M-CSF cell lines in CHO DHFR- medium (data not 
shown), one sees that the aspartic acid level in both cultures has increased by day 7.  
This continues with the CHO-M-CSF cell line, to almost double the initial amount 
by day 12.  However, the trend reverses with the CHO-IgG cell line, and by day 12 
almost all of the available aspartic acid is utilized.  Another interesting note is that 
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with the CHO-IgG cell line, differences can be seen in the amino acid utilization
rates with the different media (data not shown).  Again using aspartic acid as an 
example, we can see that in CHO-AF the increase in concentration is not seen on
day 7, but much like C8862, most of the available aspartic acid is gone by day 12.    a

Figures 3 and 4 show how CHO DHFR- Medium compares to other 
commercially available media.  With both cell lines, CHO DHFR- yields the highest
growth and total recombinant protein production.  t

Media Comparison - CHO-IgG

Figure 3.  Performance Comparison with CHO-IgG clone

Media Comparison - CHO-M-CSF 

Figure 4.  Performance Comparison with CHO-M-CSF clone.

Specific productivity (data not shown) further elucidates the need for multiple
medium formulations.  With the CHO-IgG cell line, CHO DHFR- had the highest 
specific productivity while CHO-AF was more in the range of the competitors.  
Conversely, with the CHO-M-CSF cell line CHO-AF yielded the highest specific 
productivity.  

Scalability of CHO DHFR- was demonstrated in 5L B. Braun bioreactors, in
both batch and fed-batch modes using the CHO-IgG cell line (data not shown).  
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B. DELONG, A. ALBEE, Z. DEEDS, J. GIFFORD, S. ROSS,
K. KAO, and M. CAPLE

DEVELOPMENT OF AN EFFICIENT MEDIUM
OPTIMIZATION KIT FOR FACTORIAL MATRIX 

DESIGN—A STATISTICAL APPROACH TO 
INCREASE CELL GROWTH AND PRODUCTIVITY OF

RECOMBINANT CHO CELLS

Sigma-Aldrich Biotechnology, PO Box 14508, Saint Louis, MO 63103 USA 

Abstract. Chinese Hamster Ovary (CHO) cells have been used for large-scale recombinant protein 
expression in the majority of pharmaceutical companies worldwide. The most challenging aspect of 
culturing recombinant CHO cell clones is providing for the diverse nutritional requirements that arer
unique to every transfected cell line. Therefore, using factorial matrix statistical assays to accelerate the
optimization of cell culture medium has received great attention in many pharmaceutical companies.
Based on the format of factorial matrix we have recently developed a component medium optimization 
kit. This kit which consists of one basal medium and 6 concentrated grouped media supplements
(including Amino Acids, Vitamins, Iron chelator, Lipids, Hydrolysates and Metals) will provide an easy
access to perform various factorial matrix assays. The statistical program predicts the most optimal levels
of the components and additional matrix assays can be set up to confirm these results or narrow the 
search window for the components. Once the critical components have been optimized or identified they
can be added directly to the medium to receive the most optimal growth and/or production. By using this 
medium optimization kit, we have demonstrated that this kit can be used successfully to achieve optimal
growth and productivity in multiple CHO cell with unique nutritional requirements. Taken together, our 
data strongly suggests that a combination of grouped components and the use of a statistical approach 
can facilitate the timely development of the “best”  medium for any given recombinant CHO clone.

1. INTRODUCTION 

Chinese Hamster Ovary (CHO) cells have been of great interest to pharmaceutical 
companies because of the cell’s ability to express human recombinant proteins on a
large scale.  However, developing cell culture medium is very challenging because 
there are several CHO cell clones, each having unique nutritional requirements. In
order to assist pharmaceutical companies in improving their medium optimization 
process, Sigma-Aldrich has developed a medium component optimization kit that 
allows the customer to easily perform factorial matrix experiments.  This kit consists 
of one basal medium and six concentrated grouped media supplements, which have
been previously determined to have a significant effect on cell growth and 
recombinant protein production in CHO cells.  We have tested this kit using two cell
lines to demonstrate how the statistical program predicts the most optimal levels of 
each component for unique medium supplementation.  Taken together, our results

©  Printed in the Netherlands. Springer.2005
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indicate that this medium optimization kit is a powerful tool for timely medium 
development for any CHO clone.

2. MATERIALS AND METHODS 

2.1. Materials 

Two CHO cell lines were used for this development.  CHO K1 cell (ATCC #CRL-
61) is a non-producing CHO clone. CHO recombinant clone 1 is engineered to m
produce human recombinant IgG.  Factorial matrix software used to generate data 
analysis was Design-Expert ®, version 6.0.2 (Stat-Ease, Inc., Minneapolis, MN). All 
materials used in this work were obtained from Sigma-Aldrich Co. (St. Louis, MO) 
unless otherwise stated.

2.2.Optimization Kit Design 

The Base Medium consists of low levels of Amino Acids, Metals, Iron, Vitamins, 
Lipids, and Hydrolysates so that each component can be titrated.  It does not contain
any amount of Insulin, Glucose or Glutamine.   

Components included in the kit were determined from previous work developing
a custom medium to have a significant effect on cell growth and production.  Initial
experiments titrated one component at several low and high levels while leaving the
other components constant at their base levels in order to determine the appropriate 
levels of low and high titrations to suggest for customer use.

2.3. Matrix Assay 

Once all component titration values had been determined, two full factorial matrix 
assays per cell line were set up testing three components at their two pre-determined 
levels (23 factorial matrix).  Each assay consisted of a centerpoint which was 100% 
of the three components being titrated (the average amount between the low and 
high values) while the other components were kept constant at the their base levels.  t
Data used in Design-Expert® analysis consisted of cell days and average IgG 
production (ug/ml) at equal importance levels.  The Base Medium is used only as a 
control. 

The media for each condition was formulated by adding back the appropriate 
amounts of each supplement being tested to the Base Medium.  Iron 2, Insulin and 
Glucose were added back at a 100% level.  All assays were run in duplicate in
125ml spinner flasks stored at 37oC, 5% CO2, and stirring at 80rpm and counted on a
CASY®-1 cell counter (Scharfe Systems, Reutlingen, Germany) and by the trypan
blue exclusion method.  IgG concentrations were determined by HPLC using a
Protein-G binding column.  Data was then input into Design-Expert ® for analysis. 
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3. RESULTS AND DISCUSSION 

3.1. CHO K1 Matrix Assays 

In the first matrix assay Amino Acids (AA), Metals, and Iron 1 were tested at two
levels each.  As shown in Fig. 1, the Base Medium grew to 1.5e6 cells/ml by day 7 
while all conditions reached cell densities of about 3e6 cells/ml. On day 12, the top 
conditions all have a low level of AA as the common factor.   

Figure 1. Viable Cells/ml, average two spinners. Centerpoint equals 100% level of AA, 
Metals and Iron 1 with base levels of Vitamins, Lipids and Hydrolysates.  Base Medium used 

as control.

The benefit of AA can also be seen in the cube graph (Fig. 2).  Cube graphs 
demonstrate how interactions of the three components effect the cell growth results. 
With these graphs, use the highest number in each corner of a cube graph to 
determine the levels of each supplement that should be added back to the base 
medium.  The cube graph for the first experiment only shows two results for 
growth—2.58e7 and 2.0e7—which change on the X-axis only.  There can be more
results shown in a cube graph, but the fact that there are two numbers that differ on
the X-axis alone shows that only AA effect the cell growth.  The Metals and the Iron 
1 show no effect because altering their low and high levels still result in the same 
cell growth number on the cube graph.  These results are confirmed in the Normal
Plot (Fig. 3), which shows the positive or negative effect of the supplements on cell 
growth.  In a Normal Plot, components to the left of the line have a negative effect, 
components to the right of the line have a positive effect and components on the line
are not significant.  The Normal Plot for this experiment shows that only AA have a
negative effect, but the Metals and the Iron 1 are on the line representing no effect 
on growth.  Because Metals and Iron 1 do not appear to affect growth their levels 
were maintained at the centerpoint value of 100%.  

Full Matrix Experimental Design Test of Amino Acids, Metals, Iron 1--

CHO K1CHO K1 CHO K1
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Figure 2. Design-Expert® graph depicts cell growth results in cube graph format.  Amino
Acids shown on X-axis, Metals on Y-axis, Iron 1 on Z-axis. Numbers represent cell days (e^7).

Figure 3. Design-Expert® Normal plot shows amount of effect supplements have on CHO K1
cells.

In the second matrix assay Vitamins, Lipids and Hydrolysates were tested at two
levels each. The cube graph (data not shown) depicts that Vitamins have a relatively
small effect, but they are more beneficial at the low level.  The Normal Plot (data 
not shown) confirms this result by showing the Vitamin supplement having a 
slightly negative effect.  The Normal Plot also shows Hydrolysates have a 
significantly positive effect and conditions combining negative Vitamins and 
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positive Hydrolysates can result in slightly positive interactions.  Since the Normal
Plot shows that Lipids do not have a significant effect, thet level was maintained at
the centerpoint value of 100%.   

The predicted optimal level of the components tested for CHO K1 cells is: 50%mm
Amino Acids, 100% Metals, 100% Iron, 150% Vitamins, 100% Lipids, and 150% 
Hydrolysates. Metals, and 100% Iron 1.

3.2. CHO Recombinant Clone 1 Matrix Assays

In the third matrix assay Amino Acids (AA), Metals, and Iron 1 were tested at two 
levels each using CHO recombinant clone 1. The condition with the highest cell 
density has a high level of AA, a low level of Metals, and a low level of Iron 1 (data 
not shown).  Again, the high cell density for this condition is confirmed in the cube
graph and the Normal Plot (data not shown). The Normal Plot shows that Metals
and Iron 1 are slightly negative, while AA have a positive effect. The average IgG
production (data not shown) shows a difference in supplementation as well.  The
cube graph (data not shown) also shows that the biggest increase in IgG production 
comes from a high AA level.  There are only two data results in the cube graph,
representing that only AA have an effect on production.  This trend is also seen in
the Normal Plot (data not shown) by depicting that AA have a significantly positive
effect while the other two supplements are insignificant.   

 In the final matrix assay Vitamins, Lipids and Hydrolysates were tested at 
two levels each. This matrix experiment shows some conditions have lower cell 
densities than the Base Medium. By day 12 the conditions which are lower all have
a low level of Hydrolysates in common.  The beneficial conditions, which have high
levels of Hydrolysates, are portrayed in the cube graph (data not shown).  On this
graph, of the two highest data points, one has a low level of Lipids, while the other 
highest data point has a high level of Lipids.  Because of this, it appears that the 
level of Lipids does not play a significant role. However, boty h of the two highest cell t
densities have a low level of Vitamins and a high level of Hydrolysates.  These
relationships are further demonstrated in the Normal Plot (data not shown), which
shows Vitamins have a negative effect, Hydrolysates have a positive effect, and 
Lipids have no significance on growth.  Even though some conditions were lower 
cell densities than the Base Medium, all conditions generated higher IgG production 
(data not shown).  The cube graph representing production (data not shown) shows 
higher IgG production whenever there is a high level of Hydrolysates.  An inverse 
relationship between Vitamins and Lipids is shown in the Normal Plot (data not 
shown) as having a negative effect, meaning Vitamins at a high level and Lipids at a 
low level will result in the highest productivity.  It also shows that Hydrolysates
have a positive effect.

 The optimal medium obtained from this assay based on equal importance of 
cell growth and production is: 150% Amino Acids, 25% Metals, 70% Iron 1, 50 %
Vitamins, 150% Lipids, and 150% Hydrolysates.
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3.3. Test of Predicted New Formulation

From the two factorial matrix assays using CHO K1 cells, we obtained two 
predicted optimal growth formulations.  Combining data from the two assays, a new 
medium was prepared: 50% Amino Acids, 100% Metals, 100% Iron, 50% Vitamins, 
100% Lipids, and 150% Hydrolysates.  The cell growth performance of this new
medium was tested on CHO K1 cells (Fig. 4).  The result clearly showed that CHO 
K1 cells grew to a 1.5-fold higher cell density in this new medium than that in the 
original Base Medium or in the two competitors’ media tested.

Figure 4. Test of cell growth with the best predicted medium using CHO K1 cells.  New 
evolved medium is prepared according to the predicted best formulations obtained from two 
factorial matrix assays using CHO K1 cells.  CHO K1 cells growing in this newly evolved 

medium give a 1.5-fold higher cell density as compared with the original medium (Base
Medium) and two competitor’s media. 

3.4. Cell Line Comparisons 

These results clearly demonstrate that using this medium optimization kit and 
Design-Expert® software on diverse CHO cell lines can generate a different 
optimized media formulation. In the cell lines tested there were some similarities
observed such as both needed Vitamins at low levels and Hydrolysates at high 
levels, but there were also several differences seen between the two cell lines.  The 
concentrations of Metals and Iron 1 had no significant effect on cell growth of CHO
K1 cells, while with CHO recombinant clone 1 these supplements were found to bet
more beneficial at the low level.  Furthermore, CHO K1 cells had higher growth 
when Amino Acids were at the lower level, but CHO recombinant clone 1 cells
required Amino Acids at a high level for optimal growth.  Also, CHO K1 cells

Comparison of Cell Growth with The Best Predicted Medium, Original Medium and 
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needed a lower level of Lipids for optimal growth, while the CHO recombinant 
clone 1 cells needed a higher level of Lipids. 

4. CONCLUSIONS 

Factorial matrix design, a statistical approach, has greatly enhanced the process of 
cell culture medium development and optimization. Sigma-Alrich’s CHO Medium 
Component Optimization Kit is formatted to facilitate easy medium formula 
manipulation through factorial matrix assays. Using factorial matrix design and this
CHO medium component optimization kit, an optimized medium formulation can be 
generated rapidly. By streamlining the process of medium optimization for any 
given recombinant CHO clone, Sigma-Aldrich’s CHO Medium Component 
Optimization Kit can provide great benefits to the pharmaceutical industry. 
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AN EFFICIENT APPROACH TO CELL CULTURE
MEDIUM OPTIMIZATION -- A STATISTICAL

METHOD TO MEDIUM MIXING

Sigma-Aldrich Corporation, PO Box 14508, Saint Louis, MO 63178 USA

Abstract. One of the most challenging aspects of culturing recombinant Chinese Hamster Ovary (CHO) 
cell clones is providing for the diverse nutritional requirements that are unique to every transfected cell
line.  In order to minimize the amount of time required for medium development, we have recently 
developed CHO Medium Optimization Kit 1 (Product Code CH0001).  This kit consists of six diverse 
animal component-free CHO media (including two chemically defined media) to provide for a wide rangey
of nutritional requirements.  The format of this kit provides multiple media to screen, and functions as a 
platform for statistical medium optimization by using a three-point mixing design.  After screening 
several different recombinant CHO clones against the six media, our data showed that we could increase
cell growth and recombinant protein production over the original medium.  Following a statistical
approach provided by Design-Expert computer software, we mixed the top three performing media and 
were able to further increase cell growth and productivity.  The data can be further analyzed by Design-
Expert  to yield a predicted best medium mixture to support maximum cell growth and productivity for a 
particular recombinant CHO clone.  Our data strongly suggests that using CHO Medium Optimization Kit
1 with a combination of media screening and a statistical approach to media mixing, can facilitate the
development of an optimized medium for any given recombinant CHO clone.

1. INTRODUCTION 

Sigma’s CHO Medium Optimization Kit 1 consists of six diverse animal 
component-free media designed to maximize cell growth and recombinant protein
production in a wide variety of CHO clones.  Two of these six media are chemically
defined and all differ in amounts of amino acids, vitamins, salts, trace elements, 
recombinant human insulin and other organic compounds.  The format of this kit 
allows the user to rapidly screen six CHO formulations for cell growth, recombinant 
protein production or any other criteria.  If this initial screen yields satisfactory 
results, the researcher may decide that no further optimization is required.  However,
if the initial screening does not satisfy the specified criteria, a series of media mixing
experiments can be performed. 

There are two options for analyzing the data from the mixing experiments.  The
first option is to normalize the data for each criterion and visually analyze the 
criteria separately.  The second method is a more in-depth approach, in which a 
Design-of-Experiment (DOE) software package can be used.  The DOE software 
allows the researcher to look at multiple criteria together and assign importance 
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values to each criterion.  Based on these user preferences, the software can predict 
one or several best-fit media designed specifically to meet the nutritional 
requirements of a particular cell line.  

The convenient format of CHO Medium Optimization Kit 1 allows for a rapid 
screening of multiple diverse CHO formulations.  In addition, the powerful mixture
experiments coupled with the DOE software provide an invaluable tool for boosting
cell growth and productivity.  In either application, CHO Medium Optimization Kit 
1 has the ability to significantly improve any medium development project 

2. MATERIALS AND METHODS 

Cell Lines CHO K1 cells (ATCC # CRL-61) were obtained from the American Type 
Culture Collection (ATCC).  Cell line CHO IgG, expressing a proprietary 
recombinant antibody, was transferred from a customer to Sigma for custom 
medium development and optimization. 
Cell Culture and Cell Growth Assays The media used in this study are CHO Protein-
Free Animal Component-Free Media.  Cells were grown in suspension in #C5467 
and were used to seed experiments done in 125mL or 250ml (100mL and 150mL
liquid volume respectively) Techne Spinner flasks.  The initial innoculum was 
50,000 viable cells per milliliter.  The cells were cultured in Forma incubators at 
37°C and 5% CO2.  Spent medium samples were collected every day for the analysis
of nutrients/metabolites and recombinant protein production.  At the same time, the
cells were counted using a Schärfe System Casy 1® Model TTC and viability was
assessed using the Trypan Blue Exclusion Method.
Quantification of Recombinant Humanized IgG The IgG secreted into the medium 
was measured by HPLC (Waters 2690 HPLC Millipore, MA) using a protein-G 
affinity column. 

3. RESULTS AND DISSCUSSION

Sigma’s CHO Medium Optimization Kit 1 (Product Code CH0001) contains six
diverse animal component-free media designed to maximize cell growth and 
recombinant protein production in a wide variety of CHO cell clones.  After the 
initial screening of all six media (data not shown), the user must decide whether 
additional optimization is desired.  Based on criteria such as cell growth and 
recombinant protein production, the user can select the top three performing media 
from the initial experiment and complete a media mixing experiment (data not 
shown).  Figure 1 illustrates the media mixes to be performed and the concept of the
mixture triangle.
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Figure 1.  The three-point mixture diagram and corresponding media mixes. The three best 
performing media from the screening of all six media, are set to 100% at one of the three
vertices of the mixtures triangle.  Media mixing begins at 50% between two of the media

along the sides of the triangle (numbers 4, 5 and 6).  This is followed by a 67%, 17%, 17% 
mix of all three media within the interior of the triangle (numbers 7, 8 and 9).  The final mix 

will be 33% of all three media as seen at the center point of the triangle (number 10).  

The results from the mixing experiment can be analyzed by two methods.  The first 
method, as represented in Figure 2, is accomplished by separately analyzing the data
for each criterion.  Using this method, the data can be normalized to one of the
media and ranked or plotted directly on the mixture triangle to identify which mixes 
might reveal the best results. If the user desires a more in depth analysis, a Design-
of-Experiment (DOE) software package such as Design-Expert (Stat-Ease, Inc.) can 
be used.  Figure 3 shows the contour plots generated from our two criteria, cell 
growth and recombinant protein production.  The result is a medium mixture near 
the center of the triangle that is predicted to produce the maximum cell growth and 
recombinant protein production for our particular clone.  By altering the importance
values assigned to each criterion, it is possible to generate an exact medium mix to 
maximize growth and productivity for any CHO clone (data not shown).  
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Cell Growth 
50% A, 50% B                  = 142% 
67% A, 17% B, 17% C     = 141% 
17% A, 67% B, 17% C     = 135% 
33% A, 33% B, 33% C     = 129% 
17% A, 17% B, 67% C     = 120% 
50% A, 50% C                  = 119% 
50% B,  50% C                 = 119%
100% B                             = 115%
100% C                             = 114%
100% A                             = 100%

r-Protein Production
16% A, 17% B, 67% C    = 367% 
50% A, 50% C                 = 327% 
50% B, 50% C                 = 327% 
17% A, 67% B, 17% C    = 325% 
100% C                            = 306% 
33% A, 33% B, 33% C    = 300% 
100% B                            = 286% 
50% A, 50% B                 = 225% 
67% A, 17% B, 17% B    = 225%
100% A                            = 100%

6=119%

3=114%

2=115%

1=100%
A
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4=142%

5=119%

10=129%

9=120%8=135%

7=141%

Figure 2.  Data from the mixture experiment can be normalized and visualized in several methods.
The data from the mixtures experiment in Figure 3 can be analyzed by normalizing the data to one
of the media.  In this example, the results from medium A represent 100%.  Media can be ranked in
terms of performance in the form of a list as seen on the left and right of the triangle.  Another way
of visualizing the data is to plot the values on the mixture triangle.  The center diagram represents
the normalized cell growth data.  This method clearly indicates an increase in cell growth for the
media mixes around numbers 4,7,8 and 10. 

Figure 3.  Data from the mixture assay can also be analyzed using Design-of-Experiment (DOE) softwareFF
for a more precise analysis and optimization.ff  A.) The contour plot for cell growth data indicates that the
area with the best cell growth is located near a 50% mix between C8862 and C5467.  B.) A similar contour
plot for recombinant protein production.  C.) During the optimization step, importance values can be
assigned to each criterion, allowing each criterion to be weighted separately or together.  The software then
generates a desirability plot with values ranging from 0 to 1 (1 being the most desirable), indicating the exact
point on the triangle where the most desirable mixes are located. The point predicted to yield maximum cell
growth and r-IgG production corresponds to a mix of 29% C5467, 37% C8862 and 34% C9737.      

CA

CA
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Using either method for data analysis shows that the media mixes not only increased 
cell growth, but they also correlated with the highest levels of recombinant protein
production.  By using the media and techniques described in this kit, it is possible to
develop an optimized medium for any CHO clone.  The data presented hasy
confirmed the value of using this approach to medium development.   

4. CONCLUSION 

Sigma’s CHO Medium Optimization Kit 1 consists of six diverse animal
component-free media formulations designed for maximum cell growth and 
recombinant protein production in CHO cells.  The convenient format provides 
multiple media formulations that can be screened for any recombinant CHO clone.  
The simple yet powerful media mixing experiments combined with DOE software
allow researchers to rapidly elucidate an optimal medium mixture.  

5. REFERENCES

Moen, R., Nolan, T., and Provost, L., Quality Improvement through Planned Experimentation, Second 
Edition. McGraw Hill, Inc., New York (1999).

*Design-Expert® is a registered trademark of Stat-Ease, Inc.
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VIRUS INACTIVATION IN FOETAL CALF SERUM BY
A COMBINED TREATMENT OF GAMMA-
IRRADIATION AND UV-C IRRADIATION

PAA Laboratories GmbH, Haidmannweg 9, 4061 Pasching, Austria

Abstract Transmission of viruses by animal sera like Foetal Calf Serum (FCS) represents a considerable
risk for humans and animals particularly when serum is used for production of pharmaceutical products
such as vaccines. Procedures applicable for inactivating large numbers of different viruses both enveloped 
and non-enveloped, are therefore mandatory. The most used Gamma irradiation method accepted by FDA
and EU guidelines efficiently abolish most of enveloped viral contaminants whereas “non-enveloped”
viruses (e.g. Bovine Parvovirus) are not fully eliminated. For this purpose we have developed and 
validated UV-C irradiation in combination with Gamma irradiation as an efficient virus-inactivation
method. Spiking experiments in FCS were performed and revealed constantly high clearance rates for 
various viruses such as bovine parvovirus, parainfluenza type III virus, bovine diarrhoe virus and 
different forms of mycoplasmas.  
Experimental data showed that the combined UV-C and Gamma-treated sera maintained their growth
promoting activities for various cell types. The validated process of UV-C treated FCS possesses a high
inactivation capacity for the “non-enveloped” parvoviruses, a pathogen that cannot be destroyed easily by
the Gamma irradiation alone. The UV inactivation procedure was performed with a novel computerised 
equipment. Only the combined irradiation of serum with Gamma and UV light offers under validated and 
controlled cGMP conditions the maximum possible raw material safety for biopharmaceutical production.

1. INTRODUCTION 

Cell culture is routinely used in production of vaccines and production of 
recombinant proteins. The cell culture system commonly use medium supplemented 
with animal sera, the most common being foetal calf serum (FCS). Animal sera can 
contain viruses that cannot be removed with standard sterilization methods. Because 
FCS is a complex mixture of biologically sensitive components many of the
treatments used to eliminate viruses negatively impact the growth-promoting 
properties. Under controlled conditions, serum products can be Gamma- irradiated m
to inactivate both animal and human viruses.  

The process for 25 kGy irradiation–dosage itself is worldwide accepted from 
regulatory authorities for the inactivation of biological contaminants in medical 
reagents for the pharmaceutical industry.  Most of the non-enveloped viruses are not 
fully eliminated by Gamma irradiation. While Gamma irradiation mainly breaks the 
virus proteins and the nucleic acids of lipid coated viruses, the UV-C irradiation
method rather targets the viral nucleic acids, leading to an destruction of small,
resistant viruses that are in lack of a viral lipid coat (“non-enveloped viruses”). The 

©  Printed in the Netherlands. Springer.2005
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combined application of Gamma- and UV-C-irradiation on FCS today offers the 
maximum safety of biopharmaceutical production. Both methods are robust and 
synergetic to each other. 

2. METHODS

UV- irradiation treatment
Foetal Calf Serum (FCS) spiked with different viruses and mycoplasmas is pumped through a 
UV-C irradiator (15 litre/h) with four UV lamps (40 Watt). During operation, the cylindrical
irradiation chamber is set at a horizontal angle of 10° and rotated at 150 r.p.m. The serum is
subjected to a fluence of 0.1 J/cm2.
Gamma Irradiation 

FCS spiked with viruses listed in table 1 was Gamma irradiated with a dosage of 35 
kGy. The irradiation procedure was perfomed by Mediscan GmbH, Research Centre 
Seibersdorf, Austria using single box irradiation procdure. 
Spiking procedure 

All procedures were perfomed in duplicate. For each spiking procedure 50 ml of the 
viruses listed in table 1 or 50 ml of mycoplasma were added to 950 ml FCS (in 1 
liter standard plastic bottle). 2 x 2 ml of the spiked material were removed on each
occasion as the load sample. Once the irradiation procedure was completed the
irradiated FCS was collected and the volume was determined. Representative 
volumes of the output material together with load samples were stored at –5°C tomm
further titration. 
Titration of samples 

Generally, samples were tested undiluted in EMEM + penicillin/streptomycin or 
mycoplasma broth at various dilutions (10-3-10-7).
Plaque assay 

Dishes were seeded with Vero cells and allowed to grow to confluency. The cell
sheet was inoculated with 0.5 ml of the sample and was allowed to absorb for 60-90 
minutes. After removal of inoculum, dishes were overlayed with agarose containing
neutral red and incubated until plaques were fully formed in the positive controls. 
Plaques were then counted.
Calculation of clearance rates

Log reduction was calcuated by subtracting the logarithm of the total p.f.u.
recovered from the logarithm of the total p.f.u. added.
Growth promotion test with Acid Phosphatase Assay 

Cells are grown in 24-well plates at densities between 104 and 105 cells per well. The
culture medium is removed and each well is washed with PBS. To each well 500 µl
buffer containing 0.1 M Na-acetat, 0.1 % Triton-X-100 and 5 mM p-nitrophenyl 
phosphate are added. After incubation the reaction is stopped with addition of 500 µl
NaOH, and colour development is assayed at 405 nm using a microplate reader.
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3. RESULTS AND DISCUSSION 

Gamma irradiation at 35 kGy in single box container 

The international recommended dosage for products sterilized by Gamma irradiation 
is set at 25 kGy. New regulatory developments recommend to apply a minimum 
ionization of 30 kGy at all points to vials of FCS making it possible to obtain a
minimum value of 25 kGy in the vial. Typically irradiation of fully loaded pelletsyy
need a higher maximum dosage (50 kGy achieve the requested minimum dosage). 
To obtain the new ionisation dosage of 30 kGy at all points we transfer the bottles f
filled with FCS in single boxes and set the Gamma irradiation at 35 kGy. The single
boxes arrangement leads to extreme small energy distances between minimum and 
maximum dosage (35.7 kGy to 38.7 kGy). In contrast to fully loaded pellets where
the maximum dosage influence the product quality the single box arrangement has 
only negligible impact on cell growth promoting properties of FCS (data not 
shown).

UV-iradiation with a computer controlled maschine

The most used Gamma irradiation method accepted by FDA and EU guidelines
efficiently abolish most of enveloped viral contaminants whereas “non-enveloped” 
viruses (e.g. Bovine Parvovirus) are not fully eliminated. Different to Gamma 
irradiation short wavelength ultraviolet light (UV-C) at 254 nm targets nucleic acids
rather than proteins. The photons are emitted directly into the viral nucleic acids and 
induce photodimers, photohydrates which destroy the nucleic acid. Since viruses 
lack the repair enzymes, the genetic damage remains unrepaired. This is the reason 
why small, resistant viruses that are in lack of a viral lipid coat (“non-enveloped 
viruses”) are very effectively destructed by UV-C irradiation. Furthermore proteins 
(e.g. growth factors and albumins in FCS) remain unaffected if irradiated with UV-C 
energy at 254 nm. For this purpose we developed a new UV-lab apparatus, the 
VIRALATORTM. The "VIRALATOR™", is a computer-controlled, UV-C
irradiation machine specifically designed for the purpose of inactivating viruses, 
mycoplasma and other pathogens in biological fluids such as serum, plasma and 
protein solutions. It is used for the application at (bio)pharmaceutical upstream and 
downstream production processes, conforming with cGMP ("current Good 
Manufacturing Practices). The maschine is validated for inactivation of 
contaminants in fluids with a maximum decay of 11 log steps (data not shown).
The liquid product is fed through a slightly inclined rotating stainless-steel cylinder. 
The rotation presses the product against the inner wall of the cylinder forming a thin 
layer of fluid. This film is irradiated by two or four UV-lamps emitting the energy at 
254 nm which are mounted along the axis of the cylinder. At the lower end the
liquid reaches a collector cup and flows through the discharge valve in a container.
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The following critical parameters are monitored: intensity of UV-lamps, cylinder 
rotations, fluid temperature before and after irradiation process and the through-put 
measured by a flow-meter. 
Combined UV-C and Gamma irradiation of Foetal Calf Serum (FCS) 

Viral inactivation by combined UV-C- and Gamma irradiation was investigated by 
spiking of FCS with several viruses and mycoplasmas (table 1). The table 1 shows
the result after combined treatment. It could be demonstrated that the combination of 
these two synergistic inactivation processes will achieve clearance rates which are 
satisfactory under the aspects of biological safety. Also non-enveloped Parvoviruses
show a significant log reduction of 6.7-9.8 steps (table 1).

Cell growth-promoting activity of UV-C and Gamma irradiated FCS f

The influence of UV-C and Gamma irradiation on cell growth promoting properties 
of FCS was studied by comparing an UV-C / Gamma-treated serum with an 
untreated control. An acid phospatase assay was used for this purpose. 
In general, minor differences in cell gowth could be observed by comparing UV-C / 
Gamma-treated serum and control over 14 days. This result shows that the combined 
UV-C / Gamma irradiation has only negligible impact on cell growth-promoting 
properties of FCS (figure 1(( ).

CONCLUSION

It can be assumed that the combined method is also applicable to other genera of 
viruses. Furthermore it is evident also bacteria, mycoplasmas and bacteriophages
will be eliminated effectively by the combination treatment. In contrast to Gamma
irradiation, UV-C irradiation is not an officially recognized virus inactivation 
process yet. The combination treatment of Gamma- and UV-C irradiation under t
validated and cGMP conditions can therefore be considered as an elementary
improvement in product safety of biologic, bovine derived raw materials used in 
biopharmaceutical production.

H. HERMANN, ET AL.
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Table 1:  Clearance rates  of viruses after combined UV-C irradiation and Gamma 
irradiation

Fig. 1 : Comparison of control and UV-C / Gamma-irradiated 5 % foetal calf serum (FCS) 
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ADVANCES IN MEDIA OPTIMIZATION: TWO 
AUTOMATED APPROACHES THAT INCREASE

EXPRESSION WHILE REDUCING DEVELOPMENT
TIME

(1) BD Diagnostic Systems, Sparks, MD, USA (2) BD Technologies, 
Research Triangle Park, NC, USA 

INTRODUCTION

There is no such thing as a universal medium. Through media optimization the ideal 
growth and production environment of a cell can be identified, resulting in optimal 
cell performance in a completely defined medium. If an even shorter development 
time is required, similar screening methods can be employed to evaluate a wide
range of animal free peptones to select the best peptone or combination of peptones 
and the optimal concentration(s). Both partial and full optimization strategies
provide a way to increase culture performance while decreasing or eliminating the
amount of undefined or animal derived materials commonly used in cell culture 
media. These methods can be automated to further accelerate development time,
increase assay reproducibility, and reduce laboratory costs.

MATERIALS

Select Soytone, TC Yeastolate UF, TC Soy Plus UF, Bacto™ Proteose Peptone 3 
(PP3), Difco Springer DS100 Soy Peptone UF (DS100), Wheat Peptone, Phytone™
Peptone, Phytone™ Peptone UF, BD Cell™ Chemically Defined Medium (BD 
Cell™ CD)

METHODS

Individual components of a developmental CHO formulation were titrated to create 
a better-optimized medium. DS100, an ultra filtered soy peptone, was among the
many components tested in 96 well plates where proliferation was determined using 
Alamar Blue™ and ELISA was used for PDGF production yields. Figure 1
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demonstrates the increased performance achieved when one component is
optimized. Figure 2 shows the performance of the optimized formulation in shaker 
flasks.

Cell performance can be enhanced when peptones are blended. Eight peptones 
were selected based upon prior studies demonstrating their performance in cell
culture. Each peptone was titrated individually in BD Cell™ CD with 46/4 ATCC
HB67 cells seeded at a density of 2 x 105 cells/ml. Cell proliferation and antibody 
production were both evaluated to determine the optimal concentration for each
peptone. These optimal concentrations were then blended in sets of two and three in
BD Cell™ CD and set up in 96 well plates using Alamar Blue™ for cell 
proliferation determinations and ELISA for antibody production yields. Figures 3
and 4 represent a selection of the best and worst combinations and figure 5 shows
the antibody production of the two-peptone blend media. These data demonstrate 
that high cell densities do not necessarily correlate with high antibody production. 
The peptone blending protocol can be automated to increase the number of 
combinations evaluated.  

To demonstrate the need for a completely optimized medium an NS0 cell line 
was tested in 45 different proprietary chemically defined media in order to identify a
potential candidate from which to begin the optimization. Once selected, several key 
components were titrated to determine optimal concentrations based upon Alamar 
Blue™ cell proliferation. Figures 6 shows the improved performance of the cell line
when in the presence of the optimal concentration of the component.

CONCLUSION

While many commercially available cell culture media exist, none are able to meet 
the specific requirements of every cell line. Optimization provides a way to increase
cell proliferation and production by creating an ideal environment specific to the 
cell. One of the most important benefits of a complete optimization is increased cell
performance with the elimination of undefined or animal derived components.  
Peptones used individually or in combination are suitable alternatives to complete 
optimization if time is critical. Performing these optimizations with automation can
increase accuracy, increase the number of data points tested, and decrease the risk 
associated with human error (Figure 7).   
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Figure 1. Figure 2. Developmental CHO
 Developmental CHO Medium Medium Optimization Study

DS100 Titration PDGF Production in Shaker Flasks

Figure 3. Two Peptone Figure 4. Three Peptone
 Blending Study in BD Cell CD Blending Study in BD Cell CD 

46/4 ATCC HB67 46/4 ATCC HB67  

 Figure 5. Two Peptone Blending Figure 6.
 Study in BD Cell CD Day Four Calcium Chloride Titration 
 Antibody Yield 46/4 ATCC HB67 NS0 Cells

Figure 7.
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THE IMPORTANCE OF CHOLESTEROL FOR INSECT 
CELL GROWTH AND BACULOVIRUS PRODUCTION 

Department of Chemical Engineering, The University of Queensland,
Brisbane, Australia

1. INTRODUCTION 

Cholesterol is believed to be an important component for insect cell culture in
serum-free cultures to maintain good insect cell growth and to obtain good 
production of baculoviruses or recombinant proteins. This study aims to determine
the effects of cholesterol on Helicoverpa zea cell growth in serum-free suspension 
culture and on the production of Helicoverpa armigera nucleopolyhedrovirus
(HaSNPV). HaSNPV has the potential to be used as a biopesticide for the control of 
Helicoverpa pest species. 

2. MATERIALS AND METHODS 

The H. zea cell line (strain BCIRL-Hz-AM1) and HaSNPV (isolate UQ-AC53) were
used in this study. VPM3 was an in-house made serum-free medium with a 
cholesterol level of 4.5 mg/L. Infections were carried out as shown in Fig. 1. 
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Figure 1: The approach taken to study the effect of cholesterol on baculovirus production.
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3. RESULTS AND DISCUSSION

The growth of H. zea cells were not adversely affected by cholesterol-free medium 
(Table 1). Cell were maintained in cholesterol-free medium for more than 30 
passages without any adverse effects on peak cell density (PCD), population 
doubling time (PDT) and growth rates. 

Table 1. Effect of cholesterol on Helicoverpa zea cell growth. 

4 times higher cell specific yields were obtained in cholesterol medium. The quality 
and production of BV was affected by cholesterol. Real-time PCR results have
confirmed that faster and higher BV production in cholesterol cultures.

Table 2. Infection.

Flask Medium Source of BV PCD 
(e6 cells/ml) 

Cell specific yield 
(OB/cell) 

1 (+) cholesterol (+) cholesterol 0.92 265
2 (+) cholesterol (-) cholesterol 1.91 60 
5 (-) cholesterol (+) cholesterol 1.88 63 
6 (-) cholesterol (-) cholesterol 2.53 22 

Slightly higher OB production was obtained when cholesterol is present during 
infection (Table 3). This is different to the findings of Gilbert et al. (1996) which
reported that cholesterol is essential for cell growth but not during infection.

Table 3. Infection.

Flask Cells Infection medium PCD
(e6 cells/ml) 

Cell specific yield 
(OB/cell) 

3 (+) cholesterol (+) cholesterol 0.59 231 
4 (+) cholesterol (-) cholesterol 1.05 161 
7 (-) cholesterol (+) cholesterol 0.55 168 
8 (-) cholesterol (-) cholesterol 1.02 130

Medium PCD
(e6 cells/ml) 

PDT 
(hours) 

Growth rates 
(h-1)1

Dry weight 
(ng/cell) 

TCP 
 (ng/cell) 

(+)
cholesterol

3.31 ± 0.12 19.86 ± 1.03 0.035 ± 0.002 1.05 ± 0.10 0.450 ± 0.007 

(-)
cholesterol

3.15 ± 0.10 23.16 ± 1.58 0.030 ± 0.002 1.02 ± 0.15 0.510 ± 0.009 
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More OB were observed in infected cells in cholesterol cultures (Fig. 4A) compared 
to cholesterol-free cultures (Fig. 4B). Cholesterol was reported as essential for 
normal morphogenesis of the ODV membranes (Bellonick et al., 1997). Normal
ODV membrane morphogenesis (presence of membrane profiles and occluded 
virions) was observed in cholesterol-free infection cultures (Fig. 4D). However,
nucleocapsid (arrows) numbers appeared to be lower in cholesterol-free infections
(Fig. 4D) compared to cholesterol cultures (Fig. 4C), suggesting that this might lead 
to lower OB numbers. 

Figure 2:Effect of cholesterol on virus morphogenesis.
(A&C) Cholesterol infection cultures. (B&D) Cholesterol-free infection cultures.

4. CONCLUSIONS 

Cholesterol is non-essential for H. zea cell growth in serum-free suspension culture.
However, it is required for both the conditioning of the cells before infection and 
during infection to achieve high production yields of HaSNPV. Cholesterol is also 
important for the production of BV. The morphogenesis of ODV and OB occlusion 
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appeared normal in cholesterol-free infections but lower numbers of nucleocapsids 
were observed. 

5. REFERENCES
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1. INTRODUCTION 

Insect cell culture technology is widely used for the production of large quantities of 
biologically active recombinant proteins. However, the development of improved 
culture media able to support high-density suspension cultures of insect cells is 
required for large-scale productions. Currently, conventional media formulations for 
the culture of such cells are usually supplemented with fetal bovine serum (FBS). 
Because of the risks associated with the use of animal-derived materials, protein 
hydrolysates generated by acid or enzymatic hydrolysis from plant proteins became 
an interesting alternative to FBS. In particular, rapeseed proteins seem to be a 
valuable source for animal or insect cell cultures because of the high abundance of 
rapeseed cattle cake as raw material and its well-balanced amino acid composition.

The aims of this work were to test the ability of rapeseed proteins or hydrolysed 
derivatives to support the growth of Sf9 insect cells in low or serum-free media and 
to compare the kinetics of growth, substrate consumption and by-product formationt
during cultures performed with various medium combinations. 

2. PREPARATION OF RAPESEED SUPPLEMENTS

The rapeseed concentrate and hydrolysate have been obtained from a basic 
extraction and an enzymatic hydrolysis of rapeseed cattle-cakes. The extraction 
procedure increases the proportion of proteins by a factor 2 (75%) compared to the
level found in cattle cakes (33 %). Additional components such as fibres, lipids and 
ashes remain present at a low level. The concentrate contains mainly peptides with a 
molecular weight higher than 10 kDa. Alternatively, 74 % of the soluble peptides in
the hydrolysate contain less than 10 amino acids, and a very low level of free amino
acids is observed (table 1).

© 2004  Printed in the Netherlands. Springer.
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Table 1. Composition of the rapeseed protein concentrate and hydrolysate 

Degree of 
hydrolysis (%) 

Free amino
acids (% w/v) 

Size < 1 kDa 
(% w/v)

Size 1-10 kDa
(% w/v)

Size > 10kDa
(% w/v)

Concentrate N.A. N.D. 9 17 74

Hydrolysate 32 1.2 74 23 3

(% w/v of soluble nitrogenous compounds)             N.A.: not applicable    N.D.: not determined 

3. SF9 INSECT CELL CULTURES

3.1. Serum-containing medium (SCM) with rapeseed hydrolysate (RH)

Figure 1. Growth kinetics of Sf9 cells cultured in 250 ml erlenmeyer in SCM or SCM+RH 

The addition of protein hydrolysate only slightly enhances the growth of Sf9 cells in 
serum-containing medium, even if the maximal specific growth rate is higher 
(figure 1). The kinetics of carbohydrates, glutamine, lactate and ammonium ions are 
identical for both media. Sugars are consumed in the following order: glucose, then 
fructose and sucrose. Glutamine was never a limiting factor. Lactate and ammonium 
ions levels were not significant all over the culture.  

3.2. Serum-free medium (SFM) and rapeseed concentrate (RC) or hydrolysate (RH) 

No cytotoxic effect of the rapeseed concentrate was observed (figure 2). The serum-
free medium supplemented with the hydrolysate has a strong effect on both the
maximal cell density (+ 60%) and the specific growth rate. With the three media, no 
differences in carbohydrate and lactate metabolisms have been detected. No
limitation in glutamine occurred in all tested conditions since its consumption 
remained at a significant rate during the course of the culture.
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Figure 2. Viable cell density in SFM, SFM supplemented with RH or SFM with RC

3.3. Serum-free medium (SFM) and lactalbumin hydrolysate (LH) 

The addition of lactalbumin hydrolysate does not affect strongly the growth of Sf9
cells in serum-free medium. However, without lactalbumin, the same maximal cell
density is reached 100 h later and is maintained for a shorter period of time (table 2).
The rapeseed concentrate was able to enhance the maximum cell density in a higher 
manner than lactalbumin, though a lower specific growth rate was obtained.  

Table 2. Maximal viable cell density and specific growth rate of Sf9 grown in various media 

Medium SCM SCM 

+ RH

SFM SFM + LH SFM + RC SFM 

+ RH

Xmax (106 cells.ml-1) 2.3 2.6 2.5 2.5 3.0 4.0 

µmax (h-1) 0.023 0.032 0.018 0.025 0.013 0.023

4. CONCLUSIONS AND PERSPECTIVES 

From this work, it appears that the proteic concentrate from rapeseed does not 
present any cytotoxic effects on insect cells even in serum-free medium and that the 
rapeseed hydrolysate can enhance the growth of Sf9 cells more efficiently than the
bovine lactalbumin hydrolysate. However, this effect is much lower with serum-
containing medium. Interestingly, the supplementation of the media with rapeseed 
components does not induce any significant changes in cell metabolism. In future 
studies, rapeseed proteins and peptides will be tested with other cell lines. In 
particular, the metabolism of such peptides will be more deeply assessed and the 
effect of such plant components will be studied on recombinant proteins 
productivity and quality.
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HYBRIDOMA CELL CULTURES. A NUTRITIONAL
FUNCTION STUDY. 

1 Department of Agrotechnology and Food Science, Food and 
Bioengineering Group, Wageningen University, P.O. Box 8129,

6700 EV Wageningen, The Netherlands 
2 Quest International Nederland B.V., P.O. Box 2, 1400 CA Bussum-

Holland, The Netherlands

1. INTRODUCTION

For the production of pharmaceutical proteins with animal cells often media are used 
containing components of mammalian origin. Since these components may contain 
infectious agents, industry aims at using media that are mammalian-source free.t
Wheat-gluten-derived protein hydrolysates are promising components for the
development of such media. They are free of infectious agents and have been shown 
to be beneficial for animal cell cultures. The aim of this study was to elucidate the 
nutritional function behind the beneficial effect of wheat-gluten-derived protein 
hydrolysates and compare the performance of these hydrolysates to that of the meat-
derived Primatone™ RL for a hybridoma cell-line. 

2. MATERIAL AND METHODS 

A murine hybridoma cell line was used producing a humanized monoclonal 
antibody. A serum-free medium was used supplemented amongst others with bovine 
serum albumin (1g.dm-3) and Pluronic (0.8 g.dm-3).

Chemostats and perfusion cultures were performed in a 3 dm3 bioreactor 
(Applikon Schiedam, the Netherlands) with a working volume of 1 dm3. The 
dissolved oxygen concentration was maintained at 50% DO. The pH was controlled 
at 7.2 and the temperature was maintained at 37°C. The dilution rate in the 
chemostats was controlled at 0.64 day-1. For the perfusion system cell retention was 
attained using an acoustic cell separator (Biosep 10 dm3, Applikon). A bleed rate of 
0.1 day-1 and a dilution rate of 1 day-1 were applied.  
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The two control chemostats contained basic medium with the free amino acids of 
1.25 g.dm-3 HyPep™ 4601. One chemostat contained 1.25 g.dm-3 HyPep™ 4601 
and one contained the free amino acids of 1.25 g.dm-3 HyPep™ 4601 and 1.15 g.dm-

3 HyPep™ 4605 Dev. The three perfusion cultures contained basic medium with
respectively the free amino acids of 2 g.dm-3 HyPep™ 4602 Dev, 2 g.dm-3 HyPep 
4602 Dev, and 2.5 g.dm-3 Primatone™ RL with 0.29 g.dm-3 glutamine. HyPep™ 
4601, 4605 Dev and 4602 Dev all contain a large fraction of di- and tripeptides.
HyPep™ 4605 Dev contains relatively more larger peptides. HyPep™ 4602 Dev 
contains 28% free amino acids, which is only slightly less than Primatone™ RL.
HyPep™ and Primatone™ RL are protein hydrolysates from Quest International. 

2. RESULTS

Figure 1 shows that upon addition of wheat-gluten-derived protein hydrolysates the 
cell density increases with 25%. Upon addition of Primatone™ RL, however, the
viable-cell density more than doubled in the perfusion system. Viability and 
productivity (data not shown) remained constant upon addition of hydrolysate. 

Figure 1. Steady-state viable cell concentration and viability in chemostats and perfusion 
culture for different culture conditions. Control 4605, . HyPep 4605, . Control 4601, .

HyPep 4601, Control 4602, . HyPep 4602, . Primatone

In figure 2 it can be seen that upon addition of wheat-gluten-derived hydrolysates, 
the consumption rate of free amino-acid nitrogen decreases. In the chemostats it can 
be directly seen that this is compensated by the consumption of nitrogen in the form 
of peptides. 

For the perfusion cultures the viability was low and a lot of peptides were 
released from dead cells. However, a decrease in peptide production can be seen at 
constant viability, indicating the consumption of peptides. Thus, the increase in cell 
density is probably caused by the availability of peptides as an additional source of 
nitrogen. 
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Figure 2. Nitrogen balances (( ), for the chemostat (A) and perfusion cultures (B). Different 
nitrogen consumption rate contributions in the form of: consumed free amino acids.

produced free amino acids . peptide amino acids. ammonia, biomass, . product .

In the case of Primatone™ RL less nitrogen is wasted in the form of excreted free
amino acids. This more efficient use of amino acids in addition to the consumption
of peptides en the fact that slightly more free and peptide amino acids were present 
in the medium causes the extra increase in cell density seen for Primatone™ RL.

CONCLUSIONS

Wheat-gluten-derived protein hydrolysates cause an increase in cell density due to 
the consumption of peptides that form an extra source of nitrogen and as such can
replace Primatone™ RL. 

Further research should study whether wheat-gluten-derived protein hydrolysates 
can also replace the function of Primatone™ RL that results in a reduction of 
nitrogen waste metabolism. 
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SYNTHECHOL  SYNTHETIC CHOLESTEROL FOR 
CHOLESTEROL DEPENDENT CELL CULTURE --

DEVELOPMENT OF NON-ANIMAL DERIVED
CHEMICALLY DEFINED NS0 MEDIUM 

Sigma-Aldrich Corporation, PO Box 14508, Saint Louis, MO 63178 USA

Abstract. Traditional serum supplemented cell culture medium is fast becoming outdated as new
technology permits the omission of most animal derived protein from the culture system. Cell lines 
derived from the NS0 myeloma cell line are rising in popularity for biopharmaceutical production, due to 
their high cell growth potential and their subsequent high production yields. However, because of their 
cholesterol auxotrophic nature, NS0 derived cell lines are particularly challenging for medium 
development. The first hurdle lies in the fact that there is no source of non-animal derived cholesterol. 
Second, cholesterol is not water-soluble and thus requires supplementation at the point of use. To address 
these issues, Sigma-Aldrich has produced SyntheChol™ (Sigma C1231); a synthetic, non-animal derived 
cholesterol.  Initial results demonstrate that SyntheChol behaves similarly to animal-source cholesterol
when dissolved in ethanol and supplemented in Hybridoma Medium, Animal Component Free (Sigma 
H4409). Furthermore, we have developed a sterile, liquid (500X), ready to add SyntheChol NS0 
Supplement (Sigma S5442) with increased stability in cooler conditions. The results showed that 
SyntheChol NS0 Supplement is a stable and effective production-enhancing supplement as compared to
both competitor supplements and natural cholesterol dissolved in ethanol. SyntheChol NS0 Supplement
can be added to any medium prior to use. Finally, the development of the synthetic cholesterol, 
SyntheChol, has offered an opportunity of manufacturing an animal component-free, chemically defined 
NS0 medium. 

1. INTRODUCTION

The NS0 cell line obtained from the European Collection of Cell Cultures (ECACC
culture number 85110503) is described as a mouse myeloma cell line with
lymphoblastic morphology. It is a subclone of the NS-1 cell line that is traditionally 
known to be cholesterol dependent for cell growth. This condition is particularly
challenging for a serum free/protein free medium manufacturer. NS0 derived 
subclones are quickly gaining ground in the biopharmaceutical-manufacturing arena
as a cell line of choice for several reasons. First, NS0 cells are very hardy, 
proliferative cells. Because they grow in suspension, they lend themselves easily to 
use in the larger and more complex stirred tank and perfusion bioreactor systems. 
Most importantly, NS0 recombinant clones are very productive. 

Cholesterol is not water-soluble. The lipid-like characteristics of cholesterol 
make it appear hazy in liquid medium. This condition worsens over time and is
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accelerated by storage in cooler conditions. Furthermore, until very recently there 
was no non-animal source of cholesterol on the market.  Recently Sigma-Aldrich 
Corporation developed a non-animal, synthetic cholesterol, called SyntheChol™ 
(Sigma C1231).  Using this newly created SyntheChol, we have further developed a 
sterile, ready to add (500X) liquid, SyntheChol™ NS0 Supplement (Sigma S5442) 
with increased stability in cooler conditions. In this study, the effects of SyntheChol 
and SyntheChol NS0 Supplement on cell growth and rIgG production in NS0 cells
and NS0-derived recombinant clones are presented.

2. MATERIALS AND METHODS 

Cell Lines and Cell Culture Media  Stock NS0 and  NS0 derived recombinant clonea
cell stocks were maintained in Hybridoma Medium, Animal Component Free 
(Sigma H4409), supplemented with 10mM L-Glutamine (Sigma G7513), and 5mg/L
animal derived cholesterol (Sigma C3045 and/or C8667) or SyntheChol (Sigma 
C1231) which was dissolved in 200 proof ethanol.
Cell Culture and Cell Growth Assays  Cell stocks were maintained at 37°C, 5% CO2

and 95% Rh in an incubator. Stock cultures were between 50,000 and 1,000,000 
cells/ml.  For studies involving competitors’ media and supplements, cell stocks 
were taken from serum containing basal medium and adapted to the respective test 
media. All cell stocks were harvested with at least 90% viability and were in log 
phase growth. All assays included a no cholesterol control and a cholesterol control. 
All reported results are the average of two replicate spinner flasks for each
condition. Cell counts were done on a Scharfe Systems CASY-1 cell counter and a 
hemocytometer by Trypan Blue dye exclusion method.
Quantitation of Recombinant IgG  Samples were centrifuged to remove cells and 
supernatants were submitted for analysis. An affinity chromatography method was
employed utilizing a Dionex model #AD 20 UV VIS detector with a Protein G
cartridge from Applied Biosystems catalog number 2-1002-00.
Mass Spectrometry  Analytical comparison of animal-derived cholesterol (C8667)
and SyntheChol (C1231), by reversed phase HPLC with UV and MS detection wasy
performed using the following equipment and parameters: Waters 2690;t
Phenomenex C18 (2), 5 mm, 50 x 2 mm column; column temperature, 40 °C; 
isocratic mobile phase, 95% ACN 5% H2O; flow 0.100 mL/min; injection volume, 
10 ul; run time 20 min; Micromass LCT; ionization by positive ion atmospheric 
pressure chemical ionization (APCI).

3. RESULTS AND DISSCUSSION

As shown in Figure 1, SyntheChol, performs as well as both animal-derived 
cholesterol and fetal bovine serum in supporting NS0 cell growth. Furthermore,
analytical data shows that the physio-chemical behavior of SyntheChol is in
agreement with that of animal derived cholesterol (data not shown). The two 
products have similar chromatographic profiles. The UV chromatograms show that ff
the samples are quite pure.  The only major peak detected was that of cholesterol.  
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The two products yielded nearly identical mass spectra (background subtracted). 
The only major ion detected was m/z 369.40.  The monoisotopic molecular weight 
of cholesterol is 386.3549.  Under the ionization conditions the C-O bond is 
extremely labile and the loss of the OH group results in a carbocation with the
monoisotopic mass of 369.3521.  This is in agreement with the observed peak in the
mass spectra.  The accurate mass measured for C8667 was 369.3555.  The accurate
mass measured for C1231 was 369.3548.  These two masses are in agreement within 

0.7 mDa. 
In Figure 2, the SyntheChol NS0 Supplement (Sigma S5442) is then shown to 
perform as well as SyntheChol dissolved in ethanol and is offered as a sterile, ready 
to add supplement with increased stability in cooler conditions. This has been
demonstrated in spinner flask culture and bioreactors.
The SyntheChol supplement is further shown to be as good as or better than a
competitor’s equivalent product with regard to growth of NS0 recombinant cells.  
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Figure 1.  Comparison of animal derived cholesterol and synthetic cholesterol (SyntheChol,FF
Sigma C1231) in supporting NS0 cell growth.  Cell growth of NS0 cells were tested with
Sigma hybridoma medium (H4409) supplemented with 2% FBS, 5 mg/L of animal-derived
cholesterol and synthetic cholesterol.  Both animal-derived and synthetic cholesterol were
dissolved in Ethanol. The synthetic cholesterol exhibited growth characteristics comparable
to the animal-derived cholesterol and FBS.

Figure 2.  Comparison of NS0 cell growth in spinner flask and bioreactor with SyntheChol-FF
EtOH and SyntheChol Supplement (Sigma S5442). NS0 cell growth was tested with Sigma
hybridoma medium (H4409) supplemented with 5 mg/L of SyntheChol dissolved in ethanol or
supplemented with SyntheChol Supplement (Sigma S5442).  Both formats of SyntheChol
support similar cell growth in spinner flask and 5 L bioreactor. 
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obtained from a testing of the second recombinant NS0 clone (data not shown). 

4. CONCLUSION

Sigma-Aldrich Corporation has produced the non-animal derived cholesterol called 
SyntheChol (Sigma C1231). This product promotes the growth of NS0 and NS0 
derived cell lines in Hybridoma medium totally devoid of animal derived 
components (Sigma H4409).  SyntheChol NS0 Supplement (Sigma S5442) enhances 
the solubility of the SyntheChol molecule for easier use. This supplement is supplied 
as a 500X concentrate, is sterile filtered, and ready for use. SyntheChol NS0
Supplement provides similar or better growth and rIgG production as compared with 
SyntheChol dissolved in ethanol and a leading competitor’s product. 

5. REFERENCES 

Merten, O-W., Safety issues of animal products used in serum-free media, in Animal Sera, Animal Serarr
Derivatives and Substitutes Used in the Manufacture of Pharmaceutical: Viral Safety and Regulatory 
Aspects. Dev. Biol. Stand. Basel, Karger, 99, 167-180, 1999. 

Peppers, S., Allison, D., Johnson, T., Talley, D., Caple, M., Replacing the animal component in serum: 
evaluating raw materials of inclusion in optimized hybridoma media.  BioPharm., 14(5), 22-30, 2001.

Gorfien, S., Paul, B., Walowitz, J., Keem, R., Biddle, W., Jayne, D., Growth of NS0 Cells in Protein-
Free, Chemically Defined Medium.  Biotechnol. Prog., (16), 682-687, 2000. 

Wrotnowski, C., Cell culture media trends mirror bioindustry.   Gen.  Eng. New, 20(8), 8, 2000.

0.0E+00EE
5.0E+05EE
1.0E+06EE
1.5E+06EE
2.0E+06EE
2.5E+06EE
3.0E+06EE
3.5E+06EE
4.0E+06EE
4.5E+06EE

0 1 2 3 4 5 6 7 8 9 100

DaDDyaa

V
ia

b
le

C
e
ll

s/
m

l

SyntheChol-ECC tOEE HOO SyntheChol SupplemCC ent S5442mm ComCC petitor Amm

0.0

10.0

20.0

30.0

40.0

50.0

6 7 8

DaDDyaa

Ig
G

u
g
/m

l

SyntheChol-EtOCC HOO SyntheChol SupplemCC ent S5442mm ComCC petitor Amm

Cell Growth IgG Production

Figure 3.  Cell growth and rIgG production of NS0 recombinant clone 1 were compm ared

using the medium supplemented with SyntheChol-E- tOH, Compm etitor A product and
SyntheChol Suppu lement (Sigi ma S5442). gg NS0 cell growth was tested with Sigma hybridomaNN
medium (H4409) supplemented with 5 mg/L of SyntheChol dissolved in ethanol or
supplemented with SyntheChol Supplement (Sigma S5442).  Although the cell growth is
slightly lower in the medium with SyntheChol Supplement, the total IgG production and
specifi ic Iff gII G productivitytt is higi her or comg pm arable to other tested sampm les in the NSO

When used with an IgG producing NS0 derived recombinant clone thm e SyntheChol 
NS0 Supplement is as good as or better than the competitors’ product with regard to
IgG production (as shown in Figure 3). This data is further confirmed by the data
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NS0 DERIVATIVES: MAB PRODUCTION IN LARGE-
SCALE SFM FORMATS
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Abstract NS0 is a mouse myeloma cell popular in the construction of hybridoma and transfectoma for 
large-scale heterologous protein expression. For reasons of regulatory compliance, cost, batch
consistency, downstream processing, and materials availability, commercial application of NS0 has 
moved toward one of many available serum free media (SFM) platforms. There exists today no full-
complement SFM that will support the high performance culture of NS0 derivatives in large-scale culture. 
Nevertheless, solutions to many implementations have been developed, and high yield production in
large-scale SFM applications is now possible. 

MATERIALS AND METHODS 

Serum-free media: HyQ® ADCF-MAb™, a protein- and animal derived 

component- free (ADCF) medium; HyQ® SFX MAb™, a chemically defined (CD) 

protein-containing medium; and HyQ® SFM4MAb™, a rich, low-protein
production medium with robust properties. Lipid supplements to support NS0 and 
other cultures include two cyclodextrin-based, CD and ADCF lipid dispersions.tt

One, HyQ®LS-1000™, is a 1000x concentrate providing cholesterol and requiring
dilution immediately prior to use. Another, HyQ®LS250™ provides cholesterol and 
other lipids, and may used in supplementation at any time prior to culture initiation 
and may be filtered after dilution. Cell lines employed to demonstrate performance
include ECACC 85110503 null NS0, and a particularly troublesome proprietary 
pSV based NS0 transfectoma (rNS0) from this line. Culture modes include shake 
flask, 10L Celligen® and 3L Applikon® bioreactors. Employing our Metabolic
Pathway Design™ approach, HyClone is optimizing media and applications to the 
nutritional requirements and production kinetics of NS0 in specific culture modes. 
Also, attention is paid to supporting popular product purification approaches.

NS0 Properties

Robust growth, a sound regulatory pedigree, and success in a variety of fusion,
transfection, selection and production approaches are properties that make NS0 a
practical candidate for expression of product. Apoptosis is known to be an issue in 
the culture of murine myeloma, and their derivative hybridoma, especially under 
conditions of environmental or nutritional stress (1). Shear force sensitivity is of 
concern in suspension culture. Product secretion kinetics through the culture cycle of 
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many hybridoma, including NS0 are an issue. A variety of nutrient and culture
environment perturbations have been shown to induce increased production rates 
(2). Cholesterol is required by all animal cells for a number of functions including
the maintenance of membrane fluidity. As the need for expression in serum-free
environments developed, it was discovered that NS1 and derivatives had become
auxotrophs for cholesterol. Glutamine may be available to cells in culture through 
absorption from the ambient medium or production by glutamine synthetase from 
glutamate and asparagine. NS0 have been shown to be auxotrophs for glutamine. 
This phenotype is used as a popular selection system in transfectoma production (3).

Growth Media 

NS0 can be adapted to a number of commercially available serum-dependant culture 
media. Many researchers and commercial rprotein producers wish to availrr
themselves of the variety of SFM available. For example, suspension cultures of 

NS0, in HyQ® SFM4MAb™ supplemented with HyQ®LS high cholesterol lipids, 
seeded at 2x105 cells/ml supports culture 
densities to over 8x106 cells/ml (Fig. 1).
While much has been accomplished in 
this arena, NS0 derivatives still present 
unique challenges to large-scale SFM 
culture (4). Culture modes and scale 
appear to be of more than average import 
for SFM application. While there are 
some configurations of serum-free, and 
especially protein-free, culture that remain
problematic, many of them have been
successfully implemented. Many examples of high levels of cell density and total
product accumulation in large-scale applications have been reported by private
concerns that hold their formulas and procedures as trade secrets. We have

demonstrated the suitability of HyQ®
SFM4MabTM and HyQ® LS Lipids to
rNS0 in 10L perfusion bioreactor 
culture (Fig. 2). Sub-clones and 
derivatives of NS0, due to the
diversity of their means of generation 
and maintenance, complicate the 
identification of “NS0” media 
requirements. Product expression, 
secretion, and net production in both 
hybridoma and transfectoma have

been shown to be very dependant upon nutrient supplementation, alteration, timing 
and depletion as well as other culture environment perturbations. Various culture
manipulations and nutritional regimens have been reported to increase net 
production in NS0. Many represent a common theme that cultures inhibited for 
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nominal cellular proliferation, can be stimulated to higher overall product 
accumulation on a per cell, culture volume, or time basis. However, most appear to 
be derivative/ medium/culture configuration dependant (5). Approaches to reducing 
the problem of apoptosis include avoiding particular nutritional and environmental 
stresses. Chemical additives that have been shown to reduce or inhibit apoptosis
may be a consideration here, too. Iron transport is always an issue in the 
development of any SFM. Added transferrin will normally replace the transport 
potential provided by serum. In protein-free formulations, a variety of chelators and 
added iron have been shown to support most cultured cells, although many have a 
preference for particular complexes. Glutamine supplementation is an absolute
requirement for these cells that cannot produce it on their own, but are obligate for 
an exogenous source. However, functional genes for glutamine catabolism from 
glutamate or other intermediates are available to NS0 from transfection or fusion to 
other cells. The most popular selection system for transfectoma production employs 
this system. Amino acid, vitamin, 
trace element and other ion
concentration/ratio optima for 
various myeloma and derivatives,
including NS0, have been
reported for decades (6). General 
basal conditions, as well as high-
density feeding and perfusion 
approaches for any particular 
application can be established 
from them. However, review of 
these formulations, as well as direct experimentation, reveals significant sub-clone,
derivative, basal formulation, and culture mode induced variation in these 
requirements.  For example, it is not uncommon to see an NS0 producer reported to
require additional supplementation of a particular amino acid in an application, and 

discover that your culture is either 
not utilising it, or actually producing 
it. For example, null NS0, rNS0, and 
rGS NS0 demonstrate divergent 
amino acid usage in HyQ® 
SFM4MAb™ (Fig.3). Lipids, due to
their very limited solubility in
aqueous media, are a special issue in
culture media supplementation. The
fact that NS0 require such a high

concentration of a sterol (for example, 2– 6 mg/L of cholesterol) is a particular 
challenge to supplementation. There are many technologies available for this 
supplementation including the use of PC based vesicles, emulsions, microemulsions,
carrier proteins, and carrier polymers such as one of the cyclodextrins (7). For 
example, HyQ® ADCF MAb TM (A), SFX MAb TM (B), SFM4MAb TM (C), and 
CCM-1TM plus the high cholesterol supplement HyQ® LS Lipids support rNS0 
culture and production (fig. 4). Cholesterol loads efficiently into certain 
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cyclodextrins, and the resultant complex is filterable, stable, and innocuous,
however, the nature of the association leads to instability in high dilution is some 
formulations.  Products and systems are available for large-scale SFM applications
of NS0 derivatives, yet adequate complete media (including sufficient cholesterol),t
and fed-batch system supporting supplements are not yet commercially available.
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Abstract. Sericin protein derived from silkworm cocoon was added to the culture of various mammalian
cell lines including human hepatoblastoma HepG2, human fibroblasts and so on. The proliferations of all 
cell lines tested were accelerated in the presence of sericin and its mitogenic activity was comparable to 
that of bovine serum albumin (BSA), one of the best supplements for the culture medium. Sericin deriveduu
from silkworm cocoons would be a preferable supplement for culture media because the risk of infection 
to human was not reported, while BSA is obtained from bovine serum and the risk of infection such as
bovine spongiform encephalopathy cannot be avoided. Recombinant sericin peptides synthesized by E.
coli (1) also stimulated the growth of hybridoma as well as sericin derived from silkworm did. These
results indicate that sericin is a novel and suitable mitogenic supplement for mammalian cell culture. 

1. INTRODUCTION 

Although many serum-free media have been developed, most mammalian cells
require bovine serum or its replacement in the culture medium. But the risk of 
infection such as bovine spongiform encephalopathy (BSE) could not be avoided.
Therefore a novel factor for mammalian cell culture is strongly required and we
propose silk protein sericin as such a factor. 

Sericin, together with fibroin, is the major component of raw-silk. Sericin, a 
gummy coating on raw-silk filaments, is removed by a treatment called degumming 
in order to make silk lustrous and semitransparent. Degumming treatment is an
alkaline scouring operation at a temperature of about 95˚C. Recently, novel 
functions of sericin were reported. Sericin functions as an antioxidant to inhibit 
tyrosinase and lipid peroxidation (2). Feeding sericin to mice prevent them from 
colon carcinogenesis induced by 1,2-dimethylhydrazine (3). DMBA-TPA-induced 
skin tumorigenesis is also suppressed by sericin (4). Recombinant sericin peptide 
had protective effects against freezing stress in E. coli. (1).

We previously reported that sericin accelerates proliferation of various
mammalian cell lines such as hybridoma (5). Here, it is reported that sericin induces
proliferation of several human cells and that recombinant sericin peptides are also
useful. 
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2. MATERIALS AND METHODS

Sericin was prepared from cocoons of Bombyx mori. One liter of 0.2 % sodium 
carbonate solution with 20 g of the cocoon was heated at 95˚C for 2 hours and then 
filtrated with a glass microfiber filter in order to remove fibroin. The filtrate was
dialyzed against deionized water and dried up by spray dryingd . The recombinant 
sericin peptides were synthesized in E. coli transfected with pQEserD and pQEserT, 
and prepared by the method of Tsujimoto (1). The peptide had a high proportion of 
hydrophilic amino acid residues (Ser, 45%; Gly, 16%; Thr, 11%; Asn, 11%). 

Human hepatocarcinoma HepG2 was cultured in DME-medium supplemented 
with 10% FBS or in ASF104N medium (Ajinomoto, Japan). Human fibloblast was 
purchased and cultured in FGM. Hybridoma 2E3-O was cultured in ASF104
medium (Ajinomoto). Viable and non-viable cell densities were determined by the 
trypan blue exclusion method using a Neubauer improved hemocytometer (Erma,
Tokyo, Japan).

3. RESULTS AND DISCUSSIONS
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Fig.1 Effect of sericin on proliferation of human hepatocarcinoma HepG2 

3.1. Effect of sericin on proliferation of human hepatocarcinoma HepG2 

Human hepatocarcinoma HepG2 were cultured in DMEM supplemented with 10%
FBS. 268,000 cells were seeded into each well and cultured for one day. Then 
medium was changed into ASF 104N serum-free medium supplemented with sericin
or BSA. As shown in Fig. 1, sericin significantly improved the culture, while BSA 
failed to improve the culture.
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3.2.Effect of sericin on proliferation of human fibroblast.

Sericin was added into the culture of human fibroblast and the effect on the 
proliferation was assayed (Fig.2). In the presence of 0.1% sericin, fibroblast 
proliferate at higher rate than in the absence and than even in the presence of BSA.

3.3.Effect of recombinant sericin peptidest

Recombinant sericin peptides were prepared. pQEserD and pQEserT encode dimer
sericin and tetramer sericin peptides, respectively. 16,000 hybridoma cells were
seeded in ASF104 medium with 0.03% sericin peptide and cultured for 3 days 
(Fig.3). Both dimer and tetramer sericin significantly accelerated the proliferation. 
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Abstract. In-situ microscopy is the concept of monitoring micro organisms in the original production
environment inside a fermentor. A new type of in-situ microscope suitable for both batch and long-term 
fermentation runs is presented. First results with the new type of in-situ microscope show that it is 
possible to integrate the in-situ microscopy system for process control purposes.

1. INTRODUCTION

To increase quality and yield of biotechnology processes, it is useful to obtain
information about direct process parameters in real-time. Furthermore, online 
information about a cultivation is a requirement for a complete automation of the 
cultivation process. Up to now samples are taken off the bioreactor and cell number 
and viability are determined offline. It is not possible to control the process without 
interfering with it. In-situ microscopy is a new method based on image analysis that 
allows for counting of direct cell parameters online (Bittner et al., 1998, Suhr et al.,
1995, Camisard et al., 2002). Images of cells are acquired directly in the bioreactor, 
the digital data is analysed automatically by image analysis algorithms and serves
for controlling the bioprocess. A first in-situ microscopy application, according to
industrial requirements, is described by (Joeris et al., 2002). 

2. MATERIALS AND METHODS

2.1. The in-situ microscopy system 

The in-situ microscope consists of the in-situ microscope hardware, the 
microcontroller, a compact PC with a frame grabber, an image analysis software and 
a control software for the microscope itself. In combination with the frame grabber 
and a progressive scan CCD-camera the in-situ microscope represents the image
acquisition unit. The frame grabber digitizes the analog signal from the CCD-camera 
and the digital data can be evaluated by means of image analysis. To acquire in-situ 
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images the microscope fits into a bioreactor’s standard 25 mm side port. The 
sampling zone is defined by two sapphire windows that work as slide and cover slip 
of a standard light microscope. In contrast to previous types of the in-situ
microscope the new flow-through sampling zone consists of a fixed slide and a 
movable cover slip. The two steel tubes of the microscope are attached to stepper 
motors. To define the sampling zone volume a micro controller gives a signal to a
stepper motor attached to the outer tube and the desired height of the sampling zone 
is adjusted. With a second stepper motor, attached to the interior tube, the objective 
is automatically focussed. 

To monitor yeasts, achromatic objectives with a 20-fold magnification (overall 
magnification 400-fold) and numerical aperture of 0.4 are used. To monitor 
mammalian cell cultivations, achromatic objectives with a 4-fold magnification
(overall magnification 80-fold) and a numerical aperture of 0.1 are used. 

2.2. Online process control 

With the in-situ microscope it is possible to control the cultivation process based on
direct cultivation parameters (e.g. cell concentration, cell size). For this purpose it is 
necessary to develop adequate algorithms for each cell type. In the following image
analysis for mammalian cells is shown as an example. The image analysis algorithm 
is based on the algorithm described by (Frerichs, J.-G., 2000).

Image 1 in Figure 1 shows an image of CHO cells taken during a perfusion
cultivation. The magnification is 80-fold. Two main features are visible in Image 1: 
cells and bubbles. In the first step of image analysis the background is separated 
from the bubbles and cells by automatic thresholding. Each region is labelled, 
bubbles and cells are separated. This step results in Image 2 that represents cells and 
Image 3 that represents bubbles. The bubble area is substracted from the total field 
of view. This step is necessary to calculate the cell density. During the next step of 
image analysis (region growing) each area representing a single cell is evaluated.
The outline of each cell is defined and cell size and cell volume are calculated. The 
results of image analysis allow to calculate the cell concentration. 
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Figure 1. Image analysis embedded in the process control.

In a first attempt yeasts were used as a test organism because of the simple
handling compared to mammalian cells. The image analysis for yeasts works similar 
but due to different cultivation conditions no bubbles occur. 

3. RESULTS

For online process control of cultivation processes by in-situ microscopy it is 
necessary to monitor a wide range of cell concentration in the cultivation vessel 
without the possibility of dilution. To test the new flow-through sampling zone the
yeast concentration in a 3 L bioreactor was permanently increased. The results show
that there is a linear dependency between the cellular dry weight and single cells 
calculated with the image analysis software. Up to a cell concentration of about 
4⋅108 cells/mL it was possible to monitor the accumulation of yeasts in the 
bioreactor without recalibration.

Concerning mammalian cell cultivations, the in-situ microscope was tested in a
perfusion system with 5 L working volume. The test organisms were CHO cells.
The results of image analysis were compared to an automated cell counting system, 
Cedex (Innovatis, Bielefeld, Germany). Up to a cell concentration of about 9⋅106

cells/mL it was possible to monitor the cultivation without recalibration. 
The results allow for the embedding of the in-situ microscopy system in a 

cultivation regulating system. In a first step yeasts were used to test a process
control based on in-situ microscopy. The aim of this yeast cultivation was to
optimize the control of glucose concentration to minimize the poduction of ethanol
and to maximize the growth rate. To run the complete cultivation at the optimal rr
glucose concentration a regulating system based on the CO2 concentration in the
exhaust air and the biomass calculated by the in-situ microscope was developed. The 
cultivation of the strain S. cerevisiae H620 was carried out in a 1,5 L bioreactor. A
profile for the glucose concentration was run with a maximum of 0.08 g/L and a 
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minimum of 0.05 g/L. Images were taken and biomass was calculated every minute. 
During the cultivation no ethanol was produced, though the system is not very stable 
yet. However, these very early results of bioprocess control by direct cell parameters 
are very promising.
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1. INTRODUCTION 

In biotechnology, animal cell culture is widely used for the production of many 
biologicals such as vaccines, monoclonal antibodies, or other recombinant products.
Microcarriers are being used in high-density cell cultures in several bioprocesses, 
which can be divided in three categories, a) high-yield production of cells or cell 
products, b) studies of cells in vitro, c) routine cell culture techniques. The
advantage of this technique is that anchorage-dependend cells are growing on the
surface of small spheres, so the disadvantages of a standard monolayer culture can
be avoided by increasing the surface area with the use of microcarriers. 

The cell densities achieved by this process can be 20 times higher per culture 
volume compared with a monolayer bottle, resulting in a higher yield.

Our aim was to develop an analytical system to monitor a microcarrier 
cultivation process. Therefore a model cell line (NIH-3T3) was grown on different 
microcarrier spheres. The most important criterion for the microcarriers was the size 
and size distribution, as flow cytometry is limited to smaller objects not exceeding 
200 µm. 

2. MATERIAL AND METHODS

Several different microcarriers were used for the usability testing (Cytodex 1 and 3, 
130-215 µm, Amersham Pharacia, Sweden; Glass Microcarriers, 90-150 µm and 
Plastic Microcarriers 150-210 µm, Cellon SA, Luxembourg; Polystyrene Beads 
45.6 µm ± 6.5 µm, Polyscience, Germany).

The microcarreris were pretreated according to the manufacturers instructions.
The inoculation density of the microcarriers was 2 g per liter culture medium with a
cell density of 2,5⋅104 cells per ml. Cultivations were carried out in 500 ml spinner 
flasks (Techne, England) in RPMI 1640 supplemented with 5 % newborn calf 
serum. During the first 3 h of cultivation an intermittent stirring was chosen with 
2 min stirring at 30 rounds per minute followed by 30 min pause. Samples were 
drawn every 12 h for analysis of glucose, lactate concentration, phase contrast 
microscopy, in-situ microscopy and flow cytometry.
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The large scale cultivation process was performed in a self-build 5 l steel tank 
reactor with an adjusted 25 mm port for the in situ microscope. The sampling zone 
of the microscope is located between an illuminated condensor and an objective with
two sapphire windows working as slide and coverslip of a standard light 
microscope. The inoculation density of microcarreris and cells were identical with
the small scale cultivations.

Flow cytometric analysis was done using the MacroSort module of the FACS 
Vantage SE (BD Biosciences) with a 200 and 400 µm nozzle. All samples (5 ml) 
were washed once with PBS and fixed in 70 % ethanol for at least 1 h at –18 °C. t
Prior to flow cytometric analysis, the microcarriers were rehydrated in 5 ml PBS and 
stained with Propidiumiodide (250 µl; 50 µg/ml PBS).

3. RESULTS AND DISCUSSION 

In-situ microscopy has proven to be a suitable tool for monitoring the plating 
efficiency and the cell density for every chosen microcarrier. The pictures obtained 
during fermentation had a similar quality with the phase contrast pictures (see Fig. 
1).

Figure 1: Cytodex 3 microcarriers 65 h after inoculation with NIH-3T3 cells. Left picture
showing an in-situ picture with 400 times magnification; right picture showing a phase 

contrast picture with 400 times magnification.

One of the major limitations in flow cytometry analysis of microcarrier cultivations
is the limited size range that can be detected. Usually the particles should be two to 
four times smaller than the nozzle size; all standard microcarriers were analysed 
using the 400 µm nozzle, the model microcarriers with 45.6 µm diameter were
analysed using the 200 µm nozzle. All chosen standard microcarriers caused tube or 
nozzle blocking. The 45.6 µm polystyrene spheres have shown a good plating 



MICROCARRIER CULTIVATIONS 595 

efficiency and due to the small diameter were easily detectable by flow cytometry
(see Figure 2).

Figure 2. Flow cytometric analysis of a sample, 48 h after inoculation with NIH-3T3 cells.
Side scatter was plotted against fluorescence intensity, showing 4 populations corresponding 
to single cells, microcarreriers with no cells and an increasing amount of cells attached to the

surface.

Flow cytometric analysis has shown a good correlation in judging the plating 
efficiency with the in-situ microscopy and microscopic analysis. By plotting 
sidewards scattered light against fluorescence intensity four separate populations
were distinguishable corresponding to single cells, microcarriers with no cells and 
an increasing amount of cells attached to the surface. 

Both systems, in-situ microscopy and flow cytometry have proven to be a
suitable method for gaining informations about cell density and plating efficiencya
fast and reliable. 
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Abstract. Accurate estimation of fluxes in a bioreaction network is critical as metabolic fluxes are a key 
determinant of cell physiology and function. The input data for metabolic flux estimation by the 
metabolite balancing technique includes the growth rate of cells and specific nutrient uptake and 
metabolite production rates. These rates are computed from experimental measurements of the primary
cell, nutrient and metabolite concentrations. As a result, any error in experimental measurements of the
primary variables propagates into the rate estimates, which in turn affect the accuracy of the resulting 
metabolic fluxes. In this study, we present analysis of the error associated with computing metabolic 
fluxes using a combination of experimental and theoretical approaches. Baby Hamster Kidney (BHK) and 
Chinese Hamster Ovary (CHO) cells were cultivated in perfusion culture at approximately 20 x 106

cells/mL. Samples were periodically drawn from the bioreactors and analyzed for cell, nutrient and 
metabolite concentrations. The error associated with these primary variables was first determined by
performing multiple measurements after which the Gaussian law of error propagation was used to 
estimate errors associated with specific rates and metabolic fluxes in an established metabolic network. 
This analysis helped establish relationships between the errors in metabolic fluxes and those in the 
primary variables allowing a priori prediction of the errors in metabolic fluxes. 

1. INTRODUCTION

Mammalian cells are being increasingly used for the production of complex 
therapeutic proteins as they have the ability to correctly fold and glycosylate these
proteins. To achieve optimal protein productivities in mammalian cell cultures, it is 
desirable to have a good understanding of the physiological state of the cells. 
Metabolic flux analysis (Stephanopoulos et al., 1998) offers a convenient framework 
for quantifying cellular metabolism by providing carbon flux estimates in a defined 
biochemical network. These fluxes are estimated either by performing a mass 
balance on the nutrients and metabolites (Metabolite balancing approach) or through
the use of labeled carbon substrates followed by subsequent NMR or GC-MS 
analysis (Isotope labeling approach).  

As metabolic fluxes provide valuable quantitative information on the 
physiological state of cells, it is important to adequately characterize the uncertainty

©  Printed in the Netherlands. Springer.2005



598 C. GOUDAR, ET AL.

associated with their estimation. Metabolic flux estimation requires specific rate data 
which in turn are computed from primary variables such as cell, nutrient, metabolite 
and product concentrations. Hence errors in measurements of the primary variables
will propagate into the flux estimates and it is important to quantify the nature and 
extent of the influence of primary variable errors on those in metabolic fluxes. 
Several approaches for characterizing errors in biochemical reaction networks have
been proposed (Noorman et al., 1996; van der Heijden et al., 1994a; van der Heijden
et al., 1994b; Wang and Stephanopoulos, 1983) and we apply some of these
concepts to characterize the error properties of a biochemical reaction network for 
mammalian cells

2. THEORY 

A general method for calculating error propagation is through computation of the 
total differential. For the function y=f(x1,x2,...,xn)nn with n independent variables 
x1,...,xn the total differential is 
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3. RESULTS

The error associated with measurement of primary variables was determined by 
performing multiple measurements after the cell culture reached steady state. The
errors associated with primary variable measurements are presented in Figure 1 
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while those for specific rate estimation are shown in Figure 2. The harvest cell
density measurements were characterized by the highest relative error (~30%) and d
this is primarily because of the low cell density (~0.1 x 106 cells/mL) in the harvest 
stream. Amino acid measurements were characterized by average relative errors on 
the order of 20% while relative errors in the other primary variables were less than 
10%. These specific rates were subsequently used for metabolic flux estimation and 
the standard deviations associated with the calculated fluxes are shown in Figure 3. 

Figure 1. Relative errors in the primary variables used for specific rate estimation

Figure 2. Relative errors in specific rates computed from the primary variables in Figure 1 
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   Reaction

metabolic

flux 

(pM/ cell/ d)

standard 

deviation

(pM/ cell/ d)

  Reaction

metabolic

flux

(pM/ cell/ d)

standard

deviation 

(pM/ cell/ d)

1 Glc   →   Glc6P 1.31110 0.16478 14 Glu   →  αKG + NH4+ 0.46350 0.23649

2 Glc6P   →    2 GAP 1.30830 0.13663 15 GAP + Glu   →  αKG + Ser 0.00090 0.02698

3 GAP  →   Pyr  2.51110 0.25527 16 GAP + Glu    →  αKG + Gly 0.10310 0.02676

4 Pyr  →   Lac 2.10300 0.23786 17 Lys  → 2 ACoA + 2 CO2 -0.05600 0.03691

5 Glc6P   →   Rib5P + CO2 0.00120 0.04162 18 Ile   →  ACoA + SuCoA  0.12120 0.05661

6 Pyr   →   ACoA  + CO2 1.28990 0.36299 19 Leu →  3 ACoA 0.09660 0.05665

7 Pyr + Glu  →  Ala +  αKG  0.10860 0.00866 20 Glu   →  Pro   -0.01770 0.02349

8 ACoA + OAA   →   aKG + CO2 1.56120 0.09744 21 Thr  →  SuCoA 0.11670 0.01208

9 αKG  →  SuCoA + CO2 2.01500 0.13480 22 Val  → SuCoA + CO2 0.07470 0.03707

10 SuCoA   →  Fum 2.32760 0.12934 23 OAA + Gln →  Asn + aKG -0.18210 0.04925

11 Fum →  OAA 2.32760 0.15589 24 OAA + Glu →  Asp + αKG  -0.04260 0.04919

12 OAA →  Pyr + CO2 0.99040 0.31180 25 3 ADP + NADH + 0.5 O2 → 3 ATP + NAD
+ 8.96780 0.45038

13 Gln  →  Glu + NH4
+ 0.75640 0.07434 26 2 ADP + FADH2 + 0.5 O2 → 2 ATP + FAD 2.56400 0.23422

Figure 3. Errors in metabolic fluxes computed from the specific rates in Figure 2 

4. CONCLUSIONS 

We have characterized the propagation of errors from the primary variables in a 
perfusion system into specific rates and subsequently into the estimated metabolic
fluxes. Given the fundamental role that metabolic fluxes play in the description of 
cellular physiology, characterization of the uncertainty associated with the computed 
metabolic fluxes is critical. The approach presented in this study enables such a 
characterization and allows for robust characterization of cellular physiology from 
metabolic flux data. 
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Abstract. We present a method for analyzing experimental data from mammalian cell batch bioreactors 
through functional approximation. Specifically, a 4-parameter generalized logistic equation (GLE)
described time profiles of viable cell density while two reduced forms of the GLE with 3 parameters
described nutrient uptake and metabolite/product formation. Experimental data were accurately described 
by the GLE and its reduced forms, suggesting the validity of this approach. These equations were 
analytically differentiable thereby allowing rapid estimation of specific rates, often variables of interest in
a batch culture. From a computational standpoint, the approach presented in this study is significantly 
simpler in comparison to classical kinetic formulations involving Monod type kinetics. Overall, the 
simplicity of the approach presented coupled with its ability to accurately describe batch experimental 
data should make it an attractive option for modeling mammalian cells in batch culture.

1. INTRODUCTION 

The conventional approach to model mammalian cells in batch cultures has been
through the use of unstructured kinetic models that are variations on the classical
Monod equation (Bree et al., 1988; Dhir et al., 2000). Simple Monod-type equations
with one limiting substrate are easy to work with (Heidemann et al., 1998) while 
models involving multiple substrates are computationally difficult to implement as
they involve nonlinear estimation of a large number of kinetic parameters from a
system of nonlinear differential equations. A general approach that does not rely on
the use of kinetic models and is applicable over the entire time course of the 
experiment is to fit polynomials to experimental data (Linz et al., 1997). However,
as time profiles of cell, nutrient and product concentration exhibit exponential 
behavior, they are difficult to describe by polynomial functions (Stephanopoulos et 
al., 1998). 

In the present study, we recognize the advantage of using a general 
functional representation of batch experimental data and present the application of a 
generalized logistic equation for modeling mammalian cells in batch cultures. A 
single equation was adequate to accurately describe time profiles of all 
experimentally measured variables and as this function was analytically 
differentiable, it allowed for rapid estimation of specific rates.
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2. THEORY 

2.1. Generalized Logistic Equation

It is desirable to have an analytically differentiable function that can describe 
experimental data accurately. Subsequent computation of the derivatives is trivial 
because they can be readily obtained from the differented form of the original
function. Several functions were evaluated for this purpose and the following four 
parameter generalization of the logistic equation (Jolicoeur and Pontier, 1989) was
found to provide the best description of experimental data 

1

1
X

C1 exp

=
t t

exp2C2

t t
C

t −exp2C2
1 2D D1 2

p2D D2 p2

 (1) 

where X is the independent variable and could be X any of the state variables measured 
in the bioreactor including cell density, nutrient, metabolite or product 
concentration.  The t is time and C1, D1, C2CC , D2 are model parameters, all non-
negative. 

3. RESULTS AND DISCUSSION 

3.1. Description of Experimental Data 

The time profiles of viable cell density for two experiments with CHO cells are
shown in Figure 1. Experimental data were accurately described by the GLE.
Specific growth rates were calculated from the time derivatives and these are also
presented in Figure 1. Time profiles of glucose, lactate, glutamine and ammonia are 
shown in Figure 2 along with GLE equation fitted curves. The specific uptake rates 
for glucose and glutamine and specific production rates for lactate and ammonia 
were subsequently computed from the time derivatives. 

3.2. Comparison with Existing Kinetic Approaches 

The GLE and its reduced forms presented in this study allow for accurate functional
representation of experimental data from mammalian cells in batch culture. As 
these functions can be readily differentiated and integrated, they allow for rapid 
estimation of specific rates and other related metabolic parameters that can be used 
to characterize the physiology of the system. While this approach is conceptually 
similar  to polynomial approximation of experimental data, it is superior because the
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Figure 1. Viable cell density in two batch experiments with CHO cells. The points are
experimental data while solid lines are fits to the GLE. The calculated specific growth rates

are shown as dashed lines
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Figure 2. Time profiles of glucose, lactate, glutamine and ammonia in a batch culture with
CHO cells. The points are experimental data while solid lines are fits to the GLE. The

calculated specific uptake/production rates are shown as dashed lines
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exponential nature of the time profiles of the state variables are difficult to describe
by polynomial functions (Stephanopoulos et al., 1998). In the polynomial fitting 
approach different functional forms may be required for each of the state variables. 
Another advantage of the formulation presented in this study is that a single function 
can be used to describe all the major state variables (cell density, nutrient, 
metabolite and product concentrations) in a batch system. 

4. CONCLUSIONS

We have illustrated application of the functional approximation approach to analyze
data from mammalian cells in batch culture through the use of a generalized logistic
equation and its reduced forms. Time profiles of cell density, nutrients and ff
metabolites were accurately described by the logistic equation and time derivatives
of these variables were readily computed resulting in rapid and accurate estimation
of specific rates. The general nature of this approach, coupled with the ability to 
rapidly obtain accurate estimates of specific rates should make it an attractive
alternative for describing the dynamics of mammalian cell growth and protein
production in batch culture. It can also serve as an important tool for designing
optimal feeding strategies for mammalian cells in fed-batch culture 
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1. THEORY 

The in-situ microscope (ISM) is a utility developed to acquire images of mammalian
cells, directly inside a bioreactor (in-situ) during a fermentation and is suited for 
either batch or long-term perfusion fermentation runs. The system fits into a 25mm 
standard port, features a retractable housing and can be serviced without interruption 
of the process. A sampling zone inside the bioreactor encloses a defined volume of 
culture and an image sequence is taken. The height of the sampling zone is set by 
the control program and can be adjusted during the cultivation to accommodate a
wide range of change in cell density. Process relevant information like cell density is
extracted from the images by digital image processing routines, currently under 
development for CHO and BHK cells. A detailed description of the system can be
found in [1]. The following results show the averages of 20 images for each ISM
measurement point. The Cedex results were also derived from series of 20 images. 

2. RESULTS AND DISCUSSION

2.1. BHK Perfusion Culture  

BHK cells were cultivated in perfusion mode in a protein-free medium formulation.
Experiments were conducted in a 15L bioreactor (Applikon, 12L working volume).
The temperature was maintained at 35.5 °C and the agitation was kept constant at 70
rpm. Dissolved oxygen (DO) concentration was maintained at 50% air saturation by 
silicone cage aeration. Bioreactor pH was maintained at 6.8. 

The cell accumulation phase and two days of the steady state are shown in figure
1. The focal setting of the microscope was changed on day two to facilitate the
image processing. ISM 1 shows results obtained with an image processing routine
developed in Optimas 6.1 (Media Cybernetics, Silver Springs, MD, USA). The 
routine used a local smoothing operation followed by segmentation based on a 
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threshold set for minimum variance of dark object gray values. Cells were detected 
as points with predefined diameter. ISM 2 shows the results of a slightly modified 
routine that gave better results at low cell densities. 
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Figure 1. BHK Perfusion Culture.

2.2. CHO Batch and Fed-Batch Cultures

CHO cells were cultivated in batch (figure 2) or fed-batch mode (figure 3) in a 
protein-free medium formulation. Experiments were conducted in 15L bioreactors
(10L working volume). The temperature was maintained at 36.5 °C and the agitation 
was kept constant at 40 rpm. Dissolved oxygen (DO) concentration was maintained 
at 50% air saturation by sparging a mixture of oxygen and nitrogen into the 
bioreactor. Bioreactor pH was maintained at 6.8 by the addition of either CO2 or 
0.3M NaOH. 
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Figure 3. CHO Fed-Batch Culture.

The images were analyzed using the algorithm described in [2]. The algorithm was 
slightly modified for the fed-batch application. Only the first 8 days of this fed-batch
are shown in figure 3, since the reprocessing of the images has not been completed 
yet.
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3. SUMMARY

The in-situ microscope was successfully tested in CHO batch/fed-batch and BHK 
perfusion cultures. The results correlate well with the cell counts obtained by the 
Cedex system. It showed good stability and proved to be useful as an industrial
application. 
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1. INTRODUCTION

Accurate and reproducible values of cell number form the basis of all experimental 
work with mammalian cells. I am presenting a prototype of a microtube system for 
the assessment of cell mass based on packed cell volume (PCV). Glass PCV tubes
are currently being used, but they require large sample volumes (5-10 ml) and are
dependent on swinging bucket rotors for centrifugation. The microtubes presented 
here were manufactured by Techno Plastic Products AG in Trasadingen,
Switzerland and have been designed according to the following criteria:
1.) all cells settle into the calibrated capillary during centrifugation (up to 10’000g). 
2.) the tubes are compatible with common fixed angle and swinging bucket rotors. 
3.) up to 1 ml of sample fits into the tube. 

2. RESULTS 

The prototype of the PCV microtube is depicted in Fig. 1. Manufacturing of the final 
version is in progress and will have a distinct marking for direct reading of total cell 
volume in µl. Prototype tubes were rigorously tested using a centrifuge with a
swinging bucket rotor for 1.5/2 ml tubes (Eppendorf 5417C, A-8-11 rotor). After a 
brief centrifugation, all cells were found within the defined capillary. The height of 
the cell pellet, visible to the naked eye, defines the volume that is occupied by the
cells (Fig. 1). This volume is transformed into PCV (%) using the formula:  

PCV (%)  =  (volume of cell pellet/volume of sample) x 100 

After centrifugation the column of packed cells within the capillary still contains a
given fraction of medium (filling the space between the cells). This fraction depends 
on  the time and speed of centrifugation. Both parameters were studied separately
and eventually defined to get reproducible results. Initially, 300 µl of CHO-DG44
suspension cells (at a cell density of 4.2 x 106 cells/ml and a viability of 98%) were
pipetted  into microtubes and centrifuged at different speeds (850 g = 3000 rpm, 
9500 g = 10’000 rpm) (Fig. 2, left panel). The experiment was done in duplicate
(series A and B), and each point represents the average of two PCV microtubes.  
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Even though the cells were pelleted within 30 seconds a 1 minute centrifugation
period was chosen as the standard time. For this centrifugation period there was a 
strong effect on the PCV up to a speed of 2000 g (Fig. 2, left panel). Beyond 2000 g 
the volume of the pellet was further decreased, but to a lesser extent. Based on these
results a speed of 2380 g (5000 rpm) was chosen as the standard for all further 
experiments.  

Figure 1. Prototype PCV microtube. The depicted tube is manufactured from transparent 
polystyrene. The capillary has a volume of 5 µl. A graduated scale for easily reading the PCV 
will be printed onto the tubes. Left: 2 samples in  duplicate. Right: A sample with 3.6 µl of 
packed cells corresponding to 1.6 million CHO cells. 

Next, the effect of centrifugation time was studied for speeds of 5000 rpm and 
10000 rpm (Fig. 2, right panel).  Centrifugation for 30 seconds at 5000 rpm was not 
sufficient to achieve a compact pellet, but pellet size did nott vary for centrifugation
times between 1 and 10 minutes. At 10000 rpm the pellet became more compact 
with longer periods of centrifugation.
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added. B) Effect of centrifugation time. Per tube 400 µl of CHO cells at 3.2 x 106 cells per ml 6

were added (n=4). 
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The PCV can be calibrated as cell number per ml, making it a powerful method for 
quantitating cells. In order to demonstrate the reliability of the PCV method two
different cell lines (NS0 and CHO) were used in a comparative study. Serial 
dilutions of the cells were carefully prepared and analysed by the trypan blue
method, an automated counting method (Casy, Schärfe Systems), and PCV 
microtubes. All three methods correlated linearly with the dilutions (Fig. 3). Since 
the PCV was calibrated against the manual cell counts, the slope of these curves was 
identical. The Casy counts were close to the manual counts for the NS0 cells, a 
culture in which no aggregate formation occurred. For the CHO cells grown in 
serum-free medium we routinely saw small aggregates of about10 cells at densities
above 1 million cells per ml.  This caused a systematic underestimation of the cell 
number when cells were counted with the Casy.
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Figure 3. Quantitation of cell number by PCV in comparison with two established counting 
methods. NSO cells and CHO cells were serially diluted and counted in parallel by PCV, 
Casy and trypan blue methods.

3. CONCLUSION 

The disposable PCV microtubes represent a rapid and accurate approach for 
measuring the packed cell volume using only a small volume of sample. A
centrifugation step of 1 minute at more than 2000g is sufficient to pellet the cells. 
The method covers a wide dynamic range starting at a detection minimum that is
below 100’000 cells per ml. Since the capillary holds about 2 million cells and the 
loading volume is 1 ml or less, there is no upper detection limit. No dilution or 
further manipulation of the samples is needed in order to rapidly obtain a result that 
represents an absolute value.  PCV can be calibrated against any desired value such
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as cell number, protein content or metabolic activity. With tha ese features the assay is
one of the simplest and most rapid for obtaining precise information about a cell 
culture. 
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1. INTRODUCTION 

Baculovirus/insect cells expression system is widely used for the production of 
active recombinant proteins. Several methods have been proposed to assess more 
accurately the progress of baculovirus infection and to have a better control of 
processes involving this expression system. However, these methods, on-line or off-
line, such as the measurement of the oxygen uptake, the relative permittivity of the 
viable biomass, the cell density or viability by trypan blue might be subject to
important errors or provide only an average value for the whole cell population 1.
Alternatively, flow cytometry has emerged in the past years as a potential tool to
monitor baculovirus infection since this technique is able to give statistically 
valuable information about individual cells int  a heterogeneous population 2.

The aim of this study was to set up a flow cytometric method to monitor the
infection of Sf9 insect cells by a recombinant baculovirus and to test more precisely 
by flow cytometry the extent of infection of insect cells by a baculovirus expressing 
the human α 1,3/4 fucosyltransferase (Fuc-TIII) in batch process.

2. DEVELOPMENT AND OPTIMIZATION OF THE IMMUNO FLUORESCENT 
LABELING PROTOCOL

In order to detect the fluorescent labelling by flow cytometry in combination with
RALS properties, cells producing the recombinant Fuc-TIII were permeated and 
treated with rabbit anti Fuc-TIII and anti rabbit FITC sera (figure 1A). The
specificity of the antibodies were verified by flow cytometry: the specificity of anti-
Fuc TIII antibody (figure 1B, left) is shown by fluorescence histograms of non
infected cells (1) labelled with the 1st and the 2t nd Abs, (2) with the 2d nd Ab only, (3)d

cells (48 hpi) or labelled with both Abs. The specificity of FITC-conjugated antit
rabbit IgG was verified in a similar manner (figure 1B, right): fluorescence 
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histograms revealed infected cells (48 hpi) labelled with (1) no antibody, (2) the a
FITC-labelled antibody only, (3) or both antibodies. 

Figure 1: Staining procedure and antibody specificity as show by flow cytometry

3. MONITORING OF BACULOVIRUS INFECTED SF9 CELLS GROWN IN
SUSPENSION BATCH CULTURES

Suspension cultures of Sf9 cells were infected (figure 2) in the early exponential 
growth phase (5.105 cells.ml-1, left column) with a MOI of 0.1 pfu.cell-1 (white 
symbols) or 10 pfu.cell-1 (black symbols), or near the end of the growth phase 
(24.105 cells.ml-1, right column) with a MOI of 0.05 pfu.cell-1 (white symbols) or 2 
pfu.cell-1 (black symbols). In these experiments, the vertical line represented the 
time of infection. 
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4. CONCLUSIONS 

Using side-scattered light coupled to green fluorescence detection after 
immunolabeling of the recombinant protein, the method allowed monitoring of 
baculovirus infection of Sf9 batch cultures infected with different MOI and TOI. 
The technique was capable to precisely assess the extent of infection of the insect 
cells from 60 hours post infection. In asynchronously infected SF9 cell cultures, the 
two-step infection process (primary and secondary infection) was well characterised 
using this technique.

Figure 2: Baculovirus infection of Sf9 cells grown in batch culture 
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This technique is especially useful for the development of perfusion cultures, where 
infection with high MOI can be difficult because of the high cell densities and 
consequently the large quantities of virus required. In such processes, monitoring
infection by flow cytometry as described in our study could help to choose a MOI in
order to get an efficient infection of all cells in the culture. 
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1. INTRODUCTION
Glutamine is an essential amino acid that provides a major energy source in 
mammalian cells. It plays the role of both carbon and nitrogen sources. The
concentration of glutamine strongly influences the cell metabolism that governs cell
growth and monoclonal antibody productivity. Many experiments have been carried 
out in order to comprehend glutamine concentration on the cell metabolism, 
however the relationship remains somewhat unclear (Vriezen, N. and J. P. Dijken
(1998), Matsuoka et al. (2001)). Recently, the technique for estimating intracellular 
metabolic fluxes from extracellular utilization and production rates has been
developed. In this study a chemostat culture was carried out under a wide range of 
glutamine feed concentrations and intracellular metabolism was studied by using 
metabolic engineering technique.

2. MATERIALS AND METHODS 

In this study chemostat culture under non-serum media was carried out in the widem
range of glutamine feed concentration and change of the metabolism by using
metabolic engineering technique was examined. A mouse-mouse hybridoma 4-8H 
was used. 4-8H was cultured in a 1 L fermentor with a 400 mL working volume at 
37 ± 0.1 °C. pH and DO were maintained at 7.2 and 40 % of air saturation by CO2
and O2 influx in the headspace, respectively. Agitation speed was 70 rpm. A fresh 
medium, which was composed on the basis of  RPMI1640: DMEM: F12 = 2:1:1, 
adding 1 g/L insulin, 0.55 g/L, transferrin, 0.2 g/L ethanolamine, 0.67 g/L selenium 
and 1 % Penicillin-Streptomycin-Neomycin antibiotics mixture, was continuously 
supplied as dilution rate was 0.45 d-1. Concentrations of glucose, glutamine, 
glutamate, lactate, and ammonia were measured by YSI biochemical analyzer or 
enzymatically measuring kits. Other amino acids concentrations were determined by 
HPLC.

Intracellular fluxes were estimated by using the modified metabolic engineering
method on the basis of Europa et al. (2000). When the stoicheometric matrix of mass 
balance, A, was constructed, the metabolic flux vector, x, is, 

         x=(ATΨ–1A) –1 ATΨ–1r

where r and r Ψ is the specific rate vector and the correlation matrix, respectively. 
Amino acids composition was used reference data (Akimoto et al. (1997)).
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Figure 1. Specific glucose and FF
glutamine consumption rates

3. RESULTS AND DISCUSSION 

Experimental data was collected under five kinds of steady state conditions (Table 
1); low glucose and low glutamine concentration (a-c), and high glucose and high
glutamine concentration (d,e). In a-c, glutamine is a limiting factor because feed 
glutamine was completely consumed in the fermentor. In c-e, the limitation of 
glucose consumption is negligible. 

Table 1 Glucose and glutamine concentration of inlet and outlet to fermentor 

a b c d e
in 7.3 7.4 7.2 26.5 25.8
out 4.6 3.1 1.7 20.4 19.6
in 0.36 0.64 1.29 2.09 4.13
out 0 0 0 0.54 1.61

Glucose [mM]

Glutamine [mM]

Figure 1 shows that glutamine consumption rate is strongly influenced on glutamine
concentration. However glucose consumption rate is not so influenced in low
glutamine concentration. Figure 2 shows as follows,

1. Fluxes of amino acids except that of glutamine to glutamate are 10-times 
lower than those related to glycolysis (a-e).  

2. 23-28 % of consumed glucose is utilized as a carbon source for proliferating
cells (a-e).

3. The TCA cycle works well in very low glutamine concentration (a), as well as 
in both sufficient glucose and glutamine feeding (d,e).  

Figure 3 shows that the flux of pyruvate utilization to the TCA cycle is large in 
very low glutamine concentration (a), as well as in high glutamine concentration 
(d,e). Figure 4 shows that the flux of catabolization of amino acids becomes larger, 
according to decrease of glutamine concentration (a-c). However the utilization rate 
of amino acids for biomass and IgG production does not influenced on glutamine
concentration (a-e). The flux from 
glutamate to α-ketoglutarate is less than 
half of the flux that glutamate enters the 
TCA cycle due to the action of 
transaminase in low glutamine
concentration (a-c). However they are 
comparable in high glutamine
concentration (d,e). It is suggested that the
region of effective glutamine utilization to 
the TCA cycle exists in low glucose and 
low glutamine concentration range. In this
region both catabolization rate of amino
acids and glucose utilization rate to the
TCA cycle are much larger. 
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EVALUATION OF A NOVEL CAPACITANCE PROBE
FOR ON-LINE MONITORING OF VIABLE CELL 

DENSITIES IN BATCH AND FED-BATCH ANIMAL
CELL CULTURE PROCESSES

F. Hoffmann-La Roche Ltd., Pharmaceuticals Division, Nonclinical 
Development, Biotechnology, CH-4070 Basel, Switzerland 

Abstract. A novel capacitance probe was evaluated and found to monitor well both exponential growth 
and importantly also death phases of batch and fed-batch CHO cell fermentations. 

1. INTRODUCTION

The viable cell density is one of the most important parameters to monitor in anymm
cell culture process. In development and production it can be useful e.g. for the 
timing of cell transfers in the inoculum train or from inoculum to production
reactors and for the timing of feed additions in fed-batch processes. Culture
turbidity, fluorescence, or capacitance properties have been used to estimate the
biomass concentration on-line (1-4). The currently available and often employed 
optical density probes, however, have limitations when cell viabilities decrease as 
they measure culture turbidity rather than viable cell density (2). 

Therefore we have recently begun to investigate a novel capacitance probe for 
the determination of viable cell counts in CHO cultures. Results are compared with 
data obtained from on-line turbidity measurements. Off-line analyses included 
packed-cell volume determinations, manual cell counting with a hemacytometer 
using the Trypan Blue exclusion method and cell number/cell-size distribution 
measurements with a CASY counter. 

2. MATERIALS AND METHODS 

CHO cell cultures were performed in serum-free medium based on a mixture of Dul-
becco’s, Ham F12 and Iscove’s powdered media (5). The medium contains the 8kD 
ultrafiltered hydrolysate Primatone RL (Quest, NL) and insulin at 5mg/L. Bioreactor 
experiments were performed at 37°C in 25 l airlift bioreactors (Chemap, CH). pH
was maintained at pH 7.2, while the dissolved oxygen (DO) level was kept at 30%
air saturation. The gas flow rate was set at 1 l/min total flow rate with additional 
oxygen enrichment when necessary. The reactor was fitted with a novel capacitance 
probe (Biomass System®, Fogale, Nimes, F) and an optical density probe (Aquasant,

© 2004  Printed in the Netherlands. Springer.
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Bubendorf, CH). The capacitance data was recorded using Fogale’s data acquisition
software (X System) on a desktop PC. An on-line conductivity signal is also avail-
able. Off-line analyses included packed-cell volume determinations using graduated 
glass centrifuge tubes (Kimble, US), manual cell counting with a hemacytometer 
using the Trypan Blue exclusion method and cell number/cell-size distribution 
measurements with a CASY counter (Schärfe, D).

3. RESULTS AND DISCUSSION 

Capacitance and conductivity signals were recorded for several batch and fed-batch 
CHO cell fermentations. Figure 1 presents the acquired data from one such run and 
points out the different phases of the cultivation, e.g. exponential and death phases

G. SCHMID AND D. ZACHER
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of the on-line signals for capacitance and optical density (Figure 3) demonstrates 
that the culture turbidity fails to match the capacitance signal (and thus the viable 
biomass) completely during the death phase due to signal originating from dead 
cells/debris. However, the influence of physiological changes in cell state on the
capacitance signal cannot be neglected and was indeed clearly identified, e.g. before 
and after feed additions during CHO fed-batch cultivations (Figure 4). 
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Figure 4: Fed-batch growth of CHO cells: Sensitivity of the capacitance signal to feed 
additions

4. CONCLUSION

Exponential growth and importantly also death phases of CHO batch fermentations
are described well by an on-line measured capacitance signal. Fed-batch cultivations 
demonstrate the sensitivity of the signal to physiological changes in cell state.
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and the beginning of base addition. Figure 2 shows the excellent agreement of the 
capacitance signal with the viable cell counts determined by Trypan Blue staining or 
CASY counter (not shown) during the exponential growth phase. During the death 
phase, however, there is some discrepancy between the two data sets. A comparison  
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EXPRESSION IN HELA CELLS: FOLLOW-UP OF A
CHIMERIC REPORTER GENE BEHAVIOUR FOR 

PROCESS DEVELOPMENT
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Abstract : We studied in chimeric EGFP-Photinus luciferase HeLa cells the expression of fluorescence 
and luminescence in different cell culture conditions  (medium with or without Serum, static or dynamicm
conditions, in suspension or on microcarriers) as a model to follow the productivity of a recombinant 
protein . By studying the effect of Butyrate known as general but unpredictable stimulating agent for 
protein expression, we were able to establish the optimal conditions for efficacy ( concentration, time of 
addition, …) 

INTRODUCTION

Chimeric EGFP-Photinus luciferase reporter gene has been proposed  to improve 
clone selection and high-throughput screening, both for CHO and HeLa cells (1).

As the measure of the amount or the activity of recombinant protein produced  in 
cell culture is a time  and manpower consuming activity, a more straightforward 
essay of productivity would be useful to develop and  optimize a process of 
production. Our aim in the present work was to evaluate the possibility of using   the 
fluorescence or luminescence of  such chimeric cells to follow the productivity
under Butyrate treatment. 

MATERIAL AND METHODS

The HeLa cells construct described in the above mentioned paper (1) was used and 
EGFP and Luciferase expression were followed by fluorescence microscopy, or 
photometry,  by cytofluorimetry or luminometry. In some experiments the CHO 
equivalent construction was also used. The gene being under the control of TRE, is 
an inducible system  activated by ATP or phorbol esters. The cells were growny
either in TC flasks or in Spinner flasks, either in suspension or on microcarriers, in 
medium with or without addition of Serum. 

©  Printed in the Netherlands. Springer.2005
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Butyrate being a general but unpredictable enhancer of  protein expression, we have
studied the fluorescent-luminescent properties of the cells to establish the optimal
conditions for its use. We have also studied the effect of agitation on t-PA 
production in transfected CHO(2) in parallel to the expression of  EGFP in the 
chimeric CHO. 

RESULTS

Under butyrate treatment, cell fluorescence and luminescence are enhanced. 
Butyrate has a transitory effect which reached its maximum 16 hours after its

addition. Its effect is function of its concentration as studied up to 5 mM where a
toxic effect is already clearly visible. 

ATP present an enhancing effect up to a saturation level at a concentration of 
1mM. A synergic effect between ATP and Butyrate is observed.  

Either in suspension or  on microcarriers, it was shown that Butyrate enhanced 
greatly the protein productivity only during the early phase of culture.

The  parallel study of the EGFP-luciferase CHO and t-PA-CHO  (2) was of 
interest since we showed that the expression of t-PA by these cells readapted to 
Serum and grown on Cytodex 3 in spinner flasks, differed also significantly under 
different shear stresses. Those cells maintained their adhesion dependent growth up
to an agitation in spinner at 200 rpm. Only at 300 rpm some detachment of the cells 
from the microcarriers can be observed together with subsequent mortality. It should 
be mentioned that this agitation at 300 rpm correspond to a critical shear stress of 
1N/m2, as calculated by computational fluid dynamics, using "Fluent software" (3).
Under this agitation however, as at 200 rpm ,  the t-PA productivity is higher than at 
50 rpm.

CONCLUSIONS

The fluorescent-luminescent system used was shown to be of interest to evaluate the 
influence of critical parameters affecting the action of butyrate which has general
but unpredictable enhancing properties. In particular we screened easily  in this way
the optimal concentration and time of addition of butyrate to the culture in order to 
obtain a significant transitory  increase of recombinant protein production. It must 
be mentioned that others , by using other kinds of  fluorescent cells have reached 
similar conclusions independently (4). Our chimeric system offered however the
possibility to follow two different recombinant proteins in parallel. The system may 
be also useful to predict the limit of acceptable shear stress for the production of a
given recombinant protein.

As we were becoming aware that Lisa Hunt was following  independently a
similar track as us in Florian Wurm's laboratory, we expressed to her our wishes to 
collaborate with her along this line and she was reacting very positively with her 
usual  enthousiasm. However she died soon after from a tragic mountain accident. 
We wished to reiterate at this occasion  our remaining emotion in her memory.
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SCALABLE, SERUM-FREE, HIGH EFFICIENCY 
TRANSFECTION OF CHO CELLS USING AN
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Abstract. Reports on large-scale transient gene expression (TGE) in mammalian cells focus on two
transfection technologies. Polyethyleneimine (PEI) and calcium phosphate (CaPi) mediated transfection 
have both been shown to work at scales beyond 10 liters. Unfortunately, both approaches yield higher 
recombinant protein (r-protein) levels in the presence of serum than in its absef nce.  Since serum is a
major cost factor and generally a hindrance to protein purification, our goal is to develop a productive 
large-scale TGE process in the absence of serum. 
Large-scale TGE is a way of providing, within weeks, enough r-protein for many applications including
development of downstream processing, activity testing, stability and formulation studies, and pre-clinical
and animal studies. HEK 293 cells are the typical host for TGE, but r-proteins for medical applications
are preferably produced in stable CHO cell lines. Thus, problems arise when comparing test results from 
transiently produced and stably produced material.  To eliminate this problem we propose a TGE process
in CHO cells.
CHO-DG44 cells were cultivated and transfected in a chemically defined media using PEI as transfection
vehicle. The procedure, was scaled up to 20 liters, yielded expression levels in the same range as in HEK 
cells, e.g. around 8 mg/l for intracellular and for secreted proteins. 

INTRODUCTION

It is generally accepted that the fastest method for the production of r-proteins in 
mammalian cell, is transient gene expression (TGE)[1]. The classic calcium 
phosphate coprecipitation (CaPi) method and its modifications, polyethyleneimine
(PEI) mediated transfection, as well as continuous flow electroporation, have been
shown be useful DNA-transfection methods. These three approaches have been
shown to be economical, highly efficient and applicable at larger scales for cells in 
suspension, while commercially available liposomes are also efficient, but 
prohibitively expensive at larger scales. Human Embryonic Kidney cells (HEK 293)
are usually used for TGE. In order to make TGE acceptable to the authorities as a
means of producing proteins for early clinical studies and eventually for the
manufacturing of orphan drugs and vaccines, we developed a method to transfect 
Chinese hamster ovary cells (CHO) under serum-free conditions. 

©  Printed in the Netherlands. Springer.2005
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MATERIALS AND METHODS

Suspension CHO DG-44 cells were expanded in ProCHO5-CDM, (BioWhittaker) in
shaken square flasks. A human IgG was expressed from plasmids containing them
genes encoding for the light chain and for the heavy chain cloned into the pEAX8 
backbone or into pMYC/EF1 containing a murine CMV promoter and an EF1α
enhancer. pEGFP-N1 (Clontech) was used as transfection efficiency marker as well
as for optimization of transfections. PEI was used as transfection reagent. Prior to 
transfection, the growth medium was changed for the transfection medium. PEI and 
DNA were diluted individually into transfection solutions. The PEI solution was
then added to the DNA, and after 10 minutes, the mixture was added to the cells.
After 4 to 6 hours of incubation the culture was diluted with the growth medium. 
The transfection method was optimized in shaken 12-well plates (MicroSpin)[2],
and then scaled up into bioreactors (BR). 

In order to optimize the transfection conditions, different transfection solutions,
150 mM NaCl and 5% glucose, were tested together with different transfection 
media (RPMI, ProCHO5, DMEM/F12, fortified DMEM/F12, DMEM w/o Ca2+).
Also, the amount of DNA (1-5 µg/ml of transfection volume) and the ratio of PEI to 
DNA (1:2 to 5:1 w/w) were varied. Finally, the seeding cell density and different 
supplementation strategies were also optimized for transfections.

RESULTS AND DISCUSSION 

The best results were obtained using the following conditions: RPMI as transfection
medium with cells seeded at 2*106 cells/ml and a PEI:DNA ratio of 2:1, 2.5 mg/ml 
DNA in the ready to transfer DNA-vehicle cocktail. The transfection particles 
should be formed in the NaCl transfection solution. During the production phase
glucose and glutamine had to be supplemented.  

The presence of only a small concentration (~ 0.2 mM) of Ca2+ in the medium
seemed to be important for the outcome of the transfection, higher and lower 
concentration didn’t work. Transfection in chemically defined medium tested was
not possible, as the PEI DNA particles did not stick to the cells. Lower DNA 
concentrations, down to 1 µg/ml, were possible with only a slight reduction of 
protein expression. The cells being transfected at high density, it was important tot
supplement the culture with glucose and glutamine during the production to avoid 
nutrient depletion and starving. This allowed a production phase of up to 10 days. 
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Table 1: PEI transfections at different scales. The lower expression at the 5 L scale is due to 
inefficient aeration/stripping in that reactor configuration.

Culture
System 

Product Titer 
[mg/l]

Volume
[l]

DNA Comments 

MicroSpin GFP ~ 7 2 ml 2.5 µg/well on day 5

MicroSpin IgG (CMV) 5.5 2 ml 2.5 µg/well at harvest 

MicroSpin IgG (EF1α) 2.3 2 ml 2.5 µg/well on day 3

BR 3 L  IgG (CMV) 5.5 1.2 L 2.5 mg at harvest 
BR 3 L IgG (EF1α) 7.8 1.2 L 2.5 mg at harvest

BR 5 L  IgG (CMV) 2.3 4.5 L 5 mg on day 3
BR 20 L IgG (EF1α) 6.1 13 L 18 mg at harvest

BR 20 L  IgG (CMV) 2.0 13 L 18 mg on day 3

The above protocol was then scaled up and applied to stirred bioreactors at various
scales (see Table 1).

The relative simplicity of the transfection protocol using PEI and the absence of 
time critical steps allowed an easy scale up.
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Figure 1: Production of an antibody in the 5 L and the 20 L bioreactor. CHO cells were 
transfected with 5 respectively 18 mg of plasmid DNA. 2% pEGFP-N1 were co-transfected as 

transfection efficiency marker.
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Figure 2: Cells transfected in the 20 L reactor with PEI showed GFP expression already 5h
after transfection. The cells grew as single cells. 10% of the cells expressed GFP (visual 

estimate) with 2% of GFP encoding plasmid.

CONCLUSION

Serum-free, transient gene expression (TGE) in CHO cells using PEI is possible and 
readily scalable. The expression levels for intracellularly accumulated GFP as well
as for secreted IgG are lower than those seen with HEK 293 cells [3]. Transient r-
protein expression in CHO cells under serum-free conditions could be a step towards
regulatory acceptation of the use of transiently produced clinical material. It is 
expected that differences in secondary modifications of proteins made transiently in 
CHO or by stable CHO cells would be minimal thus further enhancing the potential
of TGE.
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Abstract.  A process optimization study was performed in stirred-tank bioreactors to determine parameter 
set points that maximize cell growth, viability, and monoclonal antibody (MAb) production.  A statistical 
design of experiment (DoE) software package was used to determine parameter settings for dissolved 
oxygen (DO), pH, and temperature. 
An immunoglobulin G (IgG) producing NS0-derived hybridoma cell line was adapted to growth in a 
chemically defined, protein-free and animal-component free medium. Growth and productivity were 
characterized at the 2L bioreactor scale.  Results were analyzed based on variable responses including 
growth and productivity on a per-liter basis. Parameter ranges that yield optimal productivity were 
determined.

1. INTRODUCTION 

To improve efficiency of external cellular conditions, it is necessary to optimize and 
control dynamic environmental changes for robust cell growth and antibody 
production. This can be done by using DoE software that utilizes algorithms in 
combination with advanced quantitative models.  

DoE designed runs were performed in batch culture using NS0-derived 
hybridoma cells. Results show that the culture environment and process can be 
optimized to yield robust cell growth and high MAb production using statistically
designed runs. 

2. MATERIALS AND METHODS

2.1. Cells and Medium

SC-71 cells (NS0-derived hybridoma) stably expressing mouse IgG1 were 
purchased from the American Type Culture Collection, No. HB-277. Seed cultures
were maintained in a 37°C, humidified incubator. The cells were cultured in 125 mL
Erlenmeyer flasks (20 mL culture volumes) at 110 rpm in 5% CO2.

©  Printed in the Netherlands. Springer.2005
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Stock cultures were maintained in EX-CELL NS0, by JRH Biosciences, Catalog 
No. 14650, supplemented with 40 mL/L L-glutamine (200 mM), and 2 mL/L Lipid 
Concentrate (500X), Chemically Defined, JRH Biosciences, Catalog No. 14100.

2.2. Bioreactors

Runs were conducted in 2L Applikon Biobundle™ bioreactors. Bioreactors were 

seeded at 3 x 10
5

cells/mL in 1.5 L EX-CELL NS0 medium. DO, pH and 
temperature were monitored online and controlled using air, O2, N2, CO2 and 7.5%
NaHCO3. Samples (40 mL) were collected daily to monitor cell density and 
viability, and IgG production.

2.3. Analytical Methods

Cell density and viability were determined by Cedex (Innovatis) and by trypan blue 
exclusion with hemacytometer (data not shown).  Once cell viability reached less 
than 60% as determined by hemacytometer, the runs were terminated.  
IgG production was quantified by HPLC analysis (Agilent Technologies). Lastly,
runs were designed (Table 1) and analyzed with Fusion Pro™, a DoE software (S-
Matrix Corporation).

3. RESULTS AND DISCUSSION 

3.1. Growth 

As shown in Figure 1, culture conditions with more than 30% DO levels were 
optimal for cell growth and viability when pH and temperature were maintained at 
7.0 - 7.2 and 37°C, respectively.  Lower temperatures (< 37°C) hindered cell growth
in Runs 1 and 2.

3.2. Monoclonal Antibody Production

The conditions for Runs 3, 4, 5 and 6 yielded more than 200 mg/L IgG, whereas 
conditions for Runs 1 and 2 produced less than 100 mg/L IgG (Figure 2). The 
highest volumetric production level was reached with Run 3 (665 mg/L) for SC-71
cells in EX-CELL NS0 medium. A 7.4-fold increase in volumetric IgG production 
was achieved in Run 3 when compared to initial conditions in Run 1.

4. CONCLUSIONS 

The parameters evaluated in this study have shown significant effects on celltt
growth, viability and production. Specifically, EX-CELL NS0 medium was shown
to support favorable cell growth and superior MAb production at optimal DO, pH
and temperature ranges. Temperature set at 37°C was a critical parameter of culture 
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and process conditions that generated more than 200 mg/L MAb. Specifically,
higher MAb production was achieved with a combination of optimal levels of DO,
pH and temperature (Run 3). At a lower temperature (35°C), cell growth was 
severely limited, regardless of DO percentage. Further optimization should continue
to enhance production, making EX-CELL NS0 an ideal choice for a highly efficient 
and economic process.

4. TABLES AND FIGURES

Table 1. Run Design

Run No. DO (%) pH (Units) Temperature (°C)
1 80 7.0 35
2 30 6.8 35
3 30 7.0 37
4 50 7.0 37
5 50 7.0 38
6 80 7.2 37
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Figure 1. Growth and viability of SC-71 cells in EX-CELL NS0 medium.  Runs 4 and 6 had 
higher peak cell densities than the Runs 1, 2, 3 and 5.  Conditions for Runs 3 and 4 yielded 

extended culture longevities.  Conditions for Runs 1 and 2 did not support cell growth. 
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Figure 2. Cumulative IgG production in SC-71 cells. IgG production in Run 3 reached 665
mg/L and was significantly greater than production in other runs.
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1. INTRODUCTION 

Increased production of recombinant proteins from mammalian cells is a key focus m
of process development. Process pH is one factor well known to dramatically affect 
growth and productivity of some mammalian cells (1-3). Most mammalian cell
culture systems use a bicarbonate based pH buffer system, in which pH setpoint is 
maintained by addition of carbon dioxide or bicarbonate. When pH set-point is 
lowered, more carbon dioxide is required to maintain pH, which may elevate the
dissolved carbon dioxide (pCO2) to growth inhibitory levels (4). To counteract this,
the bicarbonate concentration in the medium can also be reduced. Changes to pH
and pCO2 have also been shown to affect protein glycosylation (5), which may
affect protein function (6). 

This study describes the impact of changing process pH and pCOmm 2 on a GS-NS0
cell line expressing a human monoclonal antibody. 

2. MATERIALS AND METHODS 

Fermentation inocula were generated from characterised cell banks. Fermentations
were performed in a scaled-down model of the manufacturing process. Initial pCO2

was varied by adjusting the process pH and by using media with low or standard 
sodium bicarbonate concentrations. Cell concentration was determined by trypan 
blue exclusion, from daily fermentation samples. Supernatants were analysed for 
antibody concentration by Protein A-HPLC. Antibodyy purified from the 
supernatants by Protein A was analysed by isoelectric focusing (IEF). The
Cumulative Cell Hours (CCH) were calculated by summation of the areas between 
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adjacent viable cell concentrations over time. Cell doubling times were calculated 
from time of fermenter inoculation to time of maximum viable cell concentration. 
The specific antibody production rate (QP) was calculated as the mean quantity of 
antibody produced per cell per day over the whole fermentation profile. 

3. RESULTS AND DISCUSSION 

Figures 1 and 2 show the influence of pH and initial pCO2 on CCH and QP. In both
cases where pH is maintained but initial pCO2 is changed, the cells respond to the
change in pCO2. This data supports the hypothesis that the physiological effects are
mainly due to initial pCO2 rather than pH. 

Figure 1: The influence of pH and initial pCO2O  on QPQQ
Figure 2: The influence of pH and initial pCO2 on CCH 

Figures 3 and 4 show the influence of the initial pCO2 on cell growth and antibody 
production, with standard error marked on each bar. Elevated initial pCO2 resulted 
in severe growth inhibition, which is shown through: reduced CCH, reduced 
maximum viable cell concentrations and longer doubling times. QP generally
increased with elevated initial pCO2. However, highest titres were achieved at an
intermediate initial pCO2. At elevated initial pCO2, the process was less robust as
shown by the large error bars.
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Figure 3: The influence of initial pCO2O on Cell Growth (CCH and maximum VCC)
Figure 4: The influence of initial pCO2 on antibody accumulation (QPQQ and titre)P

Figure 5 shows an IEF gel for cells grown at mid and high initial pCO2. An
additional basic band, as indicated, was evident in samples prepared from 
fermentations run at the highest extreme of initial pCO2. This additional basic band 
by IEF was not detected under any other conditions tested.

Figure 5:  An IEF gel for cells grown at mid and high initial pCO2O .

Lanes 1 and 7 show markers with the pI as indicated, Lanes 2 and 3 show antibody 
from fermentations with initial pCO2 of 198-220mmHg. Lanes 4, 6 and 8 show
antibody from fermentations with an initial pCO2 of 100-150mmHg. Lane 5 shows 
an assay control. 

4. CONCLUSIONS

- Changes to cell growth and productivity were not linked to pH alone, as
shown by running fermentations at the same pH but with different initial pCO2.
- Increasing the initial pCO2 of cultures caused growth inhibition. Initial
pCO2 above 150mmHg resulted in severe inhibition of cell growth and a lack of 
process robustness.  
- Increasing initial pCO2 resulted in increased QP. However, the highest 
antibody titres were achieved when initial pCO2 was sufficiently high to give high
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QP without resulting in severe growth suppression. In this series of experiments the
highest titre was achieved at an initial pCO2 of approximately 130mmHg.
- An additional basic band occurred in IEF analysis of purified fermentation
samples at the highest extreme of initial pCO2. This represents a probable change in 
product structure and starts to define the upper limit of pCO2 tolerated in the 
manufacturing process.
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Abstract: An experimental factorial design was developed to study influence of seed cell density,
agitation rate and culture condition(open or closed system) in order to maximize the expression of 
recombinant protein transfected in CHO cell line.
A 23 experimental design included those independent variables was running and total protein expression
and specific protein expression were measured as dependent variables. A low and high level was
established for each variable assuming working experience and literature review. There were running 8 
experiments keeping similar culture conditions except variables under study.
Multiple lineal regression model was fitted to the data and statistic parameters suggest a good correlation 
between independent and dependent variables 
Results show that three independent variables have a statistic significance in the expression of target 
protein but not interaction between them.  
These results are very useful in order to establish culture condition at large scale production of 
biopharmaceuticals and for validation purposes.  

INTRODUCTION

Roller bottle systems have been used for over 50 years in pharmaceutical and 
biochemical process.(Liu YL et al, 2003, Tsao EI et al, 1992) 

Widespread use of the roller bottle is due to several reasons like simplicity and 
scalability of the technology, reduced developmental timelines, constant fluid-gas 
contact and capability to maintain sterile conditions.(Muzzio et al, 1999)

An experimental factorial design was developed to study influence of seed cell 
density, agitation rate and culture condition(open or closed system) in order to
maximize the expression of recombinant protein transfected in CHO cell line.

MATERIALS AND  MÉTHODS. 

The CHO cell line used is derived from wild type (ATCC CRL-9096) and 
transformed to express heterologous protein in our Institute (Center for Genetic
Engineering and Biotechnology). The cells were cultivated in Dulbecco´s Modified 
Eagle Medium (D-MEM) containing 5 % of fetal bovine serum (FBS) supplemented 
with 10 µg/mL gentamicine. Cells were kept at 37°C. Medium exchange was done 
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each 48-72 hours. Harvest medium was supplemented with insulin and collected 
each 48 hours.
An experimental factorial design was developed to study influence of seed cell
density, agitation rate and culture condition(open or closed system) in order to
maximize the expression of recombinant protein transfected in CHO cell line. A 23

experimental design included those independent variables was running and total 
protein expression and specific protein expression were measured as dependent 
variables. A low and high level was established for each variable assuming working
experience and literature review.(Berson RE et al, 2002; Griffiths B, 2001; Elliot 
AY, 1990)

Variables Unit Low level (-1) High level (+1) 

Seed cell density (x1) Cell/cm
2

20 000 60 000 

Agitation rate (x2) rpm 0.2 1.0

Culture condition (x3) Closed system Open system 

Table 1 : Independent variables and levels of  experimentation. 

Open system is defined as bottle with vent filter in the cap that allow gas exchange 
with environment. 

It was used expanded surface bottle 2.5X ( 2125 cm2).
There were running 8 independent experiments in parallel keeping similar 

culture conditions except variables under study.
Target protein was determined by specific ELISA assay developed in our y

Institute. Total proteins were measured by Bradford´s method.
The statically analysis of the result was done with Statgraphics software.

RESULTS AND DISCUSSION

There is not statistically significant relationship between variables respect total 
protein expression.  

The results of the experiments respect target protein are summarized in the
following table:

Experiment X1 X2 X3 [target protein]
(mg/mL)

1 -1 -1 -1 0.067 

2 -1 -1 +1 0.055

3 -1 +1 -1 0.073

4 -1 +1 +1 0.063

5 +1 -1 -1 0.053

6 +1 -1 +1 0.046

7 +1 +1 -1 0.066

8 +1 +1 +1 0.052
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Multiple lineal regression model was fitted to the data. The general model included 
all variables and interactions:

Y= B0 + B1X1 + B2X2 + B3X3 + B12X1X2 + B13X1X3 + B23X2X3 + B123X1X2X3

or interactions were removed from the model. Adjusted 
model was:   

Y= 0.059375 + 0.005125X1 - 0.004125X2 - 0.005375X3

Results show that the three independent variables have statistic significance in the 
expression of target protein but not interaction between them.t

P value in the ANOVA analysis is 0.0014 (p< 0.01), therefore there is 
statistically significant relationship between variables at 99 % confidence level.
Others statistic results were:

• R2 : 97.22 % 
• Standard error of estimated: 0.002031 
• Mean absolute error: 0.001187  

Model suggest that best conditions for maximize target protein expression are 
higher level of seed cell density, lower level of agitation and the use of closed 
system.

There is an important difference between results at the best and worst scenario
that should be taken in account for the productivity of the system. Further 
experiments should be addressed to clarify the influence of open system in the
productivity of cell line and others variables should be studied.  

These results are very useful in order to establish culture condition at large-scale 
production and for validation purposes.
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Abstract: RollerCell system is a self-contained, automated roller bottle processing system marketed by
Cellon, S.A. RollerCell system consists of two main components, the RollerCell Bottle Packs and the
RollerCell Processing Unit.
This system could replace traditional roller apparatus and performs all the tasks previously undertaken 
manually or by robotic processors.  
Nowadays, roller bottles are still an election technology for culture of anchorage dependent mammalian 
cell for the production of recombinant proteins, especially those that should have complex
posttranslational modifications. In that sense, it is important to have a technological option for the 
operation of roller bottles at large scale.
We have been using that system mainly for bottles processing in the production of a biopharmaceutical 
recombinant protein in parallel with traditional manual operation of roller bottles. We have collected 
interesting results comparing both systems respect labor cost, operation time, control contamination and 
requirements of skilled operators. 
We have demonstrated the usefulness of RollerCell system for large scale production and its feasibility
for these purposes.  

MATERIALS AND METHODS 

Evaluation of two productive campaigns was done. First campaign was completely 
done with single bottles and the second with the Rollercell system equipped with
roller bottle pack.(Cellon)   

RESULTS AND DISCUSSION

There are not differences between both systems in term of control contamination and 
target protein expression in evaluated campaigns.    

It should be remark that our operators have a good training and enough
incorporated skill in cell culture. May be that could mask any advantages in the
application of the system to reduce directly contamination. Anyway, manual
operation require as aseptic intervention as bottles composed the lot. In Rollercell 
system you require an aseptic intervention for each 20 bottles. The system reduce 
drastically the probability to introduce a contamination due to manipulation.
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In Rollercell system monolayer is kept during all the cultivation time and has not 
observed damages to cell structure. In manual operation monolayer near bottle
bottom almost always is lost due to impact of liquid. The damage is directly
proportional to the operator skill. This problem is not reflecting it in protein 
expression results in our production and analytical conditions but it could be
significant in larger production scale or with more accuracy analytical methods.   

In manual system you need at least two operators. With Rollercell system just
one operator can make all the activities, but is not recommended.  We could have
reduce personnel from 5 to 3 with the application of RollerCell system without lost 
of production capacity. 

In our conditions an operator needs not less than 30 seconds to manipulate a flat 
bottle and not less than one minute to operate expanded surface bottles in order to
drain all exhausted medium.   

Lots of 40 expanded bottles required at least of 40 minutes to complete each
operation of medium change.  

With RollerCell system you can change media in not more than 10 minutes for 
the same number of bottles because the system is equipped with a peristaltic pump
that feed 20 bottles at the same time.   

Roller bottle system has been improved with drain sump in the roller bottle 
packs. This characteristic combined with the possibility of the system to tilt each
rotor help to complete extraction of exhaust medium from bottles. It is difficult to 
drain individual expanded surface bottles because liquid is entrapped between bottle 
channels and operators have to make some draining movement for extract 
completely the liquid from the bottle.  

0

5

10

15

20

25

30

35

40

45

Operators Operation time Sterile interventions

Manual

RollerCell

Fig. 1 : Comparison of manual and automatic system operation. 
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We have not yet exploited system facilities for trypsinisation.    
We have detected two main difficulties in the operation of Rollercell system:  

• Sometime pump does not pump liquid to all rollers tubing at the same 
time and that require further intervention (not aseptic) to adjust pump
heads.

• Usually when you detect contamination in one bottle is sign of all 
bottles in the rotor are contaminated.   

With the application of this automated system we have passed from milligram to 
grams scale production. RollerCell system may be used to process any commercially m
available flat walled or expanded surface roller bottles. 

We have demonstrated the usefulness of RollerCell system for large-scale 
production and its feasibility for these purposes.
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Abstract: The launch on the market of an increasing number of antibody-based drugs had, as
consequence, the parallel development of recipient cell lines, serum free media and bioreactors for 
production of big quantities of these molecules. Most of the destiny of a biopharmaceutical drug is played 
during the process development, a step that appears in all biotech projects but very often is not properly 
carried out with the hurry to go to production. This loss of accuracy at early stages of the development 
can cause problems in reliability of lots during manufacturing with potential risks of stopping/delaying 
the project in advanced phases of development. We describe here a strategy for the process development 
of monoclonal antibodies for clinical studies.  

Key words: Mabs, Process Development, GMP, QC tests 

1. INTRODUCTION

We are entering an era in which in addition to the traditional drugs of synthesis, 
semi synthesis or deriving from fermentation processes, new drugs including 
monoclonal antibodies, proteins, cells and DNA will be developed. The
development of these new drugs, mostly produced by recombinant cell lines is 
bringing about a revolution in the production, analytical and regulatory field.
Biological drugs producers have to organize production plants different from the 
traditional ones, able to guarantee the safety and quality control of the finished 
product. On the other end the ethic committees has to control on these new products
and on the same time have a positive attitude to their development since they could 
be important novelties for the cure of diseases not curable today (1). In the case of 
monoclonal antibodies, one of the most successful biotech products, born as a tool
for research and diagnosis, the development of recombinant cell lines able to 
produce chimerical and humanized antibodies at a high level of safety opened the 
way for the development of monoclonal antibodies as therapeutic agents (2). For a
correct development of a therapeutic antibody the crucial step is the process
development that has the objective to establish a robust cell culture process, a 
reproducible purification method and reliable analytical tests for manufacturing of 
controlled antibody lots for clinical trials (3). 
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2. METHODS

Thawing of cells and Mycoplasma check. One vial of NSO cells producing a
chimeric antibody from a working cell bank (WCB) was thawed in RPMI + 10% 
FCS and put in quarantine until the results of the Mycoplasma test. (Mycoplasma 
detection kit, Roche Diagnostic).
Kinetics of static culture. The cells were cultivated in static culture (flask) in RPMI
+ 10% FCS and the viability related to cell density and antibody production 
monitored for one week together with the Glucose consumption and Lactate 
production.  
Adaptation to Serum Free Medium. The recombinant cells were adapted to Serum 
Free Medium (SFM). Two types of SFM were tried and after evaluating the 
production related to viability, the CD Medium (Life Technologies) was selected. 
Bioreactors and mode of culture. Two different types of bioreactors, one with a high
surface volume ratio (Cell Line) and a more traditional one (Roller Bottles), were 
used for laboratory scale up of the chimeric antibody 
Development of a quantitative test to follow the production process. An indirect 
quantitative ELISA, based on anti-human FC and an anti-human IgG peroxidase
conjugated, was set up for monitoring the antibody during the cell culture process 
and purification steps. A standard curve with the purified antibody was used.
Subclass determination of the Mab. The class specificity of the Mab was determined 
by an ELISA set up in house using anti-human IgG and anti-human IgM
immunoglobulins.  
Purification and analysis of chimeric Mab. Cell culture supernatants were purified 
by Protein A and ion exchange chromatography (Mono Q Sepharose Fast Flow). At 
each step samples were checked by SDS-PAGE, WB, Elisa and for Endotoxin
(LAL), Sterility. 
Development of Safety and Quality Control Tests. To monitor the quality of 
antibody during production and analyze the purified bulk, Safety and QC tests were
set up. The tests include assays for absence of contaminants (Sterility, LAL, 
Mycoplasma, BSA, Protein A, HCP), and for biochemical and biological 
characterization (SDS-PAGE and SEC, Western Blot, ELISA, IEF).

3. RESULTS AND DISCUSSION

The process development is a step of the project that determines the destiny of the 
biotech product. A correct process development may shorten the road of the product 
to the registration. It is therefore crucial at the stage of process development to
acquire a deep knowledge of the discrepancies that could appear during the cell
culture and purification process and solve them before going at large scale. At the
same time at this stage, critical process parameters could be identified and 
test/measurements set up to keep them under control. The kinetics data of cells 
grown in medium with serum in static culture are very informative regarding the 
viability of the clone, the cell density to use in the scale up process and through the 
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glucose consumption and lactate accumulation give useful indications of the
metabolic pathway and Mab production (Fig 1 and 2). a

The results of this experiment indicate that we can have the maximum cell density 
and viability at 1•106/ml concentration at 48 hours of culture. The Mab production,
25-30 mg/L, is the best compatible with the cell viability, glucose consumption and 
lactate accumulation. These data, together with those related to the difficulty in 
maintaining this level of Mab production in CD medium for more than 72 hours
(data not shown) indicate that we can use the cells at 1•106/ml prepared in medium 
with serum (inoculums for the bioreactor) and the CD medium for the production
phase with a short process (72 hours) that would avoid accumulation of dangerous 
catabolytes. This strategy gave the best results using roller bottles as bioreactor.

The Mab purification from the cell culture supernatant included Protein A and 
anion exchange chromatography (Q Sepharose Fast Flow). Some trials both with
protein G and with Protein A were performed at the beginning to see which resin
would be the best for the chimeric antibody. Fig 3 shows that both resins elute the 
antibody with the same profile.  

Figure 1 Viability Data               Figure 2 Glucose consumpt., Lactate prod 
- -.2.5•105/ml, -5 - 5•105/ml, -5 - 1•106/ml -6 -.2.5•105/ml, -5 - 5•105/ml, -5 - 1•106/ml6
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Figure 3 SDS-PAGE and Western Blot of:          Figure 4. Quantitative SDS-PAGE of Purified 

     SN (1), Protein G (2), Protein A (3,4)    Mab (1,2,3 reduced 4,5,6 not reduced) 

Protein A was selected because of familiarity at regulatory level (4). Between the 
two purification steps the Mab was left 15 minutes at pH 3 for virus inactivation. 
After Mono Q Sepharose step the purified Mab was filtered on 18 nm filters for the 
second step of virus inactivation. The yield of antibody after the overall downstream 
process was 50%. The purified bulk was tested to specifications with safety and 
Quality Control tests demonstrating that it is appropriate to be used for clinical
studies. The tests include those for Mab purity as the SDS-PAGE and Size
Exclusion Liquid Chromatography (SEC). Fig 4 shows the SDS-PAGE in reducing
and non reducing conditions of the Mab at different concentrations after the Mono Q
Sepharose purification. 

    Figure 5 Protein A WB test of Purified 

Figure 5 HCP WB test of Purified Mab 
    Mab (1,2,3 protein A, other lanes Mab)               (1,2,rec cells lysate, 3 , other lanes Mab)

Size Exclusion Chromatography indicates that > 95% of the antibody is constituted 
by the high molecular weight IgG1. Other tests were carried to demonstrate thet
absence of contaminants in the purified bulk like the Protein A, BSA and Host Cell
Protein. Fig 5 shows that in the Mab preparation after Mono Q Sepharose there is no 
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Protein A. Since the limit of protein A in a Mab purified bulk should be <10 ng/mg 
and the sensitivity of the SDS-PAGE was 125-250 ng/sample, we have set up a
quantitative sandwich Elisa that demonstrated that Protein A in the purified bulk was
under the level required. Rabbit antisera specific for proteins of the parental 
myeloma cells and for those of the recombinant cell line were generated, and the 
Host Cell Protein assay was developed using them in Western Blot. Fig 6
demonstrates that in the myeloma lysate is present a low molecular weight band no 
longer present in the purified bulk antibody. 

4. CONCLUSION

The control of quality parameters at the level of process development of the 
chimeric antibody makes possible the production of controlled bulk that meets the 
specifications for in vivo use, enabling a more reliable scale up of the entire process.
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Abstract.  The aim of this project is to develop transient gene delivery and expression strategies that can 
be employed in large-scale cultures of mammalian cells currently employed for therapeutic protein 
production (e.g. CHO, NSO).  We have employed a model transfection system utilising the cationic 
polymer polyethylenimine (PEI) as a vehicle to deliver plasmid DNA encoding reporter gene constructs 
into suspension adapted Chinese Hamster Ovary cells.  A key parameter in PEI-mediated transient gene 
expression is the PEI to DNA ratio.  In our system expression was optimal at 10 moles PEI nitrogen to 
1 mole DNA phosphate, which was conserved at different DNA to cell ratios.  However, maximal
reporter output was observed at a specific DNA:cell ratio.  Addition of bovine serum albumin to growth
medium was shown to increase both transgene expression (6 fold) and transfection efficiency (2 fold).  
Particle sizing data suggests that BSA acts to stabilise the PEI-DNA complexes at 300 nm.  Therefore,
these data imply that the specific properties of a PEI-DNA complex (particle size, charge etc), as well as
the cellular “dose” of that complex may be important factors that regulate the uptake and intracellular fate 
of the recombinant DNA.  In addition, small molecule inhibitors (SMI) were used to demonstrate that 
progression through the G2/M phase in the cell cycle is a pre-requisite for transgene expression.  It was
also observed that continued use of SMI throughout culture lead to an increase and an extension of 
transgene expression.

1. INTRODUCTION

The increase in the number of new recombinant therapeutic proteins under 
investigation and a desire to reduce development times of promising candidates has 
led to the investigation of strategies to more rapidlyf produce large quantities for pre-
clinical and clinical trials.  Transient gene expression has the potential to do this by 
removing the need to develop established cell lines to produce recombinant protein. 
Substituting transient gene expression in initial protein production could potential 
reduce the time required to produce sufficient quantities for pre-clinical trials by up
to 6 months.  However, this requires efficient transient gene expression at scale.  
We investigated the potential for scale-up of transient gene expression mediated by 
the polycation polyethylenimine.  PEI condenses plasmid DNA to form a cationic 
complex that is taken into the cell by endocytosis.  The mechanism by which DNA 
is transported to the nucleaus for expression of the transgene is unclear at present. 
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2. MATERIALS AND METHODS

Plasmid DNA encoding firefly luciferase and enhanced green fluorescent protein
were propagated in E.coli and purified using the standard procedure for Aurum™
maxipres (Biorad).  CHO-S cells were maintained in CHO-S SFM II (Gibco) at 
37 °C, 5 % CO2.  Cells were transfected at 2 x 105 mL-1 with the PEI-DNA complex. 
Experiments were performed in ultra-low binding 24-well plates (corning), with 1
mL per well, unless otherwise stated. 

3. RESULTS AND DISCUSION

3.1. Optimisation of PEI-mediated transient gene expression

Transient transfection was optimised with respect to PEI:DNA and DNA:Cell ratio 
using the firefly luciferase reporter gene.  Maximum transgene expression was
observed at a PEI nitrogen to DNA phosphate molar ratio of 10:1, which was 
conserved across all DNA concentrations investigated (Figure 1A).  The optimal
DNA concentration was found to be 1 µg mL-1 (Figure 1A), equivalent to 1 µg per 2 
x 105 cells (approximately 690,00 plasmids per cell).  Expression levels at DNA
concentrations greater than 1 µg mL-1 did not plateau, as might be expected, but 
decreased.  Further analysis of the data showed that there was a strong correlation
between PEI concentration and cell specific growth rate, independent of the
PEI:DNA ratio (data not shown).  It was assumed that these cytotoxic effects lead to 
the reduction in transgene expression.  

Addition of bovine serum albumin (6 mg mL-1) to growth medium reduces PEI 
cytotoxicity (data not shown) and increased transgene expression and transfection 
efficiency nearly 6 fold and 2 fold respectively (Figure 1B).  Particle sizing data 
obtained by photon correlation spectrometery indicates that BSA acts to reduce and 

Figure 1: Optimisation of PEI-mediated transfection. A: PEI-DNA complexes were prepared
under the conditions shown.  Total luciferase was calculated from the integral of relative light
units over 48 hrs. B: Luciferase expression in the presence (solid line) and absence (dashed 
line) of BSA.  Transfection efficiencies are displayed as values on graph.  n=3. C: DNA-PEI 
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stabilise the cationic size (Figure 1C), which has been suggested can increase  
transient transfection.  It is unclear how BSA interacts with the PEI-DNA
complexes, however, the addition of BSA before PEI in complex formation leads to
a reduction in expression, suggesting that a loose association is better.  These 
optimal conditions have been confirmed at shake flask scale.

3.2. Cell cycle analysis and manipulation 

Cells blocked with nocodazole in G2/M phase exhibited expression at 8 hours post 
transfection, whereas cells blocked with hydroxyurea in G1/S phase exhibited 
expression from 12 hours post transfection (Figure 2A).  This increase in reporter 
expression is associated with the cell population moving into G2/M phase (data not 
shown), suggesting cell division is required for transgene expression.  CHO-S cells 
exposed to nocodazole throughout the culture showed elevated and prolonged 
transgene expression (Figure 2B).  The presence of nocodazole increased 
transfection efficiency from approximately 85% to 98% 48 hrs post transfection
(data not shown).   Nocodazole holds cells in G2/M phase, during which nuclear 
membrane integrity is lost.  We infer that the loss of nuclear membrane integrity
during this phase facilitates passive nuclear localisation of rDNA and subsequent 
transgene expression.  Comparable effects of nocodazole addition were achieved in 
shake flask cultures.

4. CONCLUSIONS

PEI-mediated transfection is increasingly being used as a means to transiently 
express recombinant proteins in mammalian cells.  However, at present the 
mechanisms of DNA uptake and delivery to the nucleus are still poorly understood.  
We have demonstrated that manipulation of the transfection complex through the 
optimisation of PEI to DNA ratio and the addition of bovine serum albumin can
increase expression levels dramatically.  We have also shown that manipulation of 
the cell cycle with small molecule effectors can have the same effect.  We are now
using these strategies developed at small scale to maximise transient gene
expression at scale. 

Figure 2. Luciferase expression by synchronised cell populations.  A: CHO-S cells were
synchronised by treatment with nocodazole (solid) or hydroxyurea (dots) 15h then transferred to
fresh medium and transfected with a reporter plasmid encoding luciferase. B: As for A except 
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DEVELOPMENT OF FED-BATCH PROCESS
PRODUCING MONOCLONAL ANTIBODIES USING 

IN-HOUSE MEDIA 

IDEC Pharmaceuticals Co, Cell Culture Process Sciences, 11011 Torreyana
Road, San Diego, CA 92121, USA

Abstract. IDEC Pharmaceuticals has devoted efforts for maximizing monoclonal antibody (MAb) 
production to fulfill increasing clinical and market demand.  Cell Culture Process Sciences is equipped 
with numerous 5L stirred-tank bioreactors that provide cultures a well-controlled environment suitable for 
parameter studies during early stages of process development.  In-house medium development is an on-
going effort to ensure the full ownership of IDEC Mabs manufacturing process.  Manipulation of amino
acid contents in both basal and feed media can effectively promote cell growth and control toxic by-
products. A harvest titer of 1-2 g/L MAbs in a two-week fed-batch process is routinely achieved using
IDEC-owned in-house medium. The resulting volumetric productivity is over 100 mg/L/day, comparable
to a process using vendor’s proprietary medium. 

1. INTRODUCTION

Fed-batch culture is a frequently used method for the industrial manufacture of cell
culture based recombinant therapeutic proteins.  Process improvement often relies 
on a good basal medium as well as feeding strategies.  This paper presents a few 
case studies of process improvement through manipulation of medium components
using IDEC in-house media.

2. STRATEGY AND METHODS

2.1. Cell culture

The cell lines are DG44 derived CHO adapted to suspension in serum-free medium 
prior to the banking.  They are maintained in chemically-defined media, including 
vendor’s proprietary medium and IDEC’s in-house medium.   

For the bioreactor cultivation of CHO cells, an Applikon™ reactor with a 
working volume of 3L was used.  The pH was adjusted using CO2 gas and Na2CO3.
Cell concentration and viability were estimated by trypan blue dye exclusion. They
metabolites, including glucose, lactate, ammonium, and dCO2 were measured using 
a Nova Bioprofile.

2.2. In-house medium development 
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IDEC’s in-house medium is consisted of commonly used commercial media,
enriched with trace elements, vitamins, and certain salts, to establish a balanced 
medium for generic IDEC cell lines.  A fluorescent-based well plate assay was 
developed to facilitate identification of critical supplements and their optimal 
dosage.  Medium development occurred concurrently with fed-batch process
development to expedite the optimization process.

Amino acid analysis was performed using a reverse phase High Performance 
Liquid Chromatography (Agilent 1100) with the Zorbax Eclipse-AAA 75 mm 
columns. 

3. RESULTS AND DISCUSSION 

Table 1 summarizes that combinations of three amino acids (A1; A2; A3) in the
basal medium have a significant impact on the specific growth rates and ammonium 
accumulations for the first three days of bioreactor cultivation.  The best A1/A2/A3 
ratio (0.5/1/1) sustained a high specific growth rate while reducing ammonium 
production.

Table 1. Basal medium composition affects growth rate and ammonium accumulation 

A1/A2/A3 in basal medium
(relative to 1X)

Specific Growth Rate 
(day-1)1

NH4HH +Accumulation +

(mM)
0 / 0.1/ 9 0.62 ± 0.05 1.05 ± 0.07 
0.5/ 0.5/5 0.74 ± 0.03 2.59 ± 0.17 
0.5/ 1/ 1 0.83 ± 0.04 2.90 ± 0.06 

1/ 1/1 0.83 ± 0.04 5.13 ± 0.62 

Feed medium is generally based on the basal medium with minor adjustments  
made according to metabolite profiles.  Figure 1 indicates that varying two amino 
acids (A3/A2) in the feed stream led to various levels of ammonium accumulation in 
2-week fed-batch process.  The resulting cumulative integrated cell growth (cICG)
and titers were also greatly affected, as shown in Figure 1. 

Figure 1. Impact of A3:A2 ratio in feed medium on fed-batch culture
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To control toxic metabolite accumulation, some non-essential amino acids may
be kept under rate-limiting conditions.  It is observed that cumulative AA uptake
rates are notably higher when feed amounts are doubled, even though there is no 
depletion of essential amino acids in the regular amount of feed (Figure 2).  The
antibody productivity did not improve with increasing amount of feeds or elevated 
AA uptake rates.  Therefore, for a cost-efficient feeding strategy, it may be 
necessary to apply the concept of metabolism shift to boost titer performance.     

Figure 2. Cumulative amino acid uptake rates in response to double amount of feeds

Applying IDEC’s in-house medium from one cell line to other cell lines has
proved successful with little adjustments needed (Figure 3).  The fed-batch process 
using in-house medium delivered a volumetric productivity greater than 100
mg/L/day in fully amplified cell lines, comparable to optimized processes using 
vendor’s proprietary medium. 

Figure 3. Applicability to 4 Mab Production

4. CONCLUSIONS

Complete ownership of medium formulation can ensure full freedom of operation in 
process improvement as well as full control of vendor sourcing and medium quality.
The insights gained during medium development also helped the optimization of 
cell-specific supplements and the elimination of unnecessary components in feeds.
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PRODUCTION OF AN ANTI β2 INTEGRIN 
MONOCLONAL ANTIBODY BY A HYBRIDOMA
CELL LINE GROWN IN A 2 LITER BIOREACTOR 

1 : Viral Vaccines Research & Development Unit 
2 : Molecular Biotechnology Group, Laboratory of Immunology

Institut Pasteur de Tunis. 13, Place Pasteur. BP 74. 1002 Tunis. Tunisia

INTRODUCTION

Anti β 2 integrin monoclonal antibodies hold a great potential for preventing
inflammation-mediated tissue injuries in several pathological conditions. We have 
studied the production by a hybridoma cell line of monoclonal 107, an  antibody that 
blocks the function of  the human leukocyte adhesion molecule, CR3 or β 2 integrin 
CD11b/CD18. This antibody recognizes specifically the A-domain of the CD11b α
subunit. The overall aim of this work was to optimise the production of this antibody
by a hybridoma cell line grown in a stirred tank bioreactor. 

MATERIALS & METHODS 

Cell line (Hybridoma) : the 107 murine hybridoma was used throughout this study. 
This cell line produces an IgG2a monoclonal antibody.
Culture medium : RPMI-1640 was supplied by Invitrogen (Glasgow, UK). Foetal
calf Serum (FCS) and bovine serum enriched with iron (NS) were obtained from 
Hyclone (Logan, USA). 
Culture conditions : Cultures were carried out in 250 ml spinner flasks containing 
200 ml of cultured cells, at 37°C  in a 5% CO2 incubator. The spinners were 
inoculated with 2x105 cells/ml. The experiments were carried out in duplicate. 
Samples were taken daily for cell count and for the measurement of glucose, lactate,
ammonia,  pH and antibody levels. 
Bioreactor cultures : The cultures were performed in a 2 L bioreactor (Inceltech, 
France) equipped with  a pitched blade impeller and a spin filter (pore size : 5µm)mm
fixed on the axis. During cell culture proliferation step, the following conditions 
were applied : pH = 7.2, pO2 maintained at 30 to 50%, temperature = 37°C and 
agitation rate = 20 to 35 rpm.
Perfusion was started after two days of culture. Perfusion rate was modulated 
according to cell density.
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Samples were taken daily to determine cell density, cell viability, glucose, lactate, 
ammonia and antibody levels.  
Analytical methods : The viable and total cell concentrations were determined using
a hemacytometer and the trypan blue exclusion method.
Glucose  and lactic acid concentrations were monitored by enzymatic assays, using 
glucose and lactate assay kits from Chronolab (Switzerland).  
Ammonia level was quantified enzymatically by the UV-test Cat. N°. : 171-UV
(Sigma, St.  Louis, USA).   
ELISA test  : Immulon-2 ELISA plates were coatedt with recombinant protein, d
CD11b A-domain (2µg/well) at 37°C for 1 hour. Plates were washed once with PBS
buffer, then blocked with 1% BSA at room temperature for 1 hour. After washing
three times with 0.05% Tween 20, plates were incubated with MAb 107 (hybridoma
culture supernatant diluted with PBS-1%BSA) at room temperature for 1 hour. 
After incubation, plates were washed three times, then incubated with a second 
MAb, goat anti mouse IgG conjugated with peroxydase (Sigma) at room 
temperature for 1 hour. Plates were then washed three times and incubated with the
peroxydase substrate : o-phenylenediamine/H2O2 (Sigma) for 30 minutes at room 
temperature. The results were quantitated using an ELISA plate reader at 492 nm.

RESULTS

Effect of  serum type and concentration on 107 hybridoma cell growth  

To optimize 107 hybridoma cell growth, we investigated the effect of serum type as
well as serum concentration. 

Table 1 : 107 hybridoma cell growth and monoclonal antibody in different media. Cells were 
grown in spinner flasks. 

5% NS 10% NS 5% FCS 10% FCS 

Cell density/ml 0.73x10
6

1.2x10
6
 0.6x10

6
 10

6

Maximum
specific
growth rate 
(h

-1
)

0.026 0.038 0.027 0.031

MAb level
(µg/ml)

29 32 28 31 

As shown in Table 1, RPMI 1640 supplemented with 10% NS, resulted in the
highest cell density and antibody level. Similar data were reported by Kallel et al.
(2002) for another hybridoma cell line which produces an β 2 integrin monoclonal
antibody.  
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Optimisation of cell growth and monoclonal antibody production in a 2-L
bioreactor 

Effect of inoculum viability  

Table 2 : Effect of inoculum viability on 107 hybridoma cell growth in a 2-L bioreactor. The 
cells were grown in RPMI 1640 + 10% NS. 

Culture n°1 Culture n°2 Culture n°3 Culture n°4

Inoculum 
viability (%)

66 71 75 77 

Cell density/ml 0.24x106 0.245x106 1.5x106 1.8x106

Culture
duration (day) 

4 3 8 15

During cultures 1 and 2, we observed a cell density decrease one day after the 
inoculation of the bioreactor. However, for cultures 3 and 4, we noticed a cell
growth. This behaviour is due to the viability of the inoculum used to start the
different cultures.

To grow 107 hybridoma cells in a bioreactor, the viability of the inoculum 
should be higher then 75%.

Table 3 : 107 hybridoma cell growth on RPMI 1640 +10% NS, in a 2-L bioreactor. The 
cultures were aerated continuously by air injection in the head space of the bioreactor and by

sparging  when necessary. Agitation rate was set at 30 rpm and pO2 at 50%.

Cell density/ml Culture duration (day)

Culture 1 0.598x106 4
Culture 2 0.720x106 3

Although both cultures were started with an inoculum viability higher than 75%, we 
observed a cell density decrease two days after the start of the culture. Monitoring of 
glucose level indicates that this nutrient is not limiting. Therefore, the decrease of 
cell density level observed is probably due to shear stress. 

Perfusion culture of 107 hybridoma cells  

To minimize shear stress effect on 107 hybridoma cell growth, agitation rate and 
pO2 were reduced respectively to 20 rpm and 30%. The cultures were aerated 
continuously by air injection in the head space of the bioreactor but direct sparging
was intermittent.
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Figure 1 : Cell growth and antibody production in a 2-L bioreactor. The cells were grown in
RPMI 1640 +10%NS in perfusion mode. 

In these culture conditions and compared to the previous cultures, we reached a high
cell density level (1.8x106 cells/ml). Cell viability was maintained around 80%
during both cultures.  The highest antibody concentration obtained was equal to 32 
µg/ml. 

CONCLUSION

We showed that  in spinner flask, 107 hybridoma cell growth was optimal in the
medium RPMI 1640 + 10%NS. In a 2-L bioreactor, we demonstrated that inoculum 
viability and shear forces affected cell growth. In the optimal conditions determined,
we obtained a cell density level of 1.8x106 cells/ml. Monoclonal antibody
concentration and the specific productivity were equal respectively to 32 µg/ml and 
25 µg/106 cells/day. 
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ECONOMIC EVALUATION OF DISPOSABLES VS
STAINLESS STEEL WITHIN A MODULAR PILOT
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INTRODUCTION

In a biopharmaceutical manufacturing environment where there are concerns about 
cost and capacity availability, companies need to take time to analyze their 
processes and look at the technology available allowing process optimization. a

In this paper we present a Process comparison & Cost of Goods model
comparing two technologies used in biomanufacturing:

1) Single-use disposable bag technology
2) Traditional stainless steel vessels. 
The facility design of a Modular pilot plant facility using disposable technology 

has also been developed based on the above study in collaboration with 
Pharmadule .This will be presented in the Poster presentation .

THE CONCEPT OF SINGLE-USE DISPOSABLE BAG TECHNOLOGY 

Single-use bag systems manufactured in a range from 50ml to 3000L are intended to
replace glass bottles or stainless steel vessels used for sterile fluid handling in 
biopharmaceutical manufacturing. The bag systems are provided pre-assembled, 
sterile and pyrogen-free, ready for process-use. The systems can be customized 
according to customer specifications. 

APPLICATIONS.

The bags can be used for a wide variety of bioprocess applications in USP and DSP,
the most common being: 

- Open bag systems for media and buffer formulation before sterile filtration
- Closed bag systems for storage of media, buffer, intermediate and bulk final 

product 
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- Manifold systems - a series of interconnected bags around a common central 
filling line allowing simultaneous distribution and sterilization of the fluid 
stream (in many cases the manifolds are fitted with a disposable sterilizing 
filter capsule on the filling line, 0.2 or 0.1µ)

QUALITY & VALIDATION 

The bag systems are manufactured according to GMP and are tested according to
US and European Pharmacopoeias, biocompatibility testing is carried out according 
to ISO 10993i. Chemical compatibility testing of bags and solutions is carried out 
according to ASTMii.A model solvent approach has been developed by STEDIM for 
an extractables testing programme. 

INTRODUCTION TO THE PROCESS COMPARISON & COST OF GOODS 
MODEL

The objectives of the simulation comparing the two technologies for sterile fluid 
handling in process are: 

�- Optimisation of capital requirements by maximizing asset utilization 
�- Measuring production rates 
�- Optimising production 

BASIS

The basis for the comparison is a commercially relevant monoclonal antibody
process. Using information in the public domain we were able to put together a
process operation that mimics many industrial operations. The manufacturing route 
adopted consists of a fermentation system run at 2000L scale. This scale of 
operation was selected on the basis that this is a common size employed for the
supply of clinical quantities of material and for in market supply for the smaller 
indications. It also is a scale of operation that can be accommodated by
commercially available disposable bag systems ranging from 50L to 2000L.

The modelling technique used is discrete event modelling as opposed to
continuous modelling. Discrete event deals with time related events, mapping
process sequences as opposed to continuous modelling that simulates time through 
equations. 

The modeled process consists of the following operations covering the 
production of the monoclonal antibody from inoculation of the seed fermenter m
through to bulk purified sterile filtered product: 

Seed fermenter, Production fermenter, Harvest centrifuge,UF concentration
diafiltration, Protein A chromatography, UF concentration diafiltration, Ion 
exchange chromatography, UF concentration diafiltration, Gel permeation 
chromatography 
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The output from this manufacturing operation would supply a fill finish
operation. Disposable bag technology is used wherever it is technically feasible 
within the process operation, namely Product hold, Media & Buffer hold. Vesselt
liners are used for all other operations where a quick changeover is required between 
batches and where the operation is not sterile, namely  media & buffer prep.

ANALYTICAL APPROACH

�- A resource constrained time based simulation was used as the basis for the 
analysis. This allowed a comparison of two parallel production lines of the 
same size. The main difference between the two production lines is that one
uses disposable bags and the other uses stainless steel vessels. Both lines use 
the same production data.

COST OF GOODS ANALYSIS 

At the end of a simulated operation the process simulation model automatically
transfers key performance data to the COG spreadsheet such as:

�Capital requirements for: 
CIP, Utility Systems,number and size of hold vessels used by the Vessel Sub 

Model, 
�Number of containers  to support thN e large volume disposable bags required for 

the Disposable Sub Model 
�Material Consumptions per Batch: 
All critical utility consumptions, CIP chemical usage
�Number of disposable bags used byN the Disposable sub model 

Production rate 
Outcomes: 

Capital Estimate

Stainless Steel Vessel Sub Model € 26,000,000 

Disposable Bag Sub Model € 18,500,000 

Overall Capital Saving 29%

Table A Capital Requirements for the Two Sub Models 

There is a significant  (29%) reduction in the capital requirement for the single use
disposable bag production line compared to that required for the one based on
stainless steel vessels (Table A). This is a result of a reduced requirement for CIP by
the disposable bag sub model. For example the WFI generation capacity required for 
the disposable bag sub model is around 400L/hour however the stainless steel vessel//
sub model requires 1500L/hour of WFI capacity to achieve the same production
rate. This effect is seen throughout the utility systems. Together with the reduced 
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vessel count and CIP requirement of the disposable bag sub model, this results in a 
capital saving of around € 7,5 million.

Does this reduction in capital result in a reduced cost of goods for the
monoclonal antibody?  In this analysis it does. Capital is factored in an amortized 
charge: this is based upon an 8 year plant life and 15% cost of capital and 5% 
residual value in the plant after the 8 years. In addition, for the disposable bag sub
model there are higher consumable costs resulting from bag use. These are offset by 
utility savings and savings in quality costs. In this analysis it is estimated that the 
quality head count would be reduced by 5 for the disposable sub model, resulting 
from a reduced ongoing cost requirement for CIP & SIP annual validation and 
reduced paper work. The overall impact is a saving of  11% on the cost of goods  
resulting from a new plant installation based on disposable bags when compared to 
one based on stainless steel vessels. 

OTHER ASPECTS COVERED IN THE POSTER PRESENTATION: 

Comparison of the environmental impact of the two technologies through mm
the simulation 
Validation survey comparing Validation requirements for each technology 
Possible impact of the new disposable Aseptic Connector (ACD) on facility 
design 
Facility design Study carried out with Pharmadule, designing a modular 
pilot plant facility based on disposables around the given Process model. 
This facility demonstrates: 

o Once through material flow 
o No recycle
o No wash up or Clean autoclave 
o Minimal CIP & Utilities

i ISO 10993-1, Biological Evaluation of Medical Devices 

ii ASTM D1239-98, Standard test method for resistance of plastics films to extraction by chemicals.

M. MONGE ANAA D A. SINCLAIR
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1. INTRODUCTION 

The constituents of a biotechnological broth are many and varied, but in general they 
can be grouped into classes either by size or function. A perfusion set-up involves
the separation of various components of this broth so that cells are retained, harvest t
is captured and medium refreshment occurs. The increasing use of serum, protein 
and mammalian source free medium for the manufacture of biopharmaceuticals
from mammalian cells has led to variable performance within a classical spin filter 
perfusion system. In this development, scale-up and GMP manufacturing program, 
the use of an acoustic cell retention system was investigated. 

In this program, the influence of (a) temperature, (b) power input, (c) frequency 
selection and (d) medium flowrate on the 200L/day system was investigated using a
CHO-K1 cell line producing a fusion protein in protein free medium. Each of these
parameters was optimised which resulted in significantly higher, stable cell 
retention. A validation of the acoustic system was performed prior to cGMP
manufacturing. The optimised set-up and system settings for the 200L/day system 
were successfully used during what is believed to be the world’s first cGMP
production run using the acoustic device at this scale.

2. MATERIALS & METHODS

One vial of a CHO-K1 MCB vial frozen in HyQ PF medium (Perbio, Netherlands) 
was used to inoculate a 100L working volume reactor. A 200L Biosep acoustic
chamber with ASP991 controller (Applisens, Netherlands) was used as a cellular 
retention system. 
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3. RESULTS 

Figures 1to 4 were generated using a viable cell density of 5 - 6 x 106 cells/ml. 

Figure1: Separation efficiency (%) versus temperature difference ( OC) between cultivation 
temperature in fermenter and acoustic retention chamber for a 200L/day acoustic retention. 

Figure 2: Separation efficiency (%) versus power usage (Watts). 
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Figure 3: Separation efficiency (%) versus frequency selection (Mhz). 

Figure 4: Medium flowrate (L/day) versus separation efficiency (%).

4. SUMMARY & CONCLUSIONS 

Figure 1 demonstrates that separation efficiency is influenced by the
temperature surrounding the acoustic chamber as a result of convective
forces.  A temperature difference of 1 – 1.50C between the cultivation
temperature in the reactor and temperature of the cooling chamber 
surrounding the acoustic chamber yielded the optimal performance. 
Figure 2 demonstrates the influence of power on separation efficiency. An 
increase in power improved separation efficiency up to a limit (other data
not shown). A power setting of 40W yielded the best performance for this
parameter.
Figure 3 shows the influence of frequency selection on separation
efficiency. 2.14MHz gave the best performance at this time point (during
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steady state) however automatic frequency selection gave improved 
performance during logarithmic growth as the matrix was changing 
significantly (data not shown) hence affecting the acoustic field generated.
Figure 4 shows the influence of medium flowrate on the separation 
efficiency.  A flowrate of 110L/day gave the best performance at >90% 
cellular retention, however 485L/day still gave a separation efficiency of 
63% demonstrating that this method appears to have significant potential 
for larger volume flowrates. 

J. CROWLEY, ET AL.
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INFLUENCE OF CULTURE PARAMETERS ON
VIABILITY IN PERFUSION PROCESS

1 Diosynth BV, PO Box 20, 5340 BH Oss, The Netherlands
2 Applisens,De brauweg 13, 3125 AE Schiedam, The Netherlands

3 Wageningen University, Department of Agrotechnology and Food sciences, 
Process engineering group, PO Box 8126, 6700 EV Wageningen,

The Netherlands

INTRODUCTION

In many perfusion processes low viabilities are obtained during the production 
phase. A low viability may cause negative effects on product quality, which results
from the release of proteases and neuraminidases from dead cells. Furthermore, 
intracellular proteins and cell debris interfere with down-stream processing and 
measurement and control of the process. 

OBJECTIVE

Determine if the viability in perfusion processes can be increased through changing 
the feed and bleed rate within the ranges used in production processes. 

MATERIALS AND METHODS 

Hybridoma cells were cultured in a chemically-defined protein-free medium. 
Perfusion bioreactor runs were performed at a dilution rate of 0.5, 1.0 and 1.5 per 
day and at a bleed rate of 0.05, 0.10 and 0.20 per day. The BioSep (Applisens, NL) 
was used as cell retention device (figure 1). Viable and dead cell concentrations as 
well as the intra- and extracellular lactate dehydrogenase activities were measured 
daily. 
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Figure 1. Experimental set-up perfusion bioreactor 

RESULTS AND DISCUSSION

Figure 2 shows that at a bleed rate of 0.2 d-1 the viability remained constant around 
72% at all dilution rates. While in the bioreactor runs operated at a bleed rate of 0.05
and 0.10 d-1 the viability increased with dilution rate. However, lower viabilities
were obtained.  

Figure 2. Viability in steady state at different feed (D) and bleed  (B) rates 

Figure 3 reveals that at a bleed rate of 0.1 and 0.2 d-1 the specific death rate was 
independent of the feed rate, with the distinction that the specific death rate at a 
bleed of 0.2 d-1 was significantly lower. At a bleed rate of 0.05 dt -1 the death rate 
increased with dilution rate. 

The viability is dependent on the death rate, bleed rate and lysis rate. This could 
explain the obtained differences in viabilities at the different feed and bleed rates.  
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Figure 3. Death rate in steady state at different feed (D) and bleed (B) rates

CONCLUSION

Even at low bleed rates a relatively high viability during the production phase can be 
attained. At a bleed rate of 0.2 d-1 a constant viability and death rate are obtained. 
This result is significantly different when compared to the other two bleed rates, 
where an increase in viability is observed at increasing dilution rates. Furthermore a
higher death rate was observed at these two bleed rates.  
Further insight in the mechanism behind the observed relations should lead to an
optimal choice of parameter settings. 
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Abstract. A new specially designed hydrocyclone was successfully applied as cell separation system in 
6-L and 30-L continuously perfused bioreactors. Cell concentration reached up to 10 million per mL and 
viability remained above 90 % for HeLa and CHO cells during operation.

1. INTRODUCTION

Several cell separating devices are used for retaining cells in the bioreactor during 
perfusion cultures. These devices are usually based on centrifugal force (centrifuges, 
hydrocyclones), filtration (spin-filters, tangential flow filters, dynamic filters),
gravitational settling, ultrasonic and dielectrophoretic separation. 

Although hydrocyclones use the same separation principle as centrifuges
(sedimentation in a centrifugal field), they have no movablff e parts, the vortex motion 
is performed by the fluid itself, and stable eddies are generated by the high velocity
of the tangential flow of the suspension. Moreover, they do not have high precision
components which are expensive to manufacture and to operate. These properties
suggest hydrocyclones for separating animal cells in continuously perfused 
bioreactor systems. However, few applications of hydrocyclones in animal cell 
processes have been reported so far. The reasons are, on the one hand, the low 
separation forces (density difference and organism size), and on the other hand, the
high velocities required for reasonable separation efficacies combined with the
unavoidable shear forces. In the present work we used a hydrocyclone, specially 
designed to avoid these disadvantages, for separating HeLa and CHO cells in 
continuously perfused bioreactors. 

©  Printed in the Netherlands. Springer.2005
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2. MATERIALS AND METHODS 

2.1. Hydrocyclone 

A new, specially designed double tangential inlet-hydrocyclone was used for cell
retention. It is characterized by an overflow pipe diameter of 2 mm and an
underflow orifice diameter of  2.5 mm.

2.2. Cell Lines and Culture Conditions 

The recombinant Chinese hamster ovary cell line CHO-3D6 producing human anti-
HIV antibody, kindly provided by Polymun Scientific (Vienna, Austria), was
cultivated in protein-free SMIF6 medium (Invitrogen GIBCO-BRL Life 
Technologies, Paisley, UK). HeLa cells were cultivated in Hybridomed DIF-1000 
medium (Biochrom, Berlin, Germany) supplemented with albumin, insulin and 
transferrin.    0.1 % Pluronic F68 was always added to the media. Both, CHO-3D6
and HeLa cells were cultivated in 1-L spinner flasks (Techne, Cambridge, UK) and 
then inoculated to a 6-L bubble-free aerated membrane bioreactor. The 30-L pilot 
membrane bioreactor (Bioindustrie Mantovane, Italy) was fully automated (Ubicon, 
GBF) and controlled by online glucose monitoring (Trace, Braunschweig, 
Germany). Cell culture process parameters were analysed by using standard 
methods. 

2.3. Experimental Set-Up

The hydrocyclone was installed in the bioreactor system via an external recycling 
loop. Perfusion was performed by intermittent operation according to the glucose 
concentration using a pulsation-free pumphead (505L Watson-Marlow) equipped 
with a double tubing device (Marprene®, 9.6/2.4 mm). 

3. RESULTS AND DISCUSSION 

3.1. Cultivation of HeLa and CHO Cells in the 6-L Bioreactor 

HeLa cells propagated in spinner flasks were transferred to the 6-L bioreactor 
resulting in an initial cell concentration of 4.3 Η 10Η 5 mL-1. Within the first 
cultivation phase of 50 hours, the cell concentration increased to 1.76 Η 10Η 6 mL-1,
and glucose reached its minimal concentration of 0.3 g L-1. Subsequently, 
hydrocyclone was started for perfusion to maintain glucose concentration above 0.5
g L-1. The hydrocyclone was operated intermittently (3 min every 2-3 h) during the 
12 days of perfusion. Viable cell concentration reached a maximum of 1 x 107 mL-1

and cells grew with a growth rate of 0.0124 h-1 after 8 days resulting in a population
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doubling time of 2.3 d-1. Viability remained above 94 % for the whole cultivation 
process. In addition, the perfusion rate varied according to cell concentration 
reaching its maximum at the end of the cultivation with 1.83 reactor volumes a day.

CHO-3D6 cells cultivation in the 6-L bioreactor was started with a cell
concentration of 2.3 Η 10Η 5 mL-1. Cells grew with an adaptation phase of about 75
hours. Exponential growth started at a cell concentration of 6.1 Η 10Η 5 mL-1 . After 
120 hours, when glucose reached its minimum concentration of 0.8 g L-1, the
hydrocyclone perfusion was started intermittently to maintain glucose above this 
level. After 235 hours of exponential growth with a rate of 0.02 h-1, the cell
concentration reached its maximum (3.9 x 106 mL-1). Viability was always above 90 
%. The cell separation efficiency during the perfusion by the hydrocyclone was
maintained above 85 %.

0 30 60 90 120 150 180 210 240 270 300
0

2

4

6

8

10

12

60

70

80

90

100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

6 m
L

-1
)

Cultivation time / h

(A)

V
ia

bi
lit

y 
/ %

Hydrocyclone application

 L
ac

ta
te

 / 
(g

 L
-1
)

G
lu

co
se

 / 
(g

 L
-1
)

 D
ilu

tio
n 

ra
te

 V
R

/ d
R

-1

0 25 50 75 100 125 150 175 200 225 250 275

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0

25

50

75

100

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0

10

20

30

40

50

60

70

80

90

100

C
el

l c
on

c.
 / 

(1
0

2

2

33

3

ll
/(

6
m

L
-1
) 44

Cultivation time / h

V
ia

bi
lit

y 
/ %

G
lu

co
se

 / 
(g

 L
-1
)

(B)
Hydrocyclone application

 L
ac

ta
te

 / 
(g

 L
-1
)

 B
le

ed
ed

 c
el

ls
 / 

%

Figure 1. Cultivation of HeLa cells (A) and CHO-3D6 cells (B) in a continuously perfused   
6-L bioreactor using a  hydrocyclone.

3.2. Cultivation of HeLa Cells in a 30-L Continuously Perfused Bioreactor 

Comparable performance of the hydrocyclone operation in a fully automated 
continuously perfused 30-L bioreactor has been obtained using the same 
hydrocyclone configuration as in the 6-L system (data not shown). Perfusion was
started after 41 hours to maintain glucose above the minimum level. The cells grew 
exponentially with a growth rate of 0.04 h-1 up to a concentration of 2.6 Η 10Η 6 mL-1

after 90 hours. Viability remained above 93 % during the whole process. 
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4. CONCLUSION

Hydrocyclones can be efficiently used as perfusion systems in continuous 
mammalian cell culture processes maintaining a viability above 90 %. 

During the quasi steady state period of cultivation in 6-L bioreactors, the
hydrocyclone was operated for 3 minutes within 2 hours at a flow rate of 1 L min-1

generating ∆P ≤ 1 bar and a separation efficiency ≥ 0.85. This corresponded to a
residence time of less than 0.2 s within the hydrocyclone volume of 2.1 cm3.
Provided the residence time in the hydrocyclone is not significantly changed this 
hydrocyclone performance can be maintained with any other perfusion system. 
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1. INTRODUCTION

The spinfilter SF is one of the most popular retention devices used on the animal 
cell perfusion culture. Although fouling remains as the major drawback of this 
device, studies addressing this phenomenon on a long term basis are rarely found 
in the literature.

In this work several variables that affect the long term behaviour of the SFt
were examined during pilot scale runs. Cell passage factor was examined as a
possible candidate for an early indicator of spinfilter fouling. Effect of cell
concentration and soluble DNA concentration on run longevity was study.

2. MATERIAL AND METHODS 

Cell lines and culture media: A transfectoma cell line derived from NSO myeloma, 
producing a monoclonal antibody and a recombinant CHO cell line producing
rhEPO were used. Cells were grown on protein free or serum supplemented media.
Bioreactor and spinfilters: Pilot scale (30 L) stirred tank bioreactors were purchase 
from CHEMAP AG. Spinfilters were of stainless steel and 20 µm of mesh
opening.
Analytics: Cell counts were done by exclusion method using trypan blue, DNA 
concentration was measured by dot-blot.
Experimental protocol: NSO and CHO perfusion runs were carried out using the
same feeding policy. Temperature, pH and DO were controlled in 37 C; 6,5 – 7,0 
and 20 – 100 % with respect to air saturation respectively.
Calculations: Cell passage factor was calculated as the division of total cell 
concentration inside the spinfilter by the total cell concentration in the bioreactor. 
Cumulative values were calculated by numerical integration. 
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3. RESULTS

3.1. Cell passage factor 
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Figure 1. Profile of the cell passage (α(( ) against time for perfusion runs. Two runs (run 1 α
and run 2) data are included together with 3 set of data found in the literature.

In figure 1, the profiles of cell passage factor of SF perfusion experiments
including data extracted from the literature are shown. Table 1 shows the adjusted 
parameters of an exponential model describing the behaviour of α in time.

Figure 2 shows right the average operational time and the average soluble
cumulative DNA concentration of CHO (3 runs) and NSO (15 runs) perfusion
runs. And left the total cumulative cell concentration (TCCC) inside/outside the SF  
vs. the operational time.
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Table 1. Adjusted parameters for exponentially falling function. 

Reference α0 βββ(hrs-1)β r2 Number of data
Heine 1999 0,9232 0,081 0,94 7 

Yabannavar 1994 0,2053 0,0091 0,95 5 
Iding 2000 0,2377 0,008 0,92 12 

Run 1 0,7731 0,0372 0,8176 7 
Run 2 0,2935 0,0516 0,9394 4 

4. DISCUSSION

It can be seen from figure 1 and table 1 that the α profile can be successfully 
adjusted to an exponentially falling function for several set of data. The sets of 
data corresponds to different conditions which provide clues about the possibility 
that such a behaviour is related to a general kinetic mechanism of obstruction for 
spinfilters rather than to an exception. 

On the other hand, analysis of cumulative cell and DNA concentration in long
term perfusion (figure 2 left) shows that CHO cells, which liberates less DNA, 
when compared with NSO cells, tend to clog less the SF. The role of this
compound in the cell – sieve interaction is again observed (Esclade et al 1991). 

The total cumulative cell concentration (TCCC) in the bioreactor exhibited a
growing pattern as operational time increases as can be withdrawn from figure 2
right. This is consistent with the assumption that operational time is not a function 
of TCCC outside the SF. A similar trend is followed by the TCCC in the internal 
lumen of SF for runs which lasted less than 9 days where a similar conclusion to 
the previous can be taken. It is likely that runs that last less than 9 days were
affected by overflowing of the SF which led to accelerated obstruction of it. A
strikingly different behaviour for TCCC in the inside of the spinfilter is observed 
for runs which lasted more than 9 days. This observation leads to the conclusion
that operational time is more sensitive to the amount of cell that are put in contact
with the inner spinfilter surface than on the outer surface. (Trocha et al, 1997)
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1. INTRODUCTION 

The BioSep cell retention system has a virtual (not physical) filter, which avoids 
clogging (Bierau, et al). The filter in the BioSep system is a field of standing waves, 
which are formed by exciting a ceramic transducer plate. Part of the energy that is
applied to the transducer is transferred into heat. Therefore the BioSep systems 
should be cooled. The smaller systems (10L and 50L) are air cooled and the larger 
systems (200L and 1000L) are water cooled. The amount of heat that is produced is 
depending on the power that is applied to the system. However, the amount of power 
is not the only influence on the temperature in the system. Other parameters are the 
harvest flow rate, the temperature of the environment and the length of the 
recirculation loop. In this study several of these parameters were investigated to 
determine what settings are optimal for operating the different commercially 
available BioSep devices.

2. METHODS AND MATERIALS 

All experiments were performed with a 7 L Applikon bioreactor with a 5L working 
volume. The bioreactor was heated to 37°C with a heating blanket controlled by an
ADI 1030 controller. The BioSep 10 and 50L were placed on top of the bioreactor. 
Temperature was measured using thermocouples, placed as shown in figure 1. The
thermocouple in the cuvette was placed in a metal tube. This was done to avoid any
direct heating of the thermocouple by the field. The thermocouples in the 
recirculation loop were inserted into the liquid via a T-piece. The BioSep 200L was 
placed besides the bioreactor.

The BioSep 10L and 50L were cooled with compressed air (10-30L/min) of 
room temperature. The BioSep 200L had a circulating water jacket around the
cuvette to assure that the temperature in the cuvette was homogeneous and similar to mm
the bioreactor temperature. The circulating water temperature was set between 33
and 37°C.  

©  Printed in the Netherlands. Springer.2005
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For the BioSep 10L harvest line norprene food tubing size 14 was used, for the
recirculation size 16 was used. With the BioSep 50L tubing size 16 was used for the 
harvest and size 15 for the recirculation. The BioSep 200L used size 35 for the 
harvest and the recirculation. For both the harvest and the recirculation line a
variable speed pump was used. For each experiment the power was relative to the to
harvest flow rate, at 0.6-1.2 W/L/day for the BioSep 10L and 0.2-0.4 W/L/day for 
the BioSep 50L and 200L. These power levels are used to maintain separation 
efficiencies above 95% in mammalian cell culture.  

Most experiments were performed in demineralized water to determine 
temperature effects. Some experiments were done using a yeast suspension of 10
g/L in physiological salt solution (9 g/L NaCl in demi water), to determine the effect
on the separation efficiency. Yeast was used as a model particle for mammalian 
cells. 10 g/L yeast is comparable to 10*106 mammalian cells/ml, by volume. The
separation efficiency was calculated by dividing the amount of cells in the harvest 
stream by the amount of cells in the suspension

Sep eff
C

C
hC

sC
. . *eff

ChC
100%*

ChC (1)  

with Ch = cell concentration in harvest and Cs = cell concentration is suspension. 
Cell concentrations were measured as described in Keijzer, et al.

Figure 1: Experimental set-up of the temperature study with a 50L BioSep. Thermocouples
were placed at position 1-6.

3. RESULTS

The temperature in and around the BioSep 10L was primarily influenced by two
parameters, the flow rate of the recirculation and the power applied to the system.
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Although the recirculation line was a short as possible (1.5m) the temperature 
decreased from 37°C to 25°C before it entered the BioSep, at 5L/day recirculation 
flow. When the recirculation flow was increased to 20L/day the temperature of the
medium going into the BioSep increased to approximately 32°C. When the field was 
switched on the temperature in the BioSep increased 10 to 15°C. Air cooling was 
used to cool the temperature in the BioSep back to the bioreactor temperature. On
average an air flow of 10L/min at 2W, 20L/min at 3W and 30L/min at 5 and 7W,
was needed to reduce the temperature back to 37°C. 

The temperature differences in the BioSep 50L were smaller. Again recirculation
flow rate should have a minimal flow rate (50L/day in this case) to avoid that the
recirculation temperature decreases below 33°C. Also the applied power did not 
effect the temperature in the cuvette as much as in the 10L, due to the lower power 
input per ml of medium. At 5W the temperature did not even increase above 37°C. 
At 7 W and 10W, air cooling of 20L/min and 30L/min, respectively, were sufficient 
to reduce the temperature below 37°C and closer to the recirculation temperature 
(figure 2).  
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Figure 2. Temperature measurement at 20 L/day harvest, 60L/day recirculation, 7W switched 
on at t=16 min, and air cooling of 10 (t=45 min), 20 (t=73 min) and 30L/min (t=101 min).
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Some tests were also performed with a yeast suspension to determine the effects of 
temperature and air cooling on the separation efficiency. With the BioSep 10L the 
separation efficiency did not change much with varyingt temperatures. Without any 
air cooling still separation efficiencies higher than 99% were measured. Since it did 
not change when the temperature became more homogeneous, it seemed that the 
separation efficiency was already at its upper limit. This was different for the 50L 
BioSep. Thermal streaming had a larger influence on the separation efficiency. With
air cooling of 30L/min, the separation efficiency improved from 97.4% to 99.1%, at 
10g/L yeast, 50L/day harvest and 150L/day recirculation.  
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For the BioSep 200L the recirculation did not decrease as much (±35°C) as in
the BioSep 10L, due to the higher relative flow speed. The temperature in the
cuvette was approximately the same as the temperature of the water mm bath, before the
field was switched on. When the field was switched on the temperature in the
cuvette increased 2-3°C. Decreasing the water bath temperature by 1 °C resulted in a
decrease of the temperature in the cuvette of approximately 0.7°C at 20 W and 0.4°C
at 40 - 60W. At any power setting the best separation efficiency was reached at a 
water bath temperature of 36°C.  However at 40 and 60W a little more cooling was
necessary to maintain a maximum temperature 37°C in the cuvette. The effect of the
temperature on separation efficiency was minimal (99.0 and 98.8% SE at 36 and 
35°C water bath).

4. CONCLUSIONS AND RECOMMENDATIONS 

The temperature differences in around the BioSep 10L can be relatively large. 
However this can be reduced by applying a minimal recirculation flow of 20L/day
and applying air cooling when the field is switched on. Separation efficiency was 
not influenced by temperature in the 10L BioSep. This contrary to the BioSep50L, 
where separation efficiency improved when air cooling was applied. Therefore air 
cooling in the 50L is always recommended even when temperature does not increase 
above 37°C. The BioSep 200L had the best separation efficiency at 36°C. However 
at the higher power inputs the temperature increased above 37°C and more cooling 
is beneficial to the temperature of the medium and the effect on separation
efficiency was minimal. All the experiments led to the following recommendations
for cooling at different settings of harvest flow rate and power input. A temperature
study in the 1000L BioSep will be done shortly.

Table 1: Recommendations for air ooling of the 10L BioSep 

Harvest 
(L/day) 

Recirculation
(L/day) 

Power
(W) 

Air cooling 
(L/min)

1-2 20 2 10 
2-5 20 3 20 
5-8 20 5 30 

8-10 20 7 30 

Table 2: Recommendations for air ooling of the 50L BioSep

Harvest 
(L/day) 

Recirculation
(L/day) 

Power
(W) 

Air cooling 
(L/min)

5-20 50 5 10 
20-40 100 7 20
40-50 100-150 10 30

Table 3: Recommendations for the water bath setting of the 200L BioSep

T. KEIJZER, ET AL.
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Harvest 
(L/day) 

Recirculation
(L/day) 

Power
(W) 

Water bath
(°C) 

20-40 40-100 20 36 
40-100 100-300 30 35.5
100-150 300-450 40 35
150-200 450-600 50-60 34

REFERENCES:

H. Bierau, A. Perani, M. Al-Rubeai, A.N. Emery. A comparison of intensive cell culture bioreactors
operating with Hybridomas modified for inhibited apoptotic response. Journal of biotechnology 62, 
195-207, 1998.

T. Keijzer, F. Trampler, A. Oudshoorn, O. Doblhoff, H. Berg, Integrating acoustic perfusion in
mammalian cell culture. Scale-up and performance characterisation. 2001 (poster) 
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FLEXIBLE FED-BATCH PROCESS CONTROL OF 
ANIMAL CELLS

Technische Universitaet Hamburg-Harburg, Bioprozess- und 
Bioverfahrenstechnik, Denickestraße 15, 21071 Hamburg, Germany, 

poertner@tuhh.de

INTRODUCTION

Fed-batch suspension culture of animal cells continues to be of industrial importance 
for the large scale production of pharmaceuticals. However, existing control
concepts are still insufficient and metabolites produced during the cultivation may
inhibit cell growth. 

The combination of a model-based fed-batch process and the adaptive Open-
Loop-Feedback-Optimal(OLFO)-controller /1, 2/ represents an effective tool, which 
couples an efficient cultivation concept and a high performance process control
strategy. Characteristics are the transferability to different cell lines and cultivation
systems, e.g. dialysis cultivation. Fed-batch cultivation using dialysis allows the
improvement of maximum cell density and product yield via removal of low
molecular weight metabolites. Major elements of this fed-batch control are a process f
model, a model parameter identification and an optimisation part (fig.1). 

→ adjustment process-simulation

→ calculation of feed profiles

post experimental:

optimisation of previously fixed model parameters via additional, post experimental

available process data, application in subsequent cultivations

→ simulation data from running cultivation

parameter identification partp p

1. automated adaptation of model parameters1. automated adaptation of model parameters

→ adjustment process-simulation

optimisation partoptimisation partp p

2. model prediction and automated optimisation of2. model prediction and automated optimisation of

the future process coursethe future process course

→ calculation of feed profiles

optimisationoptimisation

criterioncriterion

preceding cultivationpreceding cultivation

post experimental:

optimisation of previously fixed model parameters via additional, post experimental

available process data, application in subsequent cultivations

→ simulation data

process modelprocess modelprocess modelp

→ simulation data from running cultivation

process dataprocess dataprocess datap

from running cultivation

Fig. 1: Scheme of the adaptive, model-based process control strategy for fed-batch cultivation 
of animal cells
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Using the process model, the course of important process variables from the end 
of the lag phase to the actual process time is calculated. Subsequently, an automated 
parameter identification takes place, based on the available process data. The 
optimisation part predicts the future course of process variables using the adapted 
model and calculates control functions (e.g. feed profiles) with respect to an 
optimisation criterion. The control cycle is repeated within a chosen time interval.

MATERIALS & METHODS

The application to a NS0 cell cultivation for antibody production is presented.
Cell line: NS0 6A1 bcl-2, overexpressing bcl-2 for suppression of apoptosis,
producing MAb for cancer therapy. The cell line was made available through Prof. 
Dr. M. Al-Rubeai, Animal Cell Technology Group, University of Birmingham, UK. 
No preliminary characterisation of the cell line, its uptake rates etc. 
Model: Unstructured, unsegregated, 16 equations (10 coupled differential equations 
for the description of viable and total cell concentration and all major substrate and 
metabolite concentrations and 6 mostly Monod-type equations) and 14 variable 
model parameters. Shown in /2/ without dialysis. 
Reactor: Membrane dialysis reactor (Bioengineering AG, CH): Culture chamber 
(2 L, working volume at inoculation 1 L) and dialysis chamber (8 L, working
volume 4 L) separated by a cylindrical Cuprophaney ® dialysis membrane (cut-off:
10 kDa) and continuously perfused at a rate of 400 mL medium day-1.
Medium: Serum-free Pro CHO 4 CDM containing 23 mmol L-1 glucose plus 
supplements. 
Feed: 10fold concentrated DMEM/Ham’s F12 (1:1) medium without salts
containing 100 mM glucose.
Process: Control of glucose concentration at 16 mmol Lt -1. Run of the process control
cycle (fig. 1) at every sampling starting at the end of the lag phase. 

RESULTS

Predicted and measured courses of important process variables of a dialysis fed-
batch cultivation are shown in figure 2 over cultivation time. Each predicted value
results from the model parameter optimisation and feed optimisation cycle (fig. 1)
which was carried out at the time of the previous measurement.

The OLFO-controller realises process management and maintenance of the target 
glucose concentration in conjunction with the employed model. The use of dialysis 
cultivation for the removal of low molecular weight metabolites significantly
enhances the performance of the process: Maximum cell density: 16·106 cells mL-1

(3·106 without dialysis), product yield: 1030 mg MAb Lt -1 (340). The application to a 
hybridoma cell cultivation without dialysis is presented in /2/. Time-space-yield 
considerations are described in /4/. 
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Fig. 2: Dialysis fed-batch cultivation of the NS0 cell line 6A1 bcl-2 by the OLFO-controller.
Comparison of measured (filled symbols) and predicted (open symbols) process variables: 

a) viable cell concentration XvXX b) glucose concentration cv Glc,i and lactate concentration cLac,ic
in cultivation chamber c) glucose concentration cGlc,o and lactate concentration cLac,oc  in 

dialysis chamber and d) calculated feed profile. 
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DEVELOPMENT OF A FED-BATCH STRATEGY FOR 
THE PRODUCTION OF NS0-DERIVED HUMANISED 

MAB IN PROTEIN FREE MEDIUM. 

Center of Molecular Immunology. P.O. Box 16040, Havana City    
11600, Cuba.

INTRODUCTION

In order to meet the increasingly demand of therapeutic antibodies derived from 
mammalian cells to conduct clinical trials fed-batch culture has been established as
alternative fermentation technology. A lot of feeding strategies has been 
implemented according to feeding medium composition (1, 2, 3). GS-NS0 cell line
has been the most widely used host cell, which bear Glutamine -Sintetase expression
vector, yet few information has rose from non GS-NS0 cell line fed batch-culture.
Until now, out of 21 approved therapeutic products mammalian cell-derived only 2
are produced from NS0 cell line and in both cases using GS expression system and 
serum free media. Adaptations of NS0 cell line to commercially available protein 
free medium it is a hard work due to the cholesterol auxotrophy of this cell line. 
That’s why few papers have been published about the role of cholesterol on specific 
Mab production rate in NS0 fed batch culture. Ojito et al 2001, demostrated that the
use of different cholesterol solutions in PFHM II medium improved the qMAb 1, 5
fold with respect to cholesterol free medium in batch culture. This fact allows for m
establish a fed-batch culture feeding only glucose and glutamine concentrated 
solutions in PFHM II medium with high amino acid content. 

MATERIALS AND METHOD. 

Cell line and Culture Conditions. The cell line used was NS0-H7, which produce a 
humanised antibody against EGF receptor. The medium used throughout the 
experiments was PFHM II supplemented with Pluronic F68, glutamine and 
NaHCO3. Lipid supplements were Lipid Mixture 100X (S26), CD Lipid 
Concentrated (S49), Lipid # 37(S62), Lipid # 37 with fatty acids (S63), Lipid # 6 
(S13)) and CD Lipid Concentrated with bovine cholesterol (S69). Cells were 
cultured in spinner flasks at 60 rpm and 36,5 °C. NaHCO3 was use for pH control.
The scheme of glucose and glutamine addition was based upon uptake metabolism.
Feeding was initiated when viable cell concentration reached 1X 106-cells/ mL in 

©  Printed in the Netherlands. Springer.2005
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order for maintains glucose and glutamine concentration above 5mM and 1mM 
respectively. Glucose and glutamine were added as concentrated solutions.
Analytical Measurements. Cell counts were carried out using hemocytometer and 
cells were quantified using trypan blue exclusion method. Glucose, Lactate and 
Ammonia were measured by Biolyzer DT60 II. Amino Acids were detected using a
proprietary method from Water by Merck-Hitachi HPLC. IgG determination was
performed through a specific ELISA. 

RESULTS AND DISCUSSION.

Development of a fed-batch process. 

Two sets of experiments were carried out to evaluate the effect of fatty acid and 
cholesterol upon fed-batch performance. As shown in Figure 1cell line NS0-H7
grew in medium PFHM II using different lipid supplementation. Control culture S70
reached 2,53X106 cell/mL and and viability index of 118 X105 celld/ mL. When fed 
culture was performed using Lipid Mixture 100X cells reached a maximal viable
cell density of 87 % with respect to that control culture. The same occurred with CD 
Lipid Concentrated where cells reached 98, 5 % with respect to control. In the case 
CD lipid concentrated plus bovine cholesterol the maximal Xv was 113% with 
regard to the control culture. It could be concluded that lipid supplementation

hadn’t effect on maximal cell density and lipids don’t constitute the
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stoichiometric limitation. Yet, lipid supplementation improved viability index in 
all cases evaluated in 123% respect to the control. Figure 2 shows that when cells 
were supplemented with non-animal derived cholesterol without fatty acid (S62, S63
and S13) the maximal cell density was over 100% with respect to the control
culture. In these cases, the viability index was similar to that culture without fatty 
acid supplementation. In terms of metabolic load the maximal reached lactate 
concentration was over 30 mM, which has been reported to be inhibitory to NS0 cell 
line in serum free medium.(4). In case of ammonia the average concentration
obtained was over 5 mM confirming the impact of wasting products on overall cell
growth. If we look at that cellular dead pattern it can be observed that in this 

phase kd > µ which demonstrate that lactate concentration could be the 

responsible of that behaviours. 

Impact of cholesterol upon Mab productivity. l

In terms of Mab concentration there was different outputs with regards to the type of t
lipid used (Figure 3). In case of S28 the maximal Mab concentration obtained was
92 mg/L which means 2 fold the value obtained in batch culture. For S49 the final 
value was 130 mg/L and when cholesterol was added to CD Lipid Concentrated 
(S69) the final Mab concentration was 220 mg/L, which represented 4,4 fold with 
respect to batch culture. This difference in the final Mab concentration between S49 
and S69 was due to an increase in the specific Mab production rate. This increase 
was provoked by the addition of 5 mg/L of cholesterol varying from 3 X10-7 up to 
5,2 X10-7 µg/cell h demonstrating the value of medium optimisation instead of 
feeding strategy. For cholesterol supplemented cultures the final Mab average 
concentration was 165 mg/L. From these results two production patterns can be 
identified, one associated to culture supplemented with fatty acids without 
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cholesterol (S28, S49) and other associated with the cholesterol concentration in the
basal medium. (Figure 4). These results allow for conclude that the use cholesterol 
increased the specific Mab rate in PFHM II medium. 

CONCLUSIONS.

From the results presented here can be concluded that the fed batch culture feeding
glucose and glutamine increase the final Mab concentration up to 150 mg/L in
PFHM II medium. The lactate and ammonia concentration modified the dead phase
getting fewer products due to lower values of viability index Cholesterol constituted 
an improvement of specific Mab production rate in NS0 cell line adapted to PFHM
II medium. The use of glucose and glutamine as feeding solution no increase the
qMab value over control culture. All these results demonstrated the feasibility of 
using recombinant non GS-NS0 cell line for production of proteins of high added 
value. 

E. OJITO MAGAZ, ET AL.
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TRANSFECTION TO MANUFACTURING: REDUCING
TIMELINES FOR HIGH YIELDING GS-CHO 

PROCESSES

Lonza Biologics, Cell Culture Process Development, 228 Bath Road, Slough,
Berkshire, SL1 4DX, UK 

1. INTRODUCTION

Chinese hamster ovary (CHO) cell lines are widely used by the bio-pharmaceutical 
industry for therapeutic protein manufacture. The rapid construction of high yielding
recombinant CHO cell lines are a key economic consideration. Gene amplification is 
widely used to create high yielding CHO cell lines; however this can substantially
increase the length of a cell line development programme. As a further 
consideration, adaptation to single cell suspension culture and to protein-free (or 
chemically-defined) media can be problematic, and impact project timelines; one 
solution is to use a host cell line pre-adapted to the desired culture conditions. 

The work reported here describes the creation of high yielding GS-CHO cell 
lines for use in a chemically-defined fermentation process. This was achieved 
though improvements in the cell line construction process; focusing on the 
development of a pre-adapted host cell line, and the optimisation of the transfection 
and selection stages. 

2. METHODS

A host CHO cell line pre-adapted to suspension culture and chemically-defined 
medium (CHOK1SV) was evaluated against the original host cell line (CHOK1).
Host cells were transfected with genes coding for the antibody cB72.3 linked to the
glutamine synthetase (GS) selectable marker. Transfectants were selected in serum 
containing glutamine-free medium. Successive productivity assays were performed 
by ELISA to select the highest yielding cell lines. High yielding cell lines were
progressed to flask suspension cultures in a chemically-defined, animal component 
free medium and productivity assessed. 

Growth and productivity kinetics were additionally evaluated in a platform 
chemically-defined GS-CHO fermentation process utilising a 10 L airlift bioreactor 
operated in fed-batch mode. 

©  Printed in the Netherlands. Springer.2005
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3. RESULTS

CHOK1SV and CHOK1 host cells were transfected with a GS-expression vector 
encoding the genes for the antibody cB72.3. Glutamine independent transfectants 
were selected and supernatants screened by ELISA for the presence of assembled 
antibody. A total of 341 transfectants were initially screened, all of which produced 
antibody. From these, 259 transfectants were selected for further assessments of 
productivity.  

Figure 1.  Timeline showing steps performed to select high yielding GS-CHO cell lines
adapted to chemically-defined medium. Use of pre-adapted CHOK1SV host has resulted in a 

substantial timeline reduction. High yielding GS-CHO cell lines can be created within six
months.

Two model cell lines: 22H11 (original CHOK1 host) and LB01 (created using the 
new CHOK1SV host), were grown in 10 L airlift bioreactors using successively
improved versions of the GS-CHO fermentation process with chemically-defined 
medium and feeds. Medium and feed optimisation strategies enabled extension of 
culture duration, increased viable cell density and increased specific cellular 
productivity. In figures 2 and 3, cell growth and productivity data are shown
comparing the performance of 22H11 and LB01 cell lines together with process
improvements. Using the LB01 cell line with the improved process (V2.0), the
antibody concentration at harvest was 2.8 g/L.

0 5 10 15 20 25

Time (weeks)

Vector Construction

Transfection to Static

Expansion

Adaptation and Selection

Following successive rounds of selection, thirty cell lines were selected for 
adaptation to suspension culture in protein-free medium and evaluated in shake-flask 
culture. Antibody concentrations up to 1150 mg/L were obtained and one of these 
high producing cell lines, LB01, was selected for further evaluation.  These cell lines 
had not been subjected to gene amplification. 

The development of a pre-adapted CHOK1SV host cell line resulted in a 
timeline reduction to within 6 months duration for the creation of high yielding GS-
CHO cell lines adapted to chemically-defined medium (Figure 1). 
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Figure 2. GS-CHO chemically-defined fed batch bioreactor culture process and     
cell line optimisation: Cell growth

Figure 3. GS-CHO chemically-defined fed batch bioreactor culture: Productivity    
improvement by process and cell line optimization

4. SUMMARY

CHOK1SV derived transfectants rapidly adapted to suspension culture in fully 
chemically-defined, animal component free medium. Productivity and timeline 
improvements were the result of changes made at all stages of the cell line 
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construction programme. Antibody concentrations of 2.8g/L were achieved in fed-
batch bioreactor culture without gene amplification. Use of a host cell line pre-
adapted to suspension culture and growth in chemically-defined medium, resulted in 
high yielding GS-CHO cell lines being developed within 6 months.

M . RENDALL, ET AL.
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OPTIMIZATION OF A FED-BATCH PROCESS
PRODUCING HUMANIZED ANTIBODIES

Increasing Product Quantity While Maintaining Product Quality

INTRODUCTION

Previously we reported the development of a 1st generation fed-batch process (FBP-
1) used to manufacture early-phase (I/II) clinical trial material for four humanized
antibody product candidates (1). Antibody production at the 750 L bioreactor scale
for the four products ranged from 0.37 to 0.60 g/L. Here we discuss a new 2nd gener-
ation fed-batch process (FBP-2) developed for the production of future clinical trial
material. 

FBP-2 was developed by optimizing the feed medium; specifically, the concentra-
ftions of all amino acids were, at a minimum, doubled, and the concentrations of

select vitamins and trace elements – thought to promote oxidative metabolism – were
significantly increased (2). Using FBP-2 at the 150 L pilot scale, final antibody con-
centration for three product candidates ranged from 1.1 to 1.4 g/L.

In a case study, extensive analytical characterization work was performed to estab-
lish comparability for one product candidate. Accelerated stability studies showed
that FBP-2 culture duration impacted stability of the drug product. Overlaying vialed
drug product with nitrogen gas resulted in a stability profile comparable to reference
material produced using FBP-1. The mechanism of product degradation observed in
FBP-2 is currently under investigation (3, 4).

MATERIALS & METHODS

Table 1. Bioreactor controller setpoints for 1st generation (FBP-1) 
and 2nd generation (FBP-2) fed-batch processes

bioreactor scale

750 L 150 L 3 L

DO (% air saturation) 30 30 30

temperature (°C) 37.0 37.0 37.0

agitation rate (rpm) 25–30 50–65 100–200

gas flow rate (slpm) 12 3.0 0.1–0.2

F. Gòdia and M. Fussenegger (Eds.), Animal Cell Technology meets Genomics, 705-709.
705705
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Table 2. Host cell line derivation for six cell lines producing humanized antibodies. 
Bioreactor data generated using WCB vials unless otherwise noted. 

Table 3. Volume of basal medium, inoculum, and feed medium added to bioreactor. 

Table 4. Basal medium used in fed-batch bioreactor processes. BM-3 has been previously
described (1). BM-4 is identical to BM-3 except that insulin has been removed. BM-4 is a

completely defined, protein-free basal medium.

Table 5. Fold increase in FBP-2 feed medium component concentration relative to FBP-1
feed medium component concentration. There are no new components in FBP-2 feed medi-

um compared to FBP-1.

Feed medium component
FBP-2 feed medium component concentration 
(fold increase relative to FBP-1 feed medium)

amino acid #1 6.8
amino acid #2 6.8
amino acid #3 4.5
amino acid #4 4.5
amino acid #5 4.5
all other amino acids 2.3
vitamin #1 3.8
vitamin #2 3.8
vitamin #3 2.6
all other vitamins 1.3
trace element #1 6.9
trace element #2 6.9
trace element #3 2.9
trace element #4 2.6
all other trace elements 1.3
lipid #1 3.8
all other components 1.3

1st generation (FBP-1) process 2nd generation (FBP-2) process

cell line B C G H C J K
basal medium BM-4 BM-4 BM-3 BM-3 BM-4 BM-4 BM-4

bioreactor scale
750 L 150 L 3 L

basal medium (L) 245 45 0.9
inoculum (L) 65 15 0.25
feed medium (L) 290 50 1.00
final working volume (L) 600 110 2.15 

cell line
B C G H J K

host cell Sp2/0 NS0 Sp2/0 Sp2/0 NS0 NS0
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Figure 1. Bioreactor data for 1st generation fed-batch process at three different bioreactor
scales (3 L, 150 L, and 750 L) using 4 different cell lines (B, C, G, and H). The number of

replicates at each bioreactor scale is superimposed on the figure. Data show that the process
is generic, scaleable, and reproducible. Coefficient of variation is <15% for all scales and

all cell lines. Cell line identifiers are consistent with previously published data (1).

Table 6. Process data for 3 cell lines (C, J, and K) run at the 150 L bioreactor scale in the
2nd generation fed-batch process (FBP-2). Source of cells was either the WCB (Working
Cell Bank) or the SB (Seed Bank). Cell line C produced 0.48 g/L in FBP-1 (see Figure 1)

and 1.1 g/L in FBP-2 — the only difference between FBP-1 and FBP-2 is the amount of feed
medium components added (as specified in Table 5).

Table 7.  Cell line C data generated at the 150 L bioreactor scale using two fed-batch
processes: FBP-1 and FBP-2. Volumetric productivity increased 2.1 fold. Yield of cells on
glucose increased 1.8 fold. Yield of antibody on glucose increased by 3.1 fold. Yield of lac-

tate on glucose decreased by 50% indicating a shift toward aerobic or oxidative metabolism.
Previous data (2) indicate that the shift toward oxidative metabolism involves some combi-

nation of vitamins #1–#3 and trace elements #1–#4 (see Table 5).

FBP-1 FBP-2
fold change 

(FBP-2/FBP-1)

volumetric productivity (mg/L day) 46 95 2.1

cells produced / glucose consumed (109 cells/g) 1.2 2.2 1.8

antibody produced / glucose consumed (g/g) 0.027 0.083 3.1

lactate produced / glucose consumed (g/g) 0.64 0.32 0.5

cell line
150 L

bioreactor runs
cell source

process duration
(days)

final antibody
conc. (g/L)

C n = 1 WCB 12 1.13

J
n = 5 WCB 13 1.38 ± 0.07
n = 6 WCB 10 1.03 ± 0.13

K n = 1 SB 11 1.24
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eA humanized antibody was evaluated in a Phase I clinical trial. Material for the Phase
I trial was manufactured using cell line G, an Sp2/0-derived cell line, in the 1st -gen-

neration fed-batch process (FBP-1). In order to increase process yield, cell line J, an
sNS0-derived cell line that produces the same humanized antibody as cell line G, was
lselected. In anticipation of a Phase III trial, we evaluated material produced by cel
dline J in FBP-2 to determine if it was comparable to reference (i.e., material produced

by cell line G in FBP-1). 

0In Figures 2–4 below, “FBP-1” refers to reference material manufactured at the 750
-L bioreactor scale, and “FBP-2” refers to material produced at the 150 L develop-
-ment scale. FBP-1 and FBP-2 material was clarified, purified using a series of filtra-
rtion and chromatography steps, formulated, and vialed. Vialed material was used for
-all experiment conditions. As indicated in Figures 2–4, FBP-2 material was harvest-
,ed (removed) from the bioreactor on various (specified) days post-inoculation (e.g.
s“FBP-2 (day 10)” refers to material that was harvested from the bioreactor 10 days

after inoculation, and subsequently clarified, purified, formulated and vialed). 

Figure 2. Effect of culture duration on product quality as measured by SDS-PAGE. Lanes 4
and 5 contain 0.1 µg and 5 µg of FBP-1 reference material. Lanes 6–10 contain FBP-2
material harvested from the 150 L bioreactor on days 7, 10, 11, 12, and 13. Progressive

increase in clip and aggregate observed with increasing culture duration.

Figure 3. Effect of culture duration on drug product stability as determined by an accelerat-
ed stability study (50°C for 8 weeks). Degradants measured using SEC. FBP-1 denotes ref-
erence. FBP-2 material was harvested from a 150 L bioreactor on day 10 or day 13. The

trend of increasing degradants (both percent clip and percent aggregate) is evident: FBP-2
( y ) ( y )(day 13) > FBP-2 (day 10) > FBP-1.
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Figure 4. Effect of nitrogen overlay on drug product stability as indicated by accelerated
stability study (37°C for 12 weeks). Degradants measured using SEC. FBP-1 denotes refer-

ence. FBP-2 is material harvested from a 150 L bioreactor on day 10 then overlaid with
nitrogen (day 10, w/ N2NN ), or not overlaid (day 10). With nitrogen overlay the rate of aggre-2

gate and clip formation of FBP-2 material is comparable to FBP-1 material.

CONCLUSIONS

A 2nd generation fed-batch process (FBP-2) was developed by optimizing the feed
medium. Specifically, the concentration of all FBP-2 feed medium components were
increased relative to the concentration of FBP-1 feed medium components (see Table
5). As with FBP-1, FBP-2 remains a serum-free, protein-free process. Volumetric
productivity of cell line C in FBP-2 was 2.1-fold greater than the volumetric produc-
tivity of cell line C in FBP-1 (1.1 g/L in 12 days vs. 0.37 g/L in 8 days). Two new
NS0-derived cell lines (J and K) also achieved high volumetric productivity in FBP-
2 (1.4 g/L in 13 days and 1.2 g/L in 11 days, respectively). The marked increase in
oxidative metabolism in FBP-2 was most likely the result of an increase in the
amount of a few select vitamins and trace elements added. Cells remained viable
longer in FBP-2 compared to FBP-1, increasing process duration to 13 days.
Increased culture duration had a negative impact on product quality for one antibody
tested — increased amounts of clip and aggregate were observed in accelerated sta-
bility studies. Limiting FBP-2 culture time to 10 days and overlaying drug substance
with nitrogen mitigated product stability problems while maintaining a significant
product yield increase compared to FBP-1.
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OPTIMIZED FEEDING STRATEGY FOR NS0 CELLS 
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INTRODUCTION

NS0 is a non-immunoglobulin secreting, non-light chain synthesizing subclone of 
NS-1.  We previously described development of cyclodextrin-based lipid 
supplements, which when added to a protein-free hybridoma culture medium made 
it possible to grow wild-type NS0 cells in a completely protein-free culture system 
lacking animal derived components (1).  Peak cell density in this small-scale system 
exceeded previously reported results obtained in systems which contained animal 
derived components (2).  However, productivity in batch culture systems may be 
limited by nutrient depletion and/or build-up of toxic metabolites.  We have recently 
described development of a model fed-batch culture system in Chinese Hamster 
Ovary (CHO) cells for optimization of recombinant protein expression through 
nutrient supplementation (3).   The goal of our present work was to improve 
productivity of a recombinant NS0 (rNS0) line in fed-batch bioreactors.  Several 
approaches to provide rate-limiting nutrients to the cultures have been tested and 
indicate that feeding amino acids and lipids together improve productivity in these 
cells.

MATERIALS AND METHODS

Variants of CD Hybridoma Medium (GIBCO 11279-023) were supplemented with 
250X Cholesterol Lipid Concentrate (GIBCO 12531-018).  CD Hybridoma Medium 
Partial Nutrient Supplement (PNS) was used in amino acid feeding strategies.  It was 
prepared by mixing equal volumes of Acid Solubles (GIBCO 00-0336DG) and Base 
Solubles (GIBCO 00-0337DG) within 10 minutes of use and was fed at a 1:100
dilution to the cultures.  A CD Hybridoma Medium 5 Amino Acid (5AA) Solution 
was similarly prepared.   Glutamine was not present in either supplement.  
Cholesterol Lipid Concentrate (CLC), 1000X Aqueous Liquid (GIBCO 01-0025DG) 
was used in lipid feeding strategies at a 1:1000 dilution.

A proprietary rNS0 line expressing IgG was maintained in catalog and low
glucose/low glutamine (low G/G) media.  Cells were grown in shake flasks at 125 
rpm at 37°C in a humidified atmosphere of 8% CO2 in air. 

©  Printed in the Netherlands. Springer.2005
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Stirred tank CelliGen Plus® (New Brunswick Scientific Co., Inc., NJ) bioreactors 
with a 4 L working volume were seeded at 3x105 viable cells/mL.  Agitation (60
rpm), temperature (37°C), pH (7.30), and dissolved oxygen (25%) were controlled at 
the indicated setpoints.  For low G/G conditions, glucose was monitored and 
controlled on-line at 1 g/L using a YSI analyser (YSI Inc., Yellow Springs, OH).  
The initial glutamine concentration was 2 mM.  Beginning on day 2, bioreactors
were fed the equivalent of 1 mM glutamine daily.  PNS or 5AA Solution was fed on
days 4 and 6.  CLC was fed on days 3 and 5.  Immunoglobulin content (4) and 
amino acids (3) were quantitated as previously described. 

RESULTS/DISCUSSION

We recently developed a nutrient supplementation strategy to optimize recombinant 
protein expression in CHO cells (3).  A similar approach was used to improve
antibody production in an rNS0 cell line. Initial experiments indicated that glucose
and glutamine requirements were vastly different for the CHO and rNS0 systems.  
Since this rNS0 cell line lacks the glutamine synthetase (GS) enzyme, these cells
require glutamine supplementation. rNS0 growth and IgG production were similar 
in catalog and low G/G media.  Less overall ammonia was produced with the low
G/G medium, so this condition was used in all further development work.

Since amino acid supplementation has been used to improve antibody production
in mammalian cell lines (3, 5, 6), PNS was used in initial feeding experiments.  A
slight improvement in rNS0 production was seen at the end of the run.  In order to 
reduce the amino acids in the feed, we looked at the amino acid consumption profile, 
which indicated that cystine, leucine, methionine, tyrosine, and valine were 
substantially reduced during the bioreactor run with low G/G conditions.  A 5AA 
Solution was prepared with these amino acids.  Similar results were seen with PNS 
and the 5AA Solution, which suggested that one or more other components might be t
limiting. 

Since the rNS0 line is cholesterol dependent, cells were fed with CLC in addition 
to the amino acid supplements.  Previous studies indicated that 250X Cholesterolt
Lipid Concentrate could not be used in feeding strategies because cyclodextrin 
levels became toxic to the cells.  However, the 1000X CLC could be used because 
this supplement contributed less cyclodextrin to the cultures.  The combined amino
acid and lipid feed improved IgG production.  Preliminary experiments suggested 
depletion of fatty acids, yet feeding fatty acids in addition to 5AA Solution did not 
improve productivity.  In contrast, feeding with cholesterol and fatty acids in 
addition to 5AA Solution improved IgG levels.  

Adapting rNS0 cells from catalog to low G/G medium, coupled with feeding 
5AA Solution and CLC, resulted in a doubling of IgG levels (164 µg/mL) compared µµ
to the unfed catalog control (82 µg/mL).  Yet, amino acid analysis revealed that µµ
glutamine levels were not detectable during most of the run, despite daily 1 mM 
feeds beginning on day 2.  When the glutamine feed was increased to 2 mM, faster 
growth, but lower IgG levels were observed, as shown in Figure 1C.  Amino acid 
analysis showed more rapid depletion of the other fed amino acids in the 2 mM 
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culture (Figures 1B and 1D).  We hypothesize that the lower amino acid availability
resulted in lower IgG production in the 2 mM bioreactor culture.  IgG production
was similar at both glutamine concentrations in shake flask cultures (Figure 1A),
presumably as a result of less rapid depletion of amino acids (Figure 1B) and/or 
other nutrients.  This suggests that optimization of feeding times and/or t
concentrations of other nutrients may further improve IgG production in bioreactors.

SUMMARY 

IgG production in an rNS0 culture was increased through development of amino
acid and lipid feeding strategies in low G/G medium.  This work has established the 
basis for further optimization studies with this cell line.  While off-line HPLC
analysis and a bolus feeding strategy were used in this work, on-d line analysis can be 
used to continuously monitor depletion of amino acids and optimize feeding 
strategies (7). We are working to develop an on-line monitoring system to optimize 
nutrient concentrations and feeding rates. 

% of Theoretical

Day 4Day 2

95

89

92

88

26

86

2 mM
GLN

44

37

32

34

40

44

2 mM
GLN

4262Cys*

2842Gln

6286Val

5681Tyr

5384Met

5583Leu

1 mM
GLN

1 mM 
GLN

Shake Flasks

Bioreactors

% of Theoretical

Day 4Day 2

83

77

78

77

10

73

2 mM
GLN

21

17

NQ++

15

ND

ND+

2 mM
GLN

3860Cys*

ND24Gln

4575Val

4271Tyr

3571Met

3671Leu

1 mM
GLN

1 mM 
GLN

Shake Flasks

Time (days)

2 3 4 5 6 7 8 9 10

Ig
G

 p
ro

du
ct

io
n 

(µ((
g/

m
L

)
µµ

0.00

50.00

100.00

150.00

200.00

250.00

V
ia

bl
e 

ce
ll

 d
en

si
ty

 (
ce

ll
s/

m
L

)

0.00

1.00e+6

2.00e+6

3.00e+6

4.00e+6

5.00e+6

Bioreactors

Time (days)

2 3 4 5 6 7 8 9 10

Ig
G

 p
ro

du
ct

io
n 

(µ
g/

m
L

)
µµ

0.00

50.00

100.00

150.00

200.00

V
ia

bl
e 

ce
ll 

de
ns

it
y 

(c
el

ls
/m

L
)

0.00

1.00e+6

2.00e+6

3.00e+6

4.00e+6

5.00e+6

IgG production: fed 2 mM GLN, 5AA, 1000X CLC
Viable cell density: fed 1 mM GLN, 5AA, 1000X CLC
Viable cell density: fed 2 mM GLN, 5AA, 1000X CLC

* The amount of L-cystine cannot be
accurately quantified in the presence of L-
cysteine.  L-cystine and L-cysteine have the
same retention times and this results in a
single peak.

+ ND = not detected

++ NQ = not quantified

A. B.

C. D.

Figure 1. Effect of Glutamine Concentration on rNS0 Cell Growth, IgG Production, and 
Amino Acid Consumption Profile in Low Glucose/Low Glutamine Medium
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1. INTRODUCTION 

Tissue plasminogen activator (t-PA) enables efficient dissolution of blood clots by 
converting plasminogen in its active form, plasmin, dissolving the major component 
of blood clots, fibrin. t-PA and plasminogen possess a high affinity binding site for 
fibrin, but also some synthetic polymers can provide the stimulating effects of 
plasminogen activation. High performance monolithic disk chromatography 
(HPMDC) is a very fast, efficient and suitable tool for the isolation of biological 
active compounds.

A step by step modelling of possible affinity pairs and different oligo/polymer 
forms of linear and branched lysine derivatives using HPMDC is shown. The results 
of the evaluation of these affinity interactions were compared to natural affinity
counterparts to t-PA (monoclonal antibodies, plasminogen, fibrinogen). The results
enable a practical choice of affinity systems to be used for the fast and efficient 
analytical and preparative methods for the down stream processing of recombinant 
production of t-PA. 

2. IMMOBILISATION OF PROTEIN LIGANDS AND SOLID PHASE PEPTIDE
SYNTHESIS

2.1. solid phase peptide synthesis

Solid phase peptide synthesis by Fmoc strategy was accomplished inside the 
cartridge (housing plus syringe). Deprotection of side chains was accomplished 
outside of the cartridge due to chemical irresistance towards 90 % TFA.

©  Printed in the Netherlands. Springer.2005
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2.2. Immobilisation of protein ligands

- wash disk with ethanol, ethanol-water (1:1) and water.t
- immerse disk in 0.1 M sodium carbonate buffer (pH 9.3) for 2 hours. 
- transfer disk to 1 ml 5.0 mg/ml protein solution in the same buffer.
- let reaction proceed for 16 hours at 34 °C without stirring. 
- wash with initial sodium phosphate buffer. 
- wash with PBS solution containing 0.02 % sodium azide for storage at 4 °C. 

Taking into account the very high reactivity of epoxy groups of GMA-EDMA 
macroporous polymers, the immobilization was carried out as one step under static
conditions. No spacers have been inserted as several publications have specified no
dependence of separation efficiency of HPMDC for immobilization of peptides and 
proteins.

2.3. Analysis

Synthetic peptides were analyzed by RP-HLPC and size exclusion chromatography
of acidic hydrolyzed samples. The amount of protein ligands coupled to the matrix
was monitored by Lowry assay. Affinity characteristics were calculated from frontal 
analysis. Model solutions of t-PA from 0.01 to 0.5 mg/ml were used. ELISA was 
carried out to determine t-PA concentration of the samples. Purity was observed by
SDS-PAGE with silver staining. Standard mixtures of proteins were passed through 
the sorbents. In all cases non-specific interaction did not exceed 2 % from applied 
protein sample.

Crude CHO cell supernatant was used to evaluate the purification efficiency of t-
PA from a biological sample. The disk was loaded with sample in PBS buffer 
(pH 7.0, 10 mM, 150 mM NaCl). Specific bound t-PA was eluated with 0.01 M HCl 
after washing with 2 M NaCl. Flow rate was set to 2 ml/min. Total amount of t-PA 
was 3.5 µg. 

3. RESULTS 

The data in Table 1. shows that the amount of immobilized ligands is a function of 
molecular size of ligands. Highest capacity has been found for small ligands due to
higher diffusion coefficient and less sterical hindrances inside the pores by blockage
of functional groups after immobilization of molecules. While homo- and 
heteropeptides show no significant differences due to their small differences in size,
capacity decreases for the rigid dendrimer K15A molecules and proteins. 

Adsorption capacity and values of Kdiss show strong interaction between t-PA
and mAbs as expected. A specific complex with t-PA and every second antibody is
formed. Structure safety and biological function of proteins is preserved on the 
surface as even the plasminogen-t-PA complex shows high thermodynamic strength. 

About 30 to 60 molecules of homopeptide forms of lysine bind to one t-PA
molecule due to the size difference between t-PA-peptide complex and single
peptide. A transition from linear to branched forms of lysine cause no significant 
changes in qads. Comparing dissociation constants it can be noticed that polymer 
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forms of lysine show less intensive coupling, while K12 and dendrimeric ligands take
intermediate position between polymer and short peptides. This can be caused by
small differences in surface concentration of ligands, as it cannot be predicted 
whether a single-point or multi-point linkage of ligands with an adsorbent surface
will occur. Affinity properties of GPRP are unaffected by introduced lysine residues
or increasing its length.

Table 1. Affinity characteristics

ligand qimmobil.

[µmol 102/m2 2]2
qadsorb

[µmol 102/m2 2]2
qimmobil./
qadsorb

KDissK
[µmol/L]

mAB 0.20 0.10 2.00 0.2
Plasminogen 0.45 0.05 9.00 0.9 
Fibrinogen 0.05 1.30 0.04 14.0 
K15A (dendrimer) 9.20 0.30 27.70 4.9 
K12 13.10 0.30 43.00 4.5
K8 15.90 0.40 38.80 2.7
K4 16.60 0.30 58.80 1.0
K8GPRP 14.30 0.10 142.90 5.4
K4GPRP 14.30 0.10 158.90 4.9
GPRP 15.90 0.10 175.90 1.8 

Table 2. shows the extraction of t-PA from crude CHO cell supernatant using
GPRP- und polylysine ligands. The ligands with good affinity, GPRP and K15A, also
provide the biggest adsorption capacity. GPRP shows even higher capacity than
monoclonal antibodies. Purity was proved by SDS-PAGE. 

Table 2.Yield of t-PA from biological samples

synthetic ligand t-PA
[µg/ml]

yield
[%] 

mAB 2.6 74 
K15A (dendrimer) 2.5 71 
K12 1.3 37
K4 1.0 29
K8GPRP 1.4 40 
K4GPRP 1.2 34 
GPRP 3.0 86 
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1. INTRODUCTION 

Optimization of media formulation is a key aspect for bioprocess development in
animal cell cultivation because of its complexity and high cost. Elimination of fetal
bovine serum (FBS) is nowadays enforced because of the well-reported drawbacks
of its use. However, serum-free media implies a case to case design based on the
particular supplements required for each strain. BIOPRO1 is a defined medium 
designed specifically for CHO cell cultivation by BioWhitaker Europe (Belgium).
Recombinant tPA producing CHO TF 70R cells have been cultivated in BIOPRO1
but cell growth was somewhat lower than obtained in a FBS containing medium.
The objective of this work is the improvement of BIOPRO1 for CHO TF 70R 
cultivation in terms of cell growth and tPA production and functionality.

2. MATERIALS AND METHODS 

tPA producing cell line CHO TF 70R was kindly provided by Pharmacia & Upjohn 
(Sweden). BIOPRO1, kindly provided by BioWhitaker Europe, plus 20 mM of 
glucose and 6 mM of glutamine was supplemented with vitamins, lipids and 
aminoacids as indicated in Table 1 for each experiment (Ci). A control experiment 
(CC) was also performed for each of the four series of experiments (Si in Table 1).  
Cell concentration and viability, glucose, lactate, ammonia and aminoacids were 
determined as previously reported (Altamirano et al, 2000). tPA was determined by
ELISA and tPA activity with a chromogen assay. A conjugated peroxidase 
antihuman-tPA IgG was used for Western Blott analysis.  
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3. RESULTS AND DISCUSSION

According to S1 experiments, a three-fold increase in biotin, cobalamine, benzoic
acid and folic acid (C1) was enough to obtain the same result as in C2 (data not 
shown), where all vitamins were increased threefold with respect to the control. V-
3BF supplement produced an increase in specific cell growth rate (µ), cell 
concentration and viability with respect to CC, as seen in Table 2. A slight increase
in tPA production was observed as a consequence of a higher cell concentration, but 
specific activity remained unaltered. In S2 experiments, best results were obtained 
with C5 (Table 2) were the medium was supplemented with lipids (Chol+FA) and 
vitamin (V-3BF) mixtures. In S3 experiments, the concentration of such mixtures 
was increased and the best results were obtained with C7 (Table 2), which 
corresponds to a 50 % increase in lipid concentration. A substantial increase with
respect to BIOPRO1 was obtained in terms of µ, cell concentration, cell viability 
and tPA production. The addition of lipids had opposite effects with respect to tPA: 
the specific activity of tPA increased, but the specific productivity (qtPAqq ) decreased. 

Table 1. Medium culture composition on the different experiments 

Supplements add to BIOPRO1 whit 20 mM glucose and 6 mM glutamine 
Culture V-3BF V-MEM Cholall Chol+PAb Chol+FAc Ser+Pro Asn

CC --- --- --- --- --- ---
C1(S1) 3X --- --- --- --- --- ---
C2(S1) 3X 3X --- --- --- --- ---
C3(S2) 3X --- 1 %v/v --- --- --- ---
C4(S2) 3X --- --- 1 %v/v --- --- ---
C5 (S2) 3X --- --- --- 1 %v/v --- ---
C6(S3) 6X --- --- --- 1 %v/v --- ---
C7(S3) 3X --- --- --- 1.5% v/v --- --- 
C8(S3) 6X --- --- --- 1.5% v/v --- --- 
C9(S4) 3X --- --- --- 1.5% v/v 2X ---

C10(S4 ) 3X --- --- --- 1.5% v/v 2X 2X

a: 0.22 mg/L Chol. b: 0.22 mg/L Chol and 0.01 mg/L PA. c: lipids concentrate (GibcoBRL, 11905).
V-3BF: biotin, cobalamine, benzoic acid and folic acid mixture. V-MEM: vitamins mixture
(Sigma, M6895). Cho: cholesterol. PA: palmitic acid. FA: fatty acids. 3X/6X: threefold/six 

fold increase with respect to BIOPRO1. 
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Table 2. Culture parameters of CHO cell cultures: effect of vitamins and lipids

C1 C5 C7  
Parameter CC % of control 

µ (h-1) 0.016 114 150 165 
qGlc (nmol/106cell-h) 170 97 105 98 
qLac (nmol/106cell-h) 365 98 95 90
qGln (nmol/106cell-h) 94 105 84 80 
qAmmqq (nmol/106cell-h) 150 91 67 61

qtPA (ng/106cell-h) 19.8 97 88 84
Xv (106 cell/mL)6 a 0.68 113 146 162 

%Xva 72 108 112 125
tPA (mg/L)a 0.71 106 128 148 
atPA (U/mg)a 116 97 128 136 

a: values obtained at  96 h of cultivation

A possible explanation is that cholesterol stiffens the plasmatic membrane, 
which increases its mechanical strength and therefore confers a higher viability 
(Jenkins et al, 1994). This implies a lower protease release by cell lysis and 
increased product stability. However, this membrane stiffening may hinder the
excretion of tPA, which would explain the decrease in qtPA. Similar results have 
been obtained with interferon-γ-producing CHO K1 cells (Castroγγ et al 1995). To l
design S4 experiments, the residual concentration of aminoacids was analyzed:t
Apart from glutamine, the lower residual aminoacid concentrations corresponded to 
Ser, Asn and Pro. Ser and Asn are not considered essential aminoacids; however,
high consumption rates have been determined in other CHO cell lines (Castro et al,
1995). Pro is required for most CHO cells, because the mother strain (CHO K1) is a
Pro auxotroph (Keen et al, 1995). In S4 experiments Ser and Pro (C9) and Ser, Pro
and Asn (C10) were supplemented, to double their concentrations in BIOPRO1, to 
assess the specific effect of Asn. This effect is not apparent, since Asn could bet
limiting (it was consumed almost completely) while contributing to increase the
level of ammonia. As seen in Table 3, best results were obtained in C10, where,
longevity of the culture was increased in 25 h and cell concentration increased 
threefold with respect to CC, while qtPA, reduced in C7, was restored to a value close 
to that in CC. Although there is no clear explanation for this behavior, stimulatory 
effect of specific aminoacids on protein production has been reported in the case of 
Arg in the production of thrombopoietin with CHO cells (Chung et al, 2001). No
effect on tPA identity was observed in any case, as revealed by Western Blott (data
not shown).
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Table 3. Culture parameters of  CHO cell cultures in S4 

C9 C10
Parameter CC % of control

µ (h-1)1 0.018 159 162
qGlc  (nmol/106cell-h) 181 95 94 
qLac (nmol/106cell-h) 362 89 92 
qGln (nmol/106cell-h) 87 83 80
qAmmqq (nmol/106cell-h) 130 70 94 

qtPA (ng/106cell-h) 26.2 87 98
Xv (106 cell/mL)6 a 0.72 181 200

%Xva 66 130 139
tPA (mg/L)a 0.66 150 1.81
atPA (U/mg)a 102 104 96

a: values obtained at  121 h of cultivation

4. CONCLUSIONS

A systematic approach for media supplementation with vitamins, lipids and specific 
aminoacids produced a substantial increase in t-PA production with no detrimental
effect on its biological activity and identity. The effect of Asn on t-PA production 
was unexpected and needs to be further studied. 
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Abstract. Differences in the glycosylation patterns of glycoprotein therapeutics might result in altered 
biological activity, e.g. clearance, immunogenicity, targeting to specific receptors. Therefore, the exact 
knowledge of the product quality is an aspect of primary importance for the further development of a 
production process.
We have chosen a model BHK-21 B cell line expressing human recombinant EPO for the evaluation of 
the effect of different culture conditions on the N-and O-glycosylation of the product in the culture
supernatant.
The BHK-21 B cell line expresses an unusual N-glycan pattern which shows apart from di-, tri- and rr
tetraantennary complex-type structures present, in a significant high NeuGc content, partial truncated 
glycans and about 20% of oligomannosidic structures with phosphate (Man5-6GlcNAc2) when cultivated 
in T-flasks or spinner flasks. 
After identifying the critical culture variables like pH, initial glutamine concentration, glucose starvation 
and cell density we tested different procedures to reduce the undesirable NeuGc content and increase the
NeuAc content at the same time, and furthermore to significantly eliminate oligomannosidic glycan 
structures and optimise the total N-glycans towards the type of modification that are found in the 
international EPO standard preparation. 
Analysis of the  product quality (after immunopurification) was performed by applying carbohydrate 
mapping procedures including HPAEC-PAD and MALDI/TOF-MS (ESI-MS) techniques. 

1. INTRODUCTION

Mammalian cells are the preferred production system for secreted pharmaceutical
proteins. The glycosylation  of these proteins is important for their biological
activity. To determine the product quality, we analysed protein integrity and 
glycosylation pattern of human EPO as a biotechnologically relevant and sensitive 
pharmaceutical product under different physiological conditions. EPO is highly
glycosylated and glycosylation, in particular terminal sialylation, is essential for in
vivo activity. BHK cells have a heterogeneous glycosylation pattern that has been 
characterised in detail [2]. Under certain culture conditions the classical Galß1-
4GlcNAc-antenna of di-, tri- and tetraantennary oligosaccharides are changed to
GalNAcß1-4GlcNAc modifs which are not acceptors for ∀2-3 sialyltransferase 
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mediated sialylation. Therefore the product secreted by these cells is significantly
undersialylated (results not shown). 

2. RESULTS AND DISCUSSION

The purpose of this investigation was to identify critical process parameters which
affect product consistency of EPO expressed by BHK cells. 
Figure 1 shows the influence of different production systems on the glycosylation of 
recombinant EPO. The amount of oligomannosidic structures with phosphate (Man5-

6GlcNAc2) was in spinner-flasks about four times higher than in batch or perfusion
cultures in bioreactors. In batch culture the tetrasialylated structures increased 
almost three times compared to the spinner-flasks.  The perfusion process could also 
improve the quality of EPO compared to the spinner-flask but the batch culture was
the most efficient production system in terms of EPO quality.

Fig. 1: HPAEC-PAD “mapping profile” of native oligosaccharides of rec-EPO from different cultivation
systems. 
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The effect of NH4Cl depends on the used culture medium (data not shown). In
SMIF7 medium the amount of undesired NeuGc decreases in the presence of NH4Cl
less than in ProCHO5 medium. Also, the initial amount of NeuGc in SMIF7 
medium is higher than in ProCHO5 medium. There is no detectable change in Man6-
P with or without NH4Cl. In SMIF7 medium the cells react more sensitive towards 
NH4Cl. The quantity of the total secreted EPO decreased in both cultures in presence
of NH4Cl. Our HPAEC-PAD data were confirmed with MALDI/TOF-MS (ESI-
MS). The specific growth rate was significantly reduced whereas the specific 
glucose consumption decreased during the same culture.

We also analysed the effect of elevated glucose concentrations and different pH 
values (pH 7,2 and 6,8) on the glycosylation pattern of EPO. The effect of elevated 
glucose was a lower Man6 -P amount compared to the control culture with a low 
amount of glucose. 

The addition of the V-ATPase inhibitor archazolide for three days caused a
decrease in diantennary structures. The SDS-Page analysis showed light variations
in the molecular weight. We also observed a decrease in glucose uptake with 
increasing concentrations of archzolide. Microscopical observations showed that the
cell shape appeared more rounded than control cells without archazolide treatment 
(data not shown). These results could be explained with the inhibition of the
transportation during the post-translational processing of the glycoprotein. 

3. CONCLUSION

Our results show that it is important to characterise culture conditions that affect the 
post-translational modification of recombinant proteins in order to ensure
consistency of secreted glycoproteins during a production process. 
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1. INTRODUCTION

Most of recombinant products of animal cells are glycoproteins, and the consistency 
of glycosylation is extremely important during production. The oligosaccharide
moieties play an important role, defining several biological properties like clearance 
rate, immunogenicity, and biological specific activity. The oligosaccharide residues
on recombinant glycoproteins are highly variable depending on the host cell type, 
protein structure and cell culture conditions. Besides, the downstream processing 
protocol may influence the set of isolated glycoforms (Storring et al., 1998). 

The aim of this work was to compare the molecule of recombinant human 
erythropoietin (rhEPO) produced in CHO cells grown in a perfused stirred tank 
bioreactor, and purified by two different methods, named A and B. We utilised 
physicochemical methods to analyse the purified isoforms in order to establish a
correlation between these parameters and the biological activity of the hormone. 

2. MATERIALS AND METHODS 

2.1. Cell Lines and Cultures

A stable CHO.K1 cell clone transfected with the human EPO gene, obtained in our 
lab, was cultivated in a perfused 25 l stirred tank bioreactor (MBR AG, 
Switzerland). The media used consisted in a 1:1 mixture of DMEM and Ham´s F-12
(Gibco BRL, USA) supplemented with 0.2% fetal calf serum (Bioser, Argentina). 

2.2. Purification Methods 

A three-step procedure was used for rhEPO purification (Amadeo et al., 1996). Two
alternative methods were employed for the second purification step (A and B).
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2.3. Analysis of Samples

The total protein concentration was measured by Bradford. The rhEPO
concentration was determined by RIA (Amadeo et al., 1999) and/or ELISA (Amadeo 
et al, 2002) in order to calculate the recovery and the purification factor of each
purification step. The molecular weight and the purity of the final product were
controlled by SDS-PAGE with silver staining. rhEPO was exposed to
polyacrylamide gel isoelectric focusing in a pH 3-10 gradient and the bands were
analysed by densitometry. The isoforms profile was obtained by capillary zone 
electrophoresis (CZE) (BioRad, USA). Taking into account the specific biological 
activity of the BRP standard and the relative abundance of its isoforms, it was 
possible to establish the activity of each form. Considering the CZE pattern of our 
samples, we estimated their potency and compared them with the in vivo activity 
measured in normocythaemic mice. 

3. RESULTS AND DISCUSSION 

The analysis of the three-step purification procedure for rhEPO by CZE established 
that 8 isoforms were obtained after the first step (Fig. 1). r

Fig. 1. Analysis of isoforms obtained after step 1 by CZE. 

The second purification step was performed by two alternative methods, named A 
and B. Following method A, no variation in the number of isoforms was observed 
by CZE, but the relative proportion of each peak did vary. With method B, instead,
two less glycosylated isoforms were eliminated (Fig. 2 and 3). SDS-PAGE analysis
showed the difference in MW in each case (data not shown).

Glycoforms with isoelectric points (IP) ranging from 3.8 to 5.6 were isolated 
from cell culture supernatants by the three-step procedure with a total recovery of 
54 %. Method A allowed to separate a population of 8 isoforms (IP = 3.80 - 4.51), 
meanwhile method B rent a population of 6 isoforms (IP = 3.80 - 4.26). Two
isoforms, less acidic, were eliminated by method B, and consequently, specific
biological activity was increased from 90,000 IU/mg to 120,000 IU/mg.  m

The biological activity of different samples measured by the t in vivo test was 
plotted against the potency estimated from the relative abundance of its isoforms bym
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CZE in the range from 40,000 IU/mg to 130,000 IU/mg (data not shown). The slope
(± its confidential interval limits for α = 5%) obtained by linear regression analysis 
was 0.93 ± 0.17 (n = 18), showing an adequate correlation between both parameters.

Fig. 2: Isoelectric focusing. Lane 1: IP 
markers. Lanes 2 and 3: purificated 
isoforms by methods A and B, respectively.

Fig. 3: Electropherogram of the 
purification product obtained with 
method B.

4. CONCLUSIONS 

The physicochemical analysis of rhEPO isoforms allowed us to establish the 
glycoform patterns obtained in every purification step and to evaluate the effect of 
modifications introduced in the process. It was possible to improve the overall 
process by means of accurate analysis of the quality of the molecule obtained in 
terms of desired isoforms. Finally, knowing the specific biological activity of each
isoform, it was possible to predict the potency of each sample, considering its CZE
pattern. 
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1. INTRODUCTION 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) mm is a pleiotropic 
cytokine that stimulates both the production of different hemopoietic cell lineages
and the effector function of mature myeloid cells (Metcalf et al., 1986). The 
sequence of mature human GM-CSF consists of 127 amino-acid residues, resulting 
in a predicted molecular mass of 14,465 Da. There are two N-linked glycosylation NN
sites on Asn27 and Asn37, and there are several O-linked glycosylation sites clustered 
on three serine residues near the N-terminus of the molecule (KaushanskyNN et al.,
1987).

The glycosylation of therapeutic proteins obtained in cell culture is essential for 
the clinical effectiveness of the extracted product. For this reason, it is necessary to 
fully characterise these recombinant glycoproteins with respect to their carbohydrate 
structures.

The aim of this work is focalised on the effect of adherent and suspension cell
culture, with the purpose of clarifying whether the glycan structures change under 
different culture conditions. In this respect, the results presented here constitute the 
first characterisation of the oligosaccharides present in recombinant human 
GM-CSF (rhGM-CSF) for different growth cell conditions. 

©  Printed in the Netherlands. Springer.2005



732 A. G. FORNO, ET AL.

2. MATERIALS AND METHODS 

2.1. Routine Cell Culture 

A stable transfectant clone (GM-CSF 1P8B5) which expresses human GM-CSF 
(Bollati Fogolín et al., 2000) was utilised in this work. This clone was derived from 
a CHO.K1 cell line transfected with a plasmid containing the gene for human
GM-CSF. The suspension culture was performed in spinner flasks with Medium 1 
supplemented with 0.2% FCS and stirred at 50 rpm. Daily, 50% of medium was t
removed and replaced by fresh medium while the cells were returned to the spinner 
flask. The adherent culture was performed in a Nunc Cell FactoryTM also with
Medium 1, which was changed twice a week.

2.2. Analysis of Samples

rhGM-CSF was purified from culture supernatant using immunoaffinity
chromatography (CNBr-activated sepharose 4B coupled with monoclonal anti 
GM-CSF) as described by Forno et al. (2001). The samples were subjected to
SDS-PAGE and analytical isoelectric focusing. Release of N-linked glycans from NN
the samples was performed by PNGase F treatment. An aliquot of the sample was
reduced and alkylated and Glu-C digestions were carried out. Mapping of 
proteolytic peptides was performed by MALDI/TOF-MS, and carbohydrate analysis
was achieved using HPAEC-PAD and MALDI/TOF-MS.

3. RESULTS AND DISCUSSION 

Multiple closely spaced bands in the apparent molecular mass range of 18-32 kDa, 
showing a similar pattern for both samples were observed on SDS-PAGE
chromatography (figure not shown). In the isoelectric focusing experiment 
performed with a pH 2.5-6.5 gradient, at least 11 isoforms were observed, showing 
that the sample from adherent cultures contains less basic forms than the sample 
from suspension cultures (figure not shown). The HPAEC-PAD profiles showed no
major differences in the N-glycan structures of both samples, with the presence of NN
di, tri- and tetraantennary structures with and without N-acetyllactosamine repeats asNN
major components. The ratio of the peak areas corresponding to the liberated NeuAc 
and glycans indicates the overall degree of sialylation (Fig. 1). 
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Figure 1. HPAEC-PAD mapping of neutral N-glycans of the suspension and adherent culture 
samples. The position of NeuAc (1), NeuGc (11), diantenannary oligosaccharides structures

(2), and triantennary oligosaccharides without (3 and 4), with one (6) and with two N-
acetyllactosamine repeats (8) are indicated. Other elution positions indicated are neutral 

tetraantennary oligosaccharides (5) and tetraantennary structures with one (7) and two N-
acetyllactosamine repeats (9).

The results of the O-glycosylation studies demonstrated GM-CSF forms containing 
either two or three O-glycan chains for both samples. A slightly higher content of 
O-glycan structures and an increased sialylation thereof was noticed for the product 
obtained from adherent culture. MALDI/TOF-MS of the desialylated GM-CSF 
forms (Fig. 2) showed that a higher proportion of the molecules from the suspension 
culture is lacking in the occupancy of one glycosylation site, indicating that site
occupancy is the responsible for the differences observed in the isoform patterns.

Figure 2. MALDI/TOF-MS spectrum of desialylated GM-CSF forms. The higher molecular 
mass zone (19,000 – 22,500 m/z region) corresponds to the O-glycosylated protein with both 

N-glycosylation sites occupied.
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INTRODUCTION

The Softmix is an equipment providing soft mixing conditions in animal cell t
bioreactors. It is based on an agitation mechanism totally different from 
conventional impeller technology (Fig. 1). The essential part is a perforated plate 
with tapered holes dipped into the liquid oscillating vertically at a controlled
frequency and amplitude (Fig. 1). The main difference in comparison to an impeller 
is a more homogenous energy distribution within the mixing zone due to the fluid 
flow across the holes (Tab. 1). The oscillation generates a low speed current ideal 
for the cultivation of shear sensitive cells over a wide range of mixing conditions. 
Additionally, the system is equipped with a sieve for carrier retention and perfusion .

ENGINEERING CHARACTERISATION

For reactor characterisation kLa- value, mixing time, maximum velocity of 
sinusoidal oscillation and stirrer tip speed were determined (Tab. 1-4). The system 
provides three aeration units (0.2 µm microsparger, external circulation loop and 
headspace aeration). For kLa- determination deionized water was aerated with air 
from zero (nitrogen saturated) to more than 90 % airsaturation (Fig.2; Tab. 2). The 
kLa calculation was performed using the model in Fig. 2. The mixing time was 
determinated by acid injection (2 M HCl) into the reactor and pH- measurement 
until no change in the signal was observed (Tab. 4). 
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The maximum velocity of sinusoidal oscillation (Softmix reactor) was calculated by
vmax[m/sec] = A[m]×π×f[sec-1] and the stirrer tip speed (stirred tank reactor; marine
impeller) by vtip[m/sec] = rpm[sec-1]×π×diameter[m]  (Tab. 1). All experiments were
performed in the same vessel either equipped as Softmix or as stirred tank reactor. 

Calculation model: 
Exponential 2 Parameter 

% Airsat.=a×(1-e
-kLa×t

)
a...100 % Airsaturation
kLa...kLa- value [h

-1
]

t...time [h] 
Program: Sigmaplot 8.0

System Parameter Value [m/s]

Softmix reactor Maximum velocity 0.28

Stirred tank reactor Tip speed 0.31

L a STR k L a SM F

[h
-1

] [h
-1

] (=k L a SM/k L a STR)

Headspace 0.166 0.570 3.4

Sparger 1.728 2.830 1.6

Table 1. Compm arison Sofo tmix and stirredff

Table 2. kLk a- values Softmix- and stirred tank
reactor

Table 3. Compm arison strirred tank reactor

Table 4. Mixing time (STR..stirred

Figi ure 1. Mixing principi le

Figure 2.Determination of FF
kLk a- value
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Sparger 0 1vvh 2.830

Sparger (STR) 0 1 vvh 1.728

Headspace (STR) 0 1 vvh 0.166
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Under these conditions the kLa value in the Softmix reactor was 3.4 (headspace) and 
1.6 (sparger) higher than in the stirred tank reactor (Tab. 3). This enormous increase 
in oxygen transfer was achieved at comparable velocity maximum (sinusoidal
oscillation) and stirrer tip speed (constant angular speed) (Tab. 1).

SOFTMIX AS BIOREACTOR 

For all experiments a protein- free medium formulation based m on DMEM/HAM´s 
F12 (1:1) was used. In order to find optimal conditions for Vero cells, we compared 
different microcarriers (Cytodex 1, Cytodex 3 and Cytopore 1) in spinner flasks
(data not shown). All maximal cell concentrations found were in a range 
documented in literature. The macroporous carrier Cytopore 1 was  best suited for 
this application (data not shown). However, in a stirred tank reactor it was not 
possible to cultivate Vero cells on microcarriers under these conditions (data not 
shown). In order to check the general applicability of the Softmix system for 
cultivation of cells on microcarriers a robust antibody producing CHO clone was
cultivated first (Fig. 3). A cell concentration of 1.4×106 cells/ml was reached. In the 
next step we cultivated Vero cells in the Softmix reactor in a perfusion mode and in
contrary to the stirred tank reactor a cell concentration of 1.0×106 cells/ml was 
reached (Fig. 4; F97). First efforts to improve the performance of the system by 
doubling of the carrier concentration to 2.4 g/l did not result in a further increase in 
cell concentration (Fig. 4; F103). 

Figure 4. Vero cells on Cytopore 1 in the 
Softmix reactor 
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We found no indication for a substrate limitation (data not shown). Nevertheless, we 
think that a higher cell concentration is achievable with an optimized perfusion 
strategy.

The results obtained in this work demonstrated the applicability of the Softmix 
reactor as cultivation system for sensitive cells on microcarriers.

FUTURE ASPECTS 

In order to optimize the Softmix system we will develop an adapted perfusion 
strategy. Furthermore a protocol for scale-up by carrier- to- carrier transfer will be 
established. Other carrier systems (Cytodex 1) will also be tested within this system. 
Based on the successful cultivation of sensitive cells on microcarriers and the 
excellent technical features, there are no restrictions for a scale- up of the Softmix
system to industrial size.

LITERATURE

Microcarrier, Principles and Methods, Amersham Pharmacia Biotech, 2000

S . NANN SCHBERGER, ET AL.
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ESTABLISHMENT OF FERMENTATION PROCESS 
FOR HREPO USING STIRRED TANK FERMENTERS IN

PERFUSION MODE USING A COMMERCIAL 
PROTEIN- FREE CULTURE MEDIUM. 

Center of Molecular Immunology. P.O. Box 16040, Havana City     
 11600, Cuba.

INTRODUCTION

The increasing needs for therapeutic proteins obtained from mammalian cell culture
require the design of new production processes based in more powerful cell culture
media. The commercial production of human recombinant Erythropoietin (hr EPO)
has been done using different cell culture technologies as: rollers bottles, stirred tank 
fermentation, hollow fiber bioreactor. In recent studies Butler(1) has reported the 
production of this molecule in fluidized bed bioreactors. The trends in these 
production technologies are addressed to the removal of bovine serum from cell 
culture media and the introduction either serum free or protein free media which are
specific for each cell line. The present work was addressed to obtain the scale up in 
stirred tank bioreactor (STR), using the HyQ PF-CHO MPS cell culture medium to 
produce hr EPO with quality characteristics similar to those obtained using other cell 
culture technologies. The growth and productivity of the CHO cell line transfected 
with the human EPO and cultured in different serum free or protein free cell culture
media were studied. Moreover it was accomplished the study of expression stability 
during 60 days of continuous culture for the selected combination of clon- culture 
medium in order to guarantee the feasibility of the process. 

MATERIALS AND METHODS

Cell line and Culture Conditions.The cell line used was CHO-C31b, which
produce a human recombinant EPO. The culture media used throughout the 
experiments were HyQ-SFX-CHO, HyQ-CCM5, HyQ-PF CHO MPS and PFHM II
supplemented with Pluronic F68, glutamine and NaHCO3. Cells were cultured in
250 mLspinner flasks at 60 rpm and 36,5 °C. NaHCO3 was use for pH control. 
Operation of a Perfusion 41L Fermenter. Cells were cultured in a 41-L STR. 
Dissolved Oxygen Tension was controlled at 50%, pH varied between 6,8-7,0 and 

©  Printed in the Netherlands. Springer.2005
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Figure 1.a  Profile of growth of cellular line
CHOC31B in different medium from culture.
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Figure 1.b Concentration of EPO in the time
of cellular line CHOC31B.
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temperature was controlled at 36,5°C. The stirred speed was 127 rpm. The dilution
rate varied between 0,25 to 1,2 v. v. d. as the cellular metabolism change. Feeding
was initiated when cell concentration reached about 1,2 X 106 cell/ mL and glucose
concentration was kept at 5mM.
Analytical Measurements. Cell counts were carried out using hemocytometer 
and cells were quantified using trypan blue exclusion method. Glucose, Lactate and 
Ammonia were measured by Biolyzer DT60 II. Amino Acids were detected using a 
proprietary method from Water by Merck-Hitachi HPLC. EPO and isoforms 
determinations were done through a specific ELISA and IEF techniques. 

RESULTS AND DISCUSSION. 

Adaptation and selection of the medium.

Among all media tested only in HyQ-CCM5 very low level of cell proliferation was 
observed with respect to the other media (Data not shown). The figures 1a and 1b
show the cell growth and production profile of the cell line. In all cases the 
maximum cell density was over 1,3 x 106 cell/ mL and the average specific growth 
rate was 0.05 h-1. In terms of EPO titer, the best result was obtained in HyQ-PF
CHO MPS medium, where the maximum EPO concentration reached 37,8 µg/ mL 
which was 1,6 fold that obtained by the control culture in serum contained medium. 
For PFHM II medium the concentration was 17 µg/ mL being 70 % lower than
control culture. In the case of HyQ-SFX medium the value obtained was 12,5 µg/ 
mL being lower than that obtained in PFHM II medium. From these results was
selected HyQ-PF CHO MPS medium and a Working Cells Bank was made up for 
further experiments.

Stability Study 

Once a medium was selected a stability study was carried out during 60 days in 
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Figure 3. Fermentation in perfusion mode using a
41 L  bioreactor for the EPO production.
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order to demonstrate the feasibility of this cell line to be used in perfusion process. 
The figure 2 shows that there isn’t difference regarding to cell growth profile

between cells at 30 and 60 days being the maximum cell density around 1,4 x 106

cell/mL. The EPO production was also similar in both cases reaching over 60µg/ 
mL. 

This fact demonstrates the cells are stable in this medium and could be used in 
fermentation process up to 30 days. 

Fermentation Process at 41 L.

The figure 3 shows the cell concentration increases over the time reaching a
maximum cell concentration of 23 x 106 cell / mL. During the exponential phase the 
EPO concentration reached 12 µg/ mL and in the plateau 30 µg/ mL being the 
specific production rate dependent upon the physiologic state of cells. Throughout 
the run the viability was kept over 80%. This process yielded 15 fermenter volumes
and an output of 100 000 vials / run. The quality of the molecule is comparable with 
that obtained in hollow fiber and roller bottle as can be seen in the figure 4.
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CONCLUSIONS

• The HyQ PF-CHO MPS was the best medium for EPO production. t
• The cell line CHO-C31b is stable HyQ PF-CHO MPS for more than 30 

days. 
• During the scaled up of the cells there was no loss of productivity.
• The quality of the molecule is comparable in different fermentation mode.
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FIBRE BIOREACTORS – A VIABLE ALTERNATIVE 

FOR THE PRODUCTION OF LOW VOLUME 
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Abstract. Three different products; a murine monoclonal antibody from hybridoma cells, a human
antibody and a recombinant protein from CHO cells, were produced in GMP compliant, pressure 
regulated hollow fibre bioreactor systems. The production runs were performed over a period of about 60
days. A high correlation between productivity in a 24h assay in T-flasks and the daily productivity of the
cells per hollow fibre cartridge was observed. 
In addition, production up to 90 days with high reproducibility is possible, as shown for  the murine mAb.  
The different products were purified and subjected to extensive N-glycosylation analysis showing 
complex oligosaccharide structures. No correlation between the daily productivity and the percentage of 
sialylated  structures was found, but a high reproducibility of  the sialylation over different runs was 
observed with murine mAb.

1. INTRODUCTION 

Recent trends in process science indicate a growing interest in continuous
production processes. The requirement to show consistency for continuous processes
is one of the major regulatory challenges that have to be met before production for 
market supply can begin. We have examined data from a number of hollow fibre
bioreactor runs with different production cell lines and with the focus on scalability, 
reproducibility, durability and quality of the different products (glycosylation).

2. RESULTS AND DISCUSSION 

2.1. Comparison of production runs of different products

Three different pressure regulated bioreactor systems were used for the production
runs: ASM 500, ASM 1000 and ASX (1,2 and 6 hollow fibre cartridges), BioVest 
Int., Minneapolis. Production runs were performed for a murine mAb from 
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hybridoma cells over a period of 58 days (ASM500), a human mAb from CHO cells  
(ASX, 60 days) and a recombinant protein from CHO cells (ASM 1000, 62 days). 

Even though different cell types were used and the runs were not proceeded by
process development, we observed a high correlation between the productivity in a 
24h assay and the productivity in the hollow fibre bioreactor, calculated for one 
cartridge (approximately 100 ml culture space), see figure 1. This correlation could 
be expressed as a factor which is very similar (± 20%) for the different products.
This shows that the robustness of the production system is independent of the type 
of cell and product, and enables us to calculate the expected process amount at a
very early stage of the pre-bioreactor cell culture. A major aim of further process 
development is to increase this factor by optimizing of process parameters.

Figure 1. Cumulative protein amount in comparison with productivity in 24h assay

2.2. Comparison of different production runs for one product 
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The murine monoclonal antibody was produced in an ASM 500 bioreactor three 
times over a period of about one, two and three months.  As shown in figure 2, the 
daily productivity is highly reproducible and stable over longer cultivation periods 
of up to three mounths in the hollow fibre bioreactor.

2.3. Glycosylation analysis 

The glycosylation pattern of the different products was analysed with a focus on ratet
and type of sialylation as an indicator for prolonged in vivo half-life [1]. The 
proteins were digested with trypsin and resulting peptides were deglycosylated by 
PNGase F digestion. The glycans were labelled with 2-aminobenzamide and 
separated by HPLC on a GlycosepC-column. Sialic acids were further characterized 
by sialidase treatment, DMB labelling and separation on a Bischoff Hypersil-ODS-
column in comparison with the Sialic acid Reference Panel (Oxford GlycoSciences).

As shown in table 1, a totally different rate of sialylation for the three products
was found and no correlation with the daily productivity in the hollow fibre
bioreactor system could be observed. Typically N-glycolyl-neuraminic acid which
was shown to be immunogenic [2], was found for the murine monoclonal antibody,
whereas N-acetylneuraminic acid is the dominating sialic acid in the CHO-products.

High reproducibility in the sialylation rate was found for three different hollow
fibre runs performed with and without FCS. 

Table 1. Sialylation analysis

Hum. mAb Rec. protein Murine mAb 

additives Serum free 0.02% HSA Serum free Serum free 2% FCS

N-glycolyl-
neuraminic acid 

- 1,9 94,1 94,7 94,4

N-acetyl-
neuraminic acid 

100 99,1 5,9 5,3 5,6

Asialo-glycans 99,5 21,9 54,9 48,9 56,2

Monosialo-glycans 0,05 29,9 35,6 38,4 35,5 

Disialo-glycans 0,45 40,6 9,3 12,8 8,3

Trisialo-glycans  6,5   

Tetrasialo-glycans  1,1    

3. REFERENCES 

[1] Kronman C, Chitlaru T, Elhanany E, Velan B, Shafferman A: Hierarchy of post-translational
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acetylcholinesterase. J Biol Chem. 2000 Sep 22;275(38)

[2] Noguchi A, Mukuria CJ, Suzuki E, Naiki M: Immunogenicity of N-glycolylneuraminic acid-
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1. INTRODUCTION

In this study two empirically based optimization strategies are developed and tested 
during the cultivation of NSO and CHO cells in hollow fiber bioreactors. Both 
strategies address the changes in the nutrient feeding via Intracapillary Space (IC)
medium flow as well as the improvement of the cellular environment in the
Extracapillary Space (EC) by axial recirculation and controlling harvest/feed ratio in 
the EC space. 

2. MATERIALS AND METHODS. 

Cell lines: A recombinant myeloma cell line (NS0) that produces a humanized 
monoclonal antibody and a CHO cell line secreting rhEPO. 
Bioreactors: Two different automated AcuSyst hollow fiber bioreactors models 
were used. The AcuSyst- Jr with cultivation area of 1,1 m2 and an extracapillary
volume of 65 mL was used for the cultivation of the NSO cell line. The AcuSyst X-
Cell with a total area of 12.6 m2 (six 2.1 m2 cartridges) and a total extracapillary 
volume of about 750 mL was used for the growth of the CHO cell line.

©  Printed in the Netherlands. Springer.2005
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Table 1: Optimization Rationale 

Optimization criteria
Basic Cultivation

Procedure
CHO Cells NS0 Cells

IC
Space 

Adjust IC feed 
flow to control 
Glucose 
concentration
above    11 mM 

Intensive IC-Feeding 
strategy without Glucose 
concentration control.

(OVER-FEEDING)

Intensive IC-Feeding 
strategy without Glucose 
concentration control. 

(OVER-FEEDING)

EC
Space 

EC Cycling for 
mixing and 
balanced 
Harvest/EC-Feed
ratio

An axial EC recirculation 
loop in addition to the
EC Cycling to improve 
mixing in the cell growth 
compartment 

Avoid excess of cell
mass ‘in suspension’ by 
regular cell removal. 
Increase total protein 
concentration by reduce
the Harvest/EC Feed 
ratio. 

3. RESULTS AND DISCUSSION

3.1 Cultivation of CHO cells in large scale (12.6 m2 bioreactor). Results of the 
optimization
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The rEPO production by the CHO cells increased also as a result of the IC
overfeeding in comparison to the basic operation procedure, as can be observed in 
Fig.2. The optimization of the EC environment by the axial recirculation flow
resulted in an additional increase of the protein production from the early phase of 
the fermentation, which indicates the productivity potential of the cell population
when the limiting and/or inhibiting gradients are modified. 

3.2 Cultivation of NS0 cells in pilot scale (1.1 m2 bioreactor). Results of the 
optimization.
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The metabolic activity evaluated through the glucose uptake rate (GUR) is showed 
in the figure 3B. The use of the IC overfeeding strategy resulted in rapid increase in 
the fermenter GUR with a maximum reached when IC feed rate was adjusted to 600 
mL/h (Fig 3B and 3C). However, the GUR profiles were very similar for bothR
cultivation strategies from day 20 until the end of the cultivation time. A significant 
reduction in the Harvest/EC feed ratio was carried out during the fermentation done 
with the optimized strategy, as can be observed in the Fig. 3C. Table 2 shows the
effect of the lower harvest flow on the accumulated EC parameters. As can be 
observed in Table 2, the new strategy resulted in a tenfold increase in the harvest 
concentration and a 6 fold reduce in the harvest volume with a positive impact on
the downstream process.

Table 2: EC accumulated parameters for both cultivation strategies. 

EC process parameters Basic Operation Optimized strategy 
EC medium consumed 25 L 20L
Total harvest volume 11.54 L 1.99 L 
Average MAb concentration in
harvest

0.477 g/L 4.812 g/L 

The combined optimization in the IC feeding as well as in the harvest/EC-feed ratio
resulted in a significant improve in bioreactor productivity as can be observed in
Fig. 3D, at the end of the cultivation time the NSO cells accumulated 10 g of 
recombinant antibody, for an almost twofold increase in productivity. 

REFERENCES.
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INCREASING ANTIBODY PRODUCTION FROM 
HOLLOW FIBER SYSTEMS

BioVest, Minneapolis, USA

While hollow fiber bioreactor systems have been used for production of biologicals for almost 25 years, 
little data are available regarding optimization of these systems.  This is due in large part to the lack of a
good hollow fiber-specific screening tool.  The purpose of this poster is to present recent findings using a 
novel tool developed specifically for this process: the micro hollow fiber bioreactor.  The primary
advantage of this tool is that no pumps are required, so that many conditions can be tested 
simultaneously.  This tool has become an integral part of our development screening process, enabling
quicker time to production of clinical material at reduced cost (1).  Case studies are presented 
demonstrating the effect of medium and cell line on performance of hollow fiber bioreactors.  Additional 
work demonstrates the value of cell side convection to enhance productivity in the short term and prolong 
productivity in the long term. 

1. INTRODUCTION 

Hollow fiber bioreactors consist of thousands of hollow fibers encased in a 
cylindrical shell.  The fibers are semi-permeable with a molecular weight cut-off 
usually in the range of 10-30 kD.  Cells are inoculated outside the fibers.  Medium is 
circulated from a reservoir, through a gas-exchange cartridge, through the inside of 
the fibers, and is returned to the reservoir.  The high rate of circulation is primarily 
to provide sufficient oxygen to the cells. The bulk of cell nutrition is provided by
the non cell side medium, which is usually basal medium.  A 160-ml bioreactor 
consumes about 10 L/day of non cell side medium.  Cell side medium is fed at about 
1 bioreactor volume per day to provide growth factors that do not cross the fiber; the 
product is harvested from the cell side at the same rate.  The 10 L/day medium 
consumption from a 160-ml bioreactor produces the same as 10 L in a batch tank, 
but the cost is reduced since basal medium is the bulk of the feed.  Downstream 
processing is simplified by placing an in-line filter on the harvest line, resulting in 
the collection of a concentrated, cell-free harvest ready for application to a 
purification column.  

Scale up is linear, accomplished by increasing the bioreactor size, by connecting 
bioreactors in parallel, and by adding off-the-shelf instruments.  The largest off-the-
shelf instrument supports 20 160-ml bioreactors, equivalent to a 1500 L batch tank 
with kg production capacity.  Hollow fiber instruments require only an outlet and a
CO2 source, which reduces overhead costs and allows for accelerated facility 
construction.

2. MICRO BIOREACTOR 
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2.1. Description 

The micro bioreactor is a patented tool useful for screening media and cell lines for 
growth in a hollow fiber environment (2-5).  The micro bioreactor is constructed 
similarly to a standard hollow fiber bioreactor.  However, only 30 fibers are used.  
The fibers are encased in a 15-cm piece of silicone tubing which has an inside 
diameter of 0.635 cm.   Cells are inoculated inside the fibers in total volume of 0.2-
ml.  Because of this small volume, the metabolic demand of the cells is relatively 
low, even at densities near 100 million viable cells per ml.  The 4.6-ml space outside
the fibers is large enough to serve as a medium reservoir, and the silicone tubing 
provides sufficient oxygen and carbon dioxide transfer to act as the gas-exchange 
cartridge.  As a result, no pumps are required.  The micro bioreactor is inoculated at 
1-5 million viable cells per ml, placed in the incubator like a T-flask, and is 
harvested three days later.  Micro bioreactor conditions which support better cell 
expansion at high viability result in better overall performance and production from 
a large scale hollow fiber system.  Many conditions can be tested at once, enabling 
rapid optimization.  The following case studies are presented in the poster. 

2.2. CASE STUDY 1: The micro bioreactor is more useful than a T-flask for 
predicting performance of a hollow fiber system. 

2.3. CASE STUDY 2: Optimal growth in the micro bioreactor correlates with higher 
productivity in the hollow fiber system. 

2.4. CASE STUDY 3: An NS0/GS cell line required increased serum on the cell side
of the fiber. 

2.5. CASE STUDY 4: CHO cells grow better in the micro bioreactor when adapted 
to PFM in suspension. 

2.6. CASE STUDY 5: Selecting cells for optimal growth in a hollow fiber system. 

3. EFFECT OF CELL SIDE CONVECTION

Theoretical modeling suggests that enhanced convection is necessary for optimal HF
performance.  Accelerated cell side circulation provides some benefit, although 
severe channeling was seen as the bioreactor reached packed cell density.  This 
channeling was not seen when ultrafiltration cycling was used; production was
increased and prolonged (6-7).  The value of cycling is visually demonstrated by the
use of non-invasive NMR imaging.  After reaching a packed cell density on day 14,
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cycling was turned off.  Overnight, there was a substantial reduction in viable cell 
density, correlating with reduced metabolic activity. 
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1. INTRODUCTION 

The nutritional demands placed on cell culture media for long-term culture of 
mammalian cells and production of high virus titers are great.  Traditionally, serum 
has been the principal source of vitamins and cofactors, essential nutrients, minerals 
and trace elements, attachment factors, transport and binding of essential nutrients, 
buffering capacity, protection from shear stresses, toxins, proteolysis, and free
radicals, and regulation of growth.  Hence, the development of an efficient serum-
free or protein-free medium can become complex as an attempt is made to replace 
these functions; especially so when undefined and/or animal-derived components 
are to be avoided. 

During viral infection, however, serum-free conditions have an advantage.  
Because of the inhibitive effect of serum on virus infectivity, serum content is often
reduced or eliminated just prior to inoculating cultures.  The level of nutrition 
available to cells during the infection, therefore, is reduced, and may limit the rate at 
which the host cell can produce virus.  This is not the case in serum-free media,
wherein the growth medium is identical to the medium during infection.  This allows 
a high level of nutrients to be available to the cell during virus replication.  Further 
action can be taken to increase the nutrient availability and virus/host cell
interaction.  These methods in large-scale cultures include concentration of the cell 
mass in stirred tank cultures by use of a spin-filter or hollow-fiber cartridge with 
suspension cultures and reducing agitation with microcarrier cultures to allow 
settling, and partial removal of the culture fluids.  Once the cells are concentrated,
the culture is inoculated with virus and maintained at a reduced agitation rate.  At 4 
to 6 hours post-inoculation the agitation rate is increased, and the working volume 
replenished using fresh serum-free medium. This process provides a high level of 
interaction between virus and host cell, while increasing the availability of nutrients 
at the time of demand. 

©  Printed in the Netherlands. Springer.2005
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2. MATERIALS AND METHODS 

2.1 Cells

Stock cultures of HEK 293 cells (ATCC, CRL-1573), PER.C6* (Crucell, Leiden,
The Netherlands), and Vero (ATCC, CCL-81) were maintained at 37º C with 5% 
CO2/95% air in Dulbecco’s Modified Eagle’s Medium (DMEM) (HyClone, 
SH300022) supplemented with 10% fetal bovine serum (HyClone, SH30070).  
PER.C6 cultures were also supplemented with 10mM MgCl2.

2.2 Virus 

Poliovirus Type I was obtained from Utah State University (Logan, UT) and was 
used in the vero cell studies.  Ad5-GFP vector was obtained from Quantum 
Biotechnologies (Montreal, Quebec) and used in the HEK 293 studies.  Ad5-LacZ
vector was obtained from Crucell and used in the PER.C6 studies. 

2.3 Cryopreservation

Cells maintained in serum-free medium during exponential phase growth with
viabilities greater than 90% were cryopreserved using the following procedure.   

Cells were centrifuged at 100 x g to produce a cell pellet. Supernatant was 
removed and stored for later use. Cell pellet was gently resuspended at a 
concentration of 10x106 cells/ml in the conditioned medium.  An equal volume of 
fresh serum-free medium supplemented with 20% DMSO was slowly added (drop-
wise) to adjust cell density to 5x106 cells/ml. The suspension was then transferred to 
plastic 1.8 ml cryovials (Nalge) at a volume of 1.0 ml.  Cells were cooled at an 
approximate rate of -1.0° C/min to reach a final temperature of -70° C.  Upon 
reaching the final temperature, vials were transferred to the vapor-phase of liquid 
nitrogen storage tanks.  Care was taken to ensure cells do not remain at -70° C for 
longer than 24 h.
Cells were thawed by removal of vials from liquid nitrogen storage and placed 
immediately into a 37° C waterbath with gentle agitation, allowing vials to warm to
25° C. The vials were then disinfected using 70% isopropyl alcohol.  Cell contents 
were transferred to a 15 ml centrifuge tube, and an equal volume of fresh, pre-
warmed (25° C) serum-free medium was added drop-wise to the suspension.  Tubes
were allowed to stand for 5 min, then 3 ml of fresh, pre-warmed serum-free medium 
was added drop-wise to bring the total volume to 5 ml.  Again, the tubes were
allowed to stand for 5 min.  Finally, an additional 5 ml of fresh, pre-warmed serum-
free medium was added drop-wise to bring the volume to 10 ml, with an expected 
cell density of 5x105 cells.  The cells were centrifuged at 100 x g for 10 min,
pelleting the cells to remove the cryoprotectant.  The supernatant was removed and 
the cells were gently resuspended in 10 ml of fresh, pre-warmed serum-free 
medium.  A small sample of the suspension was counted to determine actual cell
density.  Viability assessment was not accurate for at least 24 h after thawing. Cell 
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suspensions were placed into a 25 cm2 T-flask and incubated at 37° C, 5% CO2.
Agitated, suspension cultures were initiated within 3.5 days, or when average
viabilities were >90%, and normal population doubling times (24-36 h) were
observed.

2.4 HEK 293 and PER.C6 Virus Production Studies

A 10 L working volume stirred-tank was seeded at 3x105 cells/ml and monitored for 
cell growth during a 72 h period.  At 72 h post-seeding a cell count was obtained, 
and the cell suspension was concentrated using a hollow-fiber cartridge to remove
50% (5 L) of the working volume.  The cell density was recorded following the 
concentration step to determine cell loss in the hollow-fiber.  During the
concentration step the agitation rate was decreased, and the bioreactor was 
inoculated with an appropriate virus titer.  Virus and cells were left in the
concentrated state for 4 h post-inoculation.  Following the 4 h incubation, fresh
medium was added to replenish the 10 L working volume, and the normal agitation 
rate was resumed.  Samples were obtained every 24 h post inoculation for cell
density/viability and viral titer determination.

2.5 Vero Virus Production Studies 

The appropriate vessel was seeded with 1x104 cells/ml and monitored for cell 
growth until a 90% confluent monolayer was formed.  Upon reaching 90%
confluency 50% of the culture medium is removed, and the culture was inoculated 
with an appropriate virus titer. Virus and cells were left in the concentrated state for 
4 h post-inoculation.  Following the 4 h incubation, fresh medium was added to 
replenish the working volume.  Samples were obtained at 72 h post-inoculation to 
determine virus titer.

3. RESULTS AND DISCUSSION 

The ability of a serum-free medium to support cryopreservation and recovery of 
cells without the use of serum is a desirable, but demanding characteristic.  Figure 1 
documents the recovery of three cell lines following 6 months storage in the serum-
free medium without the use of serum as an aid in cryopreservation.  While all three 
cell lines displayed slow growth during the first passage after thawing, all resumed 
typical growth rates within three to four passages. 

High yields of poliovirus were obtained using vero cells under protein-free
conditions in static (T-flask), roller bottle, and suspension microcarrier cultures. 
Figure 2 depicts the yields of poliovirus obtained in each culture system under 
serum-free and serum-containing conditions.  In each case, the serum-free condition
outperformed the serum-containing condition with regard to virus yield.  Both 
serum-containing and serum-free conditions yielded higher productivity in static and 
microcarrier cultures, compared to roller bottle cultures.   

PRODUCTION OF VIRUS IN PROTEIN-FREE MEDIA 
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High yields of adenovirus vector were also obtained using serum-free culture of 
HEK 293 and PER.C6 cells, as shown in figures 3, and 4, respectively.  Ad5 titers 
from HEK 293 cells reached approximately 5.3x1010 TCID50/ml, and 3.3x109

TCID50/ml, respectively. 

Figure 1. (Above Left) Vero, PER.C6, and HEK 293 cell growth obtained after thawing following a 6 month
cryopreservation under serum-free conditions supplemented with 10% DMSO.  Figure 2. (Above Right)
Infectious titer of poliovirus produced under protein-free and serum-containing conditions using static, roller 
bottle, and suspension microcarrier cultures.  Figure 3. (Lower Left) Viable cell density and Ad5 vector titer 
obtained in HEK 293 cells under animal-free conditions in a 10L NBS Celligen Plus stirred-tank culture.  Figure 
4. (Lower Right) Viable cell density and Ad5 vector titers obtained in PER.C6™ cells under chemically-defined,
animal-free conditions in a 10L NBS Celligen Plus stirred-tank culture.

4. SUMMARY 

Although serum has traditionally been a necessity in cell culture, these studies have 
shown that the nutritional demands placed upon cells during vaccine or virus 
production can be met in serum-free conditions.  In many circumstances, 
particularly with adherent-dependant cell lines, cell proliferation rates obtained in 
serum-containing conditions cannot be matched by serum-free conditions.  
However, this shortcoming is insignificant, as the productivity of cells in serum-free
conditions during virus production appears to be much higher.  This is most likely 
due to the availability of nutrients during infection, which is not attainable when 
reducing or eliminating serum from the culture medium. 

C.J. CARD, ET AL.
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SERUM-FREE PRODUCTION OF POLIOVIRUS: A 
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1. INTRODUCTION 

Serum has been a necessity for many years, and continues to be important for the
culture of attachment-dependant cell lines. The lack of serum in an adherent cell 
culture medium poses difficulties such as the attachment, spreading, and formation 
of a cell monolayer; proteolytic damage during monolayer dissociation; and 
limitations to the use of some culture systems. As the use of serum becomes more 
highly regulated the need increases for robust serum-free media allowing flexibility 
in use and meeting the nutritional requirements of the cells for high productivity. 
Many systems have been used in the production of viruses, including static cultures, 
roller bottles, and suspension microcarrier systems.  A comparison of the surface 
area obtainable with each of these systems is listed in Table 1.  Each system 
provides its own advantage(s).  Large-scale static culture systems, such as the Nunc
Cell Factories can allow adherent culture of cells without the expense of rolling 
apparati and other handling equipment, while roller bottles offer ease and a classical 
approach in culture manipulations.  Microcarriers offer an extremely high surface
area to cubic space ratio, allowing high cell densities.  However, each system has
distinct disadvantages also, including difficulty in manipulating and monitoring 
cultures when using Cell Factories, a large space, time, and equipment requirement 
for roller bottle systems, and expensive stirred-tank equipment and increased 
difficulty in cell manipulation using the microcarrier approach.  A direct evaluation 
comparing the productivity of each of these systems was performed using HyQ PF
Vero, a novel protein-free medium for the culture of vero cells and virus production.  

©  Printed in the Netherlands. Springer.2005
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Table 1.  Surface area  comparison of various adherent-dependant culture systems

Culture Type
Surface Area per 

Unit
Equivalent Surface

Areas
Surface area (cm2)

per Liter 

Microcarrier -Cytodex 1 4,400 cm2/g 1L stirred vessel 4,400 – 22,000 

Roller Bottles 850 cm2/bottle 5 – 26 bottles 4,250 – 8,500

Static - Cell Factory 632 cm2/layer 7 – 35 layers 3,160 – 4,200 

2. MATERIALS AND METHODS

2.1. Cells 

Vero cells (CCL-81) were obtained from the American Type Culture Collection 
(ATCC, Mannassas, VA), and maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) (HyClone, Logan, UT, SH30003) supplemented with 10% defined fetal 
bovine serum (FBS) (HyClone, SH30070). Cells were adapted to serum-free 
conditions by sub-culturing the cells from DMEM/10% FBS directly into HyQ PF
Vero with no serum. Sterile, polystyrene 162 cm2 T-flasks (Corning, Corning, NY, 
#3150), 850 cm2 roller bottles (Corning, #431198), and Cytodex I (Amersham 
Pharmacia, #17-0448-01) microcarriers were used throughout these studies. 

The content of serum supplemented to DMEM was reduced to 5% in the serum-
containing stock cultures prior to performing the studies.  Maintenance of the vero 
cells in serum-containing and serum-free media was accomplished by sub-culturing
every three to five days.  Cells were counted and viability assessed by use of an
Improved Neubauer hemacytometer with trypan blue exclusion dye (Sigma, #T-
8154).

2.2. Growth Evaluations 

Vero cells were seeded at identical densities in each study to analyze growth in PF 
Vero as compared to serum-containing medium (DMEM/5%).  These studies were
performed in static, rolling, and suspension microcarrier cultures.  Viable cell counts
were performed at the time of sub-culturing.

2.3. Virus

Poliovirus type 2 was used in the virus production studies. The virus was passaged 
in vero cells for greater than four passages in either serum-containing or serum-free
medium to establish viral stocks.  Median tissue culture infectious dose (TCID50) 
assays were used to quantitate virus at each passage.  These assays were performed 
in sterile, polystyrene, flat-bottomed, 96-well plates (Corning, #3585), using visually 
assessed cytopathic effect (CPE) as the endpoint.  
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2.4. Virus Production Assays

Virus production assays were performed using serum-containing medium 
(DMEM/5% FBS) and HyQ PF Vero.    Serum-containing medium was replaced at 
the time of infection with DMEM lacking serum (since substances are present in 
serum that suppress virus infection).  Cells were inoculated at an approximate MOI 
of 0.1.  After inoculation, cultures were incubated at 37° C, 95% air/5% CO2 
atmosphere for 72 h, then frozen and thawed three times to lyse cells and release
virus particles.  Lysate from each well was then collected and centrifuged to pellet 
and remove cellular debris.  The supernatant containing virus was used to prepare 10 t
log10 dilutions of each sample.  Titrations for each clarified sample were performed 
in 96 well micro-titer plates using TCID50 assays described previously. 

3. RESULTS AND DISCUSSION 

3.1. Growth Evaluations 

Vero cells were tested for their ability to attach, form a monolayer, and proliferate in
serum-free conditions. The serum-free adapted vero cells were found to attach 
within 4 h of seeding in HyQ PF Vero medium.  This was especially important when
roller bottles or microcarriers were used.  Due to the lack of protein in HyQ PF 
Vero, great care was taken to ensure all trypsin was either removed, or inhibited and 
later removed to prevent damage to the cells.  If trypsin was not adequately 
removed, a sloughing of the monolayer after two days was observed.  Figure 1
depicts growth of vero cells in serum-free and serum-containing media over a period 
of 17 passages in static culture.  Small-scale static culture was readily maintained, 
and did not require as much from a serum-free medium with regard to attachment 
and other issues.  Larger scale static culture is more difficult.  Figure 2 shows 5 
passages of vero cells in the two conditions cultured using roller bottles.  
Inadequacies of a serum-free medium can become apparent using this type of 
culture.  However, with the serum-free medium used in these studies, the cells 
attached well and proliferated.  Figure 3 shows two “passages” of vero cells cultured 
on Cytodex I microcarriers.  This system places the highest demand on serum-free 
medium.  In many cases, serum is supplemented to serum-free media in order to
facilitate microcarrier culture.  The serum-free medium in this case, however, 
promoted attachment of the vero cells to the microcarriers without additional
supplementation or treatment.  

SERUM-F R EE PRODUCTION OF POLIOVIRUS:  A COMP. STUDY
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Figure 1. (Upper left) Long-term culture of vero cells in static culture under serum-free and 
serum-containing conditions. Figure 2.  (Upper right)  Growth of vero cells in roller bottle
culture under serum-free and serum-containing conditions. Figure 3.  (Left) Growth of vero 
cells in suspension microcarrier culture under serum-free and serum-containing conditions. 

3.2. Virus Studies 

Despite the fact the serum-free medium yielded lower overall cell growth, virus
production was significantly enhanced with the serum-free medium when compared 
to DMEM.  One possible explanation for the lower virus titers from the basal
medium (DMEM) could be nutrient depletion during intt fection when serum is not 
present.  Serum was removed (DMEM w/FBS was replaced with DMEM w/o FBS) 
immediately before inoculation to prevent serum interference with viral infection.  
Another possibility is that the proprietary composition of the serum-free media
includes components that enhance virus production and/or virus stability. Yields of 
poliovirus in each system per unit volume are shown in Figure 4.  This graph shows 
poliovirus production highest in static culture, and lowest in the microcarrier culture. 
However, due to the very low seeding density used in the microcarrier study, the 
productivity, or the amount of virus produced per cell, was observed to be very high 
in the microcarrier culture (Figure 5).  This is a significant detail because of the 
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scalability of this system compared to the others. The roller bottle method was found 
to be lowest in virus productivity per cell compared to the other two systems.

Figure 4. (Above Left) Production of poliovirus in vero cells in static, rolling, and suspension
microcarrier culture under serum-free and serum-containing conditions.  Figure 5. (Above 
Right) Productivity of vero cells with regard to infectious units produced per cell in static,

rolling, and suspension microcarrier culture under serum-free and serum-containing 
conditions.

4. SUMMARY 

When eliminating serum from vero cell culture media, the immediate challenge is to
obtain cell attachment and suitable division rates. It was discovered during the
development of the medium that by supplying the appropriate nutritional 
components vero cells would firmly attach to a culture surface in a protein-free
environment. This ability to promote attachment of vero cells facilitates culture of 
these cells in a variety of culture systems, including static, rolling, and suspension 
microcarrier culture. Though PF Vero did not produce cell-doubling rates equal to
that of serum-containing medium, this protein-free medium produced higher yields
of poliovirus than obtained with serum containing medium.  A comparison of the
three culture systems mentioned above revealed that, firstly, a serum-free medium 
can support a variety of culture and virus propagation methods, and secondly, that 
productivity of this cell line is dramatically changed depending upon the culture 
system used.  Static cultures appeared to support the highest level of productivity, 
but scale-up with this type of system is cumbersome.  Microcarrier cultures yielded 
high productivity, and are easily scaled-up. 
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1. INTRODUCTION 

In animal cell culture technology high ammonia concentrations can limit cell growth
and product formation, especially when focussing on achieving high cell densities
for maximum yields. This high ammonia concentration normally results from 
glutamine metabolism and chemical decomposition [1]. To overcome such problems
we have tested several options and developed a glutamine-free medium for cell lines
used in industrial applications. Preliminary investigations were carried out in static 
cultures and roller bottles for BHK21, CHO and MDCK cells. 

Detailed characterization of MDCK cell metabolism was done for an influenza 
vaccine production process [2] (equine influenza Newmarket 1/93 H3N8) in MDCK 
cells using this newly developed glutamine-free medium: The results for cell growth 
and virus replication in a large-scale controlled microcarrier culture (5 L bioreactor) 
are compared to those obtained for a gln-containing (2 mM) GMEM medium.

2. MATERIAL AND METHODS

Madin-Darby canine kidney (MDCK) cells were obtained from ECACC (No.
84121903) and grown in GMEM (Invitrogen) supplemented with glucose (final
concentration 5.5 g/L), 10 % foetal calf serum (FCS) (Invitrogen), 2 g/L peptone 
(autoclaved 20% solution, International Diagnostics Group) and 4.0 mg/mL 
NaHCO3 (Merck, p.a.) at 37°C. BHK21 (No. ACC61) and CHO-K1 (No. ACC110)
cells were both obtained from DSMZ (Braunschweig, Germany). Composition of 
glutamine-free medium was according to a patent pending by R. Alt [3]. 

Cells were infected with equine influenza strain A/Equi 2 (H3N8) Newmarket 
1/93 (NIBSC, Potters Bar, London, UK) in medium without serum containing lowm
levels of porcine trypsin (12,5 mg/L; Invitrogen) to facilitate infection of cells at 
37°C. Virus production was followed by titration of viral haemagglutinin (HA) [4]. 
Virus seed was stored at aliquots of 10 mL (2.1-2.4 log HA units/100 µL) at -70 °C, 
thawed and added at 2,5 mL/L, which corresponds to a moi of 0.025 based on
plaque forming units of the virus seed. Cells (start cell concentration 2,1 x 105
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cells/mL, respectively 3 x 105 cells/mL for gln-free medium) were grown in a 5 L
bioreactor (B. Braun Biotech, Melsungen, Germany) on Cytodex 1 solid 
microcarriers (1.7 g/L) (Amersham Biosciences, Freiburg, Germany) in 4.5 L cell 
growth medium (CGM) (50 rpm, pH control (1 M NaOH) at pH 7.3, pulsed addition
of pure oxygen at 40% pO2. For monitoring and process control a digital control
system (PCS7, Siemens, Karlsruhe, Germany) was used. After 4 days cultivation the 
cells were grown confluent. The medium was removed and the remaining 
suspension was washed several times with PBS. To the remaining cell suspension, 3 
L virus maintenance medium (VMM) containing 10 mL virus inoculum and 5 mL 
trypsin solution (10 g/L) were added.

3. RESULTS AND DISCUSSION 

Preliminary experiments for the cultivation of MDCK cells at higher cell densities 
showed limitations with respect to availability of some medium components as well 
as due to inhibiting metabolites. One problem was the accumulation of ammonia,
which could be overcome by a newly developed gln-free medium, which was tested 
for 3 different cell lines (MDCK, CHO-K1 and BHK21). 

Table 1. Metabolite concentrations of CHO, BHK21 and MDCK cells in gln-containing and 
gln-free media

cell basal medium gln p. nr
a

gln
b

NH3
b

gluc
b

lac
b

HA
c

CHO GMEM yes 19 -1.1 +1.9 -13.8 +25 0
CHO GMEM no 19 -0.06 +0.17 -10.5 +21 0 
CHO HAM's F12 no 19 -0.01 +0.03 -3 +5.3 n.d. 

BHK21 GMEM yes 18 -1.3 +1.2 -12.6 +23.3 0.96 
BHK21 GMEM no 19 -0.1 +0.18 -8.1 +16.6 0.96 
MDCK Optipro SFM yes 38 -3.15 +1.82 -12 +21.1 n.d.
MDCK Optipro SFM no 36 -0 +0 -8.1 +19.8 n.d.
MDCK GMEM yes 20 -1.3 +0.9 -9.9 +14.4 1.93
MDCK GMEM no 20 -0 +0.03 -5.7 +12.6 2.25 

a

Highest passage number, 
b

overall consumed (-) or released (+) gln, NH3, glucose & lactate

(mM) in T25 & roller bottle (MDCK/GMEM); 
c

virus titre in log HA units per 100 µL (4 days p.i.) in 
T75
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Figure 1. Metabolite concentrations (((  gluc,  lac;  gln, NH3H in gln-cont. med.; 
gluc,  lac, gln,  NH3H  in gln-free med.) during growth of MDCK cells in a 5 L

bioreactor & during influenza virus production (separated by dashed line) (Biochemistry
analyzer YSI 7100 (YSI, Yellow Springs, USA) & Vitros DT60-II (Ortho Clinical Diagnostics, 

Neckargemünd, Germany).

For MDCK cell growth in a controlled 5 L microcarrier system there were several
differences in metabolite levels between a gln-containing and our new medium. In 
the new medium ammonia production was reduced and there was significant lower 
glucose consumption and lactate production (fig. 1). While similar cell numbers
were obtained, virus titre (fig. 2) was lower for the new medium.  

Surprisingly, an uptake of glutamate was found during cell growth for both 
media. During virus replication the release of glutamate correlated with the increase 
of HA. This probably indicated the release of the intracellular pool of glutamate into
the cell culture medium when virus was released by budding and cell breakage.
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med.; glu &  HA in gln-free med.) (Biochemistry analyzer YSI 7100 & titration of 

influenza virus by hemagglutination (HA) [4]) 
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4. CONCLUSIONS 

The tested gln-free medium supported growth of different industrial cell lines to
high passage numbers. The ammonia production was significantly reduced and the
cells metabolized glucose at a lower rate but achieved similar grt owth rates. For the 
tested MDCK cells this new medium did not result in an increase in virus yield.
However, for cultivation at higher cell densities and for ammonia-sensitive cells or 
virus strains this medium might be an alternative to achieve higher productivities 
[3]. Further investigations should be carried out for the use of this new gln-free 
medium composition in serum- and protein-free media. Currently we are comparing
changes in cellular metabolism and characterizing metabolic fluxes in both media. 
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1. INTRODUCTION 

Animal cells are a common substrate for production of viral vaccines. Optimization
of virus yields is closely connected with profound knowledge of growth and 
metabolism of cells and virus-cell interactions. In our work we investigated a 
vaccine production process using primary chicken embryo fibroblasts (CEF). At 
present, the industrial process involves the cultivation of these cells in serum free 
medium (SFM) with roller bottles. Disadvantages are high input of consumables and 
time, a comparatively high contamination risk and only poor control of process 
parameters such as pH and pO2. So our aim was to establish a process for growing
primary CEF in microcarrier systems using a serum free medium. Cultivations were 
performed in a stirred tank reactor and a novel wave bioreactor. Results regarding
cell growth, metabolism and propagation of an orthopox virus strain in both systems 
are compared.

2. MATERIAL AND METHODS

Primary CEF were harvested from 11 day old chicken embryos obtained from 
specified pathogen free eggs (Charles River Laboratories, Germany). With a starting
cell number of 5*105 cells/mL cells were grown in a commercially available serum 
free medium (Invitrogen) supplemented with 1-2 % L-glutamine (200 mM, 
Invitrogen). Cells were cultivated in 5 L stirred tank reactor (4 L wv, B. Braun
Biotech, Germany) and in 2 L wave bioreactor (1 L wv, Wave Biotech, CH). Online
analytics: temperature, pH, and pO2. Offline the concentrations of glucose, lactate,
glutamine, glutamate (YSI 7100, YSI, USA) and ammonium (Vitros DT60-II, Ortho
Clinical Diagnostics, Germany) were measured. Additionally, amino acid 
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concentrations were determined (BioLC, Dionex, Idstein, Germany). Cells in stirred 
tank were cultivated on Cytodex 1 microcarrier (2 g/L, Amersham Biosciences,
Germany) with 50 rpm, pH control (1 M NaOH) at pH 7.2, 37 °C, pulsed aeration
with pure oxygen at 40 % pO2 Process parameters for wave bioreactor were the
same except aeration rate (0,1 mL/min, sterile air with 5 % CO2), pH was not 
controlled, tilt rate was 8 min-1 and tilt angle 5°. For virus propagation studies cell 
cultures were infected directly at the start of cultivation. Virus titer were measured f
after 5 days of cultivation using a TCID50-protocol developed and validated at 
Impfstoffwerk Dessau-Tornau. 

3. RESULTS AND DISCUSSION

Preliminary experiments in spinner flasks (0,25 L wv) allowed to improve
attachment of primary CEF on Cytodex 1 microcarrier in serum free medium (data
not shown). Based on these results further investigations for cultivating CEF on
microcarrier in stirred tank and wave bioreactor were carried out.
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Figure 1.Comparison of glucose – lactate concentration profiles from stirred tank and wave 
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Figure 2.Comparison of glutamine/glutamate – ammonia concentration profiles from stirred 
tank and wave bioreactor cultivation of primary CEF on Cytodex 1 in SFM (  glutamine 

stirred tank glutamine wave bioreactor glutamate stirred tank  glutamate wave
bioreactor  ammonia stirred tank ammonia wave bioreactor) (chemical glutamine 

decomposition is taken into account) 

Analysis of glucose uptake shows that in the stirred tank cultivation less glucose is 
metabolized into lactate compared to a wave bioreactor (fig.1). Total molar yield 
Ylac/gluc (related to possible stochiometric yield) in the stirred tank is 38,5 % vs. 75 % 
in the wave bioreactor. In stirred tank ammonia release was significantly lower than 
in wave bioreactor, while glutamate concentration profile is the same for both 
vessels (fig. 2). Total molar yield Yamm/gln for stirred tank is 1,25 compared to 1,16 
for wave bioreactor. Metabolic data indicate a successful transfer of the process
from roller bottles to microcarrier systems regarding cell growth. 

A problem we faced in all serum free CEF cultivations was that cells detached 
microcarriers after a cultivation time of about 60-72 h and tended to form 
microspheroids (fig.3). Cell numbers for first 60 h of cultivation indicated that cells 
grew only with one doubling to a cell number of 9*105 viable cells/mL. In serum 
supplemented medium these effects were not observed and primary CEF grew up to
cell numbers of 2-3*106 cells/mL [1]. Therefore we investigated growth of primary 
CEF under defined conditions in a perfusion chamber (3 mL wv, SFM, batch, 
standard conditions) for five days under a microscope. Analysis revealed a high 
motility and tendency for cluster formation of primary CEF`s. This might be the
explanation for the observed effect that cells detached from microcarriers and 
formed microspheroids. Signal-molecules that could be responsible for this are
probably inhibited by components of fetal serum. Experiments with virus infection 
proved that both stirred tank and wave bioreactor supported virus propagation in the 
range known from roller bottle cultivations.
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Figure 3. Primary CEF on Cytodex 1 in stirred tank after 24 h, 72 h and 144 h cultivation
time (from left to right) (40x)

4. CONCLUSIONS

We developed a process for the cultivation of primary CEF on microcarriers in SFM 
using a stirred tank reactor and a wave bioreactor. Cell growth was not satisfying so 
far, altough virus titers were as high as in roller bottles. Further experiments should 
answer the question which factors influence the tendency for spheroid formation and 
if higher numbers of viable cells will result in higher virus yields. Focus of future 
work will be on additional analytics (MALDI-MS, flow cytometry), use of perfusion 
systems and medium design. 
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INTRODUCTION

Animal cell culture was established as a manufacturing technology for the
preparation of viral vaccines and therapeutics. This technology requires bovine sera 
for vigorous growth of  cell lines. However, the use of bovine serum has several 
drawbacks such as bacterial endotoxins, immunogenic contaminants, lot to lot 
variability in terms of promoting cell growth and product formation, as well as a
potential source of contamination with TSE. Thus current biotechnological 
approaches for the production of biologicals strongly recommend avoiding  the use
of serum.

The overall aim of this work was to develop an animal protein free medium 
suitable for optimal growth of Vero cells in agitated cultures.  

MATERIALS & METHODS 

Cell line : Vero cells were used through out this study. 
Culture medium : MEM, M199, Foetal Calf Serum and Insulin were supplied  by
Invitrogen (Glasgow, UK). 
Chemicals and peptones :All chemicals were obtained from Sigma (St.  Louis,
USA). Peptones were supplied by Quest International (Naarden, The Netherlands). 
Microcarrier preparation : Cytodex 1 and Cytodex 3 from Amersham Pharmacia 
Biotech (Uppsala, Sweden) were used throughout this study. They were prepared 
and sterilized according to manufacturer’s instructions. 
Bioreactor cultures : The cultures were performed in a 5 L bioreactor (Applikon,
The Netherlands) equipped with  a marine impeller and a spin filter (pore size : 
18µm) fixed on the axis. During cell culture proliferation step, the following
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conditions were applied : pH = 7.2, pO2 maintained at 50%, temperature = 37°C and 
agitation rate = 25 to 40 rpm.
Recirculation was started after two days of culture. Recirculation rate was 
modulated according to cell density.  
Samples were taken daily to determine cell density, cell viability, glucose, lactate,
glutamine and glutamate levels.  
Cell counting : 5 ml of Vero cell culture wereg washed three times with PBS then 
treated in 5ml of 0.1 M citric acid containing 0.1% crystal violet and 0.1% Triton X-
100 and incubated at least for 1 hour at 37°C. The released nuclei were counted 
using an hemacytometer.  
Metabolite analysis : Glucose,  lactate, glutamine and glutamate concentrations were 
monitored by a YSI analyser.

RESULTS

Selection of  serum free media  for Vero cells growth 

To design a serum free medium, we investigated the effect of different components
(Table1) on Vero cells growth.

Table 1 : Components tested to design a serum free medium for Vero cells growth. 

Component High level Low level 

Hypep 5603 

5 g/l 1 g/l

Hypep 4601 5 g/l 1 g/l

Hypep 7401 5 g/l 1 g/l

Hypep 4605 5 g/l 1 g/l 

Hypep 1510 5 g/l 1 g/l

Transferrin 10 µg/ml 1 µg/l

Insulin  10 µg/ml 1 µg/ml 

Selenium sodium 25 nM 0

Ethanolamine 100 µM 10 µM

Medium M199 MEM

Using the method of experimental design, we selected two serum free media (SF-
MEM and SF-M199) that sustain cell growth. As indicated in Table 2, SF-M199
medium seems to support Vero cell growth better than SF-MEM medium. t
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Table 2 : Vero cells growth in the selected SF-Media and in MEM supplemented with 7.5%
FCS, in T-flasks. MEM+++MM and M199+++  contain all components present in SF-MEM and SF-

M199 media except the hypeps. 

Medium SF-MEM SF-M199 MEM+7.5%
FCS

MEM
+++

 M199
+++

Cells/T25 4.66x10
6
 4.73x10

6
6.32x10

6
3.36x10

6
 2.35x10

6

Kinetics of Vero cells growth in the SF-M199 medium 

Table 3 : Vero cells growth in SF-M199 medium, in a 500 ml spinner flask on 2 g/l cytodex 1
and 2.5 g/l cytodex 3 and in a 5-L bioreactor on 2.5 g/l cytodex 1.

Spinner flask cultures Batch bioreactor culture

2 g/l Cytodex1 2.5 g/l Cytodex 3 2.5 g/l Cytodex 1

Cell density/ml 1.33x10
6

1.17x10
6
 1.87x10

6

Average specific
growth rate (h

-1
)

0.0255 0.0235 0.0239 

Design of an animal protein free medium 

To eliminate animal proteins, we further optimised the composition of SF-M199
medium. Therefore, transferrin was substituted by an iron salt and a chelator (Yabe 
et al. 1987; Kovar and Franek, 1987). The medium obtained was called AFM-M199. 
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2,5 g/l Cytodex3, spinner flask

 2 g/l Cytodex 1, spinner flask

2,5 g/l Cytodex 1, batch bioreactor culture

5 g/l Cytodex 1, recirculation bioreactor culture

CONCLUSION

We design an animal protein free medium AFM-M199 for the proliferation of Verom
cells in a stirred tank bioreactor using cytodex 1 as a microcarrier. 
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Figure 1 : Vero cells growth in AFM-M199 medium, in a 500 ml spinner flask on 2 g/l cytodex 1 and 2.5 
g/l cytodex 3 and in a 5-L bioreactor on 2.5 g/l cytodex 1 run in batch and recirculation modes. 
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Abstract. On-line oxygen uptake rate measurements using a dynamic model are applied to Sf9 cultures
infected with recombinant baculovirus. This measurement allows a sensitive monitoring of cell growth
and post-infection process. Also, results are given on fed-batch and perfusion cultures were 8-10 ·106

cells/ml can be achieved by automatically adjusting the medium fed-rate on the basis of OUR on-line 
measurements. 

INTRODUCTION

Insect cells–baculovirus expression system- have been used successfully for the
expression of several proteins. A way to improve protein production is to increase mm
cell density at the infection time by using different culture strategies such as fed-
batch or perfusion culture. The expression system used is strongly linked to the
infection parameters (MOI, TOI and TPI), and to an appropriate nutrients in the
medium in order to provide to the cells with all the substrates for feeding the
synthesis of the protein of interest. To develop an automatic and optimized 
production method, a system variable that allow to correlate culture parameters as 
well as infection process parameters is needed. OUR is an easy measurable 
parameter that has been demonstrate to correlate well the physiological state of the 
cells. The results of its use in defining infection and culture strategies for Sf9 cells 
are described bellow.

MATERIALS AND METHODS 

Cell line, medium and culture conditions. The insect cell line used was Spodoptera
frugiperda 9 (Sf9). The baculovirus strain was AcVP2.IBDV (kindly provided by 
LABORATORIOS HIPRA S.A. and INGENASA., respectively). The basal medium 
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used was IPL-41 insect cell medium (Sigma I0638) supplemented with 3.33g/l yeast 
extract (Sigma Y-1000) and lactalbumin hydrolysate (Sigma L90) and a 10% (v/v)
of foetal bovine serum was added. Cultures were stirred at 100 rpm, grown at 27°C
and pH=6.2. Density and viability were assessed by trypan blue exclusion method 
using an haemocytometer (Neubauer improved, Brand).
Culture system. Bioreactor Braun-MCD (2 L).

 Titer determination. VP2 and Baculovirus titers were determined as previously 
reported (Martínez-Torrecuadrada et al., 2000). 

On-line measurement: Our was determined by the dynamic method (Kussow et 
al., 1995). 

RESULTS AND DISCUSSION

OUR monitoring in Sf9 bioreactor cultures:   The OUR measurements obtained 
every two hours in insect cell cultures allowed a very accurate measurement of the 
viable cells curve, both in growth conditions and after infection (as show in figures 1 
and 2 respectively). In addition this measure has less error than viable cell counting
(20% error) and allows to determine the infection point where cell viability starts 
decreasing in good anticipation, this information being very relevant from the 
process point of view. It’s interesting to note how in figure 2 remains relatively 
unchanged after infection, until it decreases sharply coinciding with maximum VP2
concentration.

Finally, it can be observed that since the TOI to the maximum of VP2 titer 
(figure 2) coincides to the theoretical TOI until the time when it was achieved the 
maximum cell concentration in a uninfected batch (figure 1). If the infection is 
performed, the substrate consumption is not expected to be higher than the controlt
since metabolism is mostly restricted to the synthesis of VP2. Therefore it is
anticipated that enough substrates are available to produce VP2.  

Process strategies:  As a previous step to increase VP2 production, fed-batch and 
perfusion strategies have been performed to obtain maximum cells densities. In both 
cases, the on-line OUR measurements is used to adjust the medium feeding rate to
the reactor. In figures 3 and 4 it can be observed that 8·106 and 10·106 cells/ml were
achieved, and that OUR curves made possible to detect infection point in the growth 
profiles due to nutrient limitations, being connected by the corresponding change in 
fed-rate. This sensitivity was not achieved by off-line cell counting.

CONCLUSIONS

The use of on-line OUR determination, using a simple method, in Sf9 cell cultures
infected with recombinant baculovirus is proven effective to follow cell growth, post 
infection periods, and to adjust the nutrient feeding to cell growth in fed-batch and t
perfusion system. 
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A detained study of the profile of OUR concludes the capacity to predict in real
time the infection parameters (TOI and TPI), or the key moment of action to start a 
culture strategy to increase the cells density, evaluating the OUR derivates.  
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Figure 1: Profile in a batch culture. Figure 2: Profile in a infected batch culture.
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Abstract. Development of efficient vaccines against influenza, yet remaining a serious problem for many
countries of the world, is a topical problem. Stable cell lines as a substrate are attracting the attention of 
influenza vaccine developers. It was demonstrated that unlike the influenza virus adapted to chick 
embryos, the influenza virus isolated from MDCK culture retains the antigenic properties of 
epidemiological strain.
Effects of various conditions of cultivation in cells (inoculation dose, compositions of growth and 
supporting media, and infectious dose of virus) on production efficiency of cold-adapted reassortant 
vaccine strains of type A and B influenza viruses were studied in experiments.
Selection of optimal biological additions to the nutrient medium, including additions involving plant 
hydrolysates, provided efficient reproduction of the virus (9.5–10.0 log EID50/ml) in MDCK cell line in 
the presence of 2 µg/ml trypsin. Stabilizers allowing the culture-grown live virus to be freeze-dried with
preservation of the virus infectivity at a level of 8.5 log EID50/ml were studied. The parameters studied 
are key properties while developing the technology for manufacturing culture live vaccine against 
influenza using cold-adapted reassortant vaccine strains. 

1. INTRODUCTION

The development of efficient vaccines against the influenza that has long remained a 
serious problem for most countries is a very urgent task. Stable cell lines used a 
substrate have begun to attract a great attention of the developers of influenza
vaccines recently. It has been shown that influenza virus isolated on a MDCK cell 
culture preserves the antigenic properties of the epidemic strain unlike the strain
adapted to chicken embryos. In addition, the production technology used to prepare
cultural influenza vaccines allows the vaccine production to be increased during a 
short period, which is very important at an influenza pandemic and is very difficult 
to achieve when chicken embryos are used as a substrate. The development of a safe 
technology for production of a live influenza vaccine requires the removal of any 
products of animal origin (additives, enzymes and stabilizers) that should be
replaced by substances of plant origin. The present work sought to develop a live 
cultural influenza vaccine using cold-adapted reassortant vaccine strains of influenza 
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virus types A and B cultivated on a MDCK cell line in a serum-free medium 
supplemented with plant additives and stabilizers of plant origin.

2. MATERIALS AND METHODS

Influenza virus strains. The cold-adapted reassortant vaccine strains 
A/47/Shandon/93/1 (H1N1) and A/47/Johannesburg/94/2 (H3N2) and 
B/60/Petersburg/95/20 were used in the work. Cell lines. The MDCK cell line was
obtained from the Pasteur Institute (Paris, France).  The cells were cultivated  in 
serum-free MDSS2 medium. Reproduction of viruses. A three-day-old monolayer 
of MDCK cells was infected with viruses. The infected cells were incubated at 340C,
supplemented with MDSS2 containing 2 µg /ml trypsin and plant hydrolysates. 

3. RESULTS AND DISCUSSION 

The study of the reproduction of reassortants in a MDCK cell line was performed at 
an infection multiplicity from 0.005 to 0.0001 EID50/cell. The obtained results
presented in Figure 1 demonstrate that the maximal virus titers (109.5– 1010.0
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Figure 1. The dynamics of the accumulation of influenza viruses in a MDCK cell culture at 
different infection multiplicities

EID50/ml) are achieved at an infection multiplicity of 0.005 EID50/cell on day 4 for 
the cold-adapted strains of influenza virus type A and on day 5 for the cold-adapted 
strain of influenza virus type B. The infection multiplicity decreased to 0.0005
EID50/cell causes a 1-day shift in reaching the maximal titers. Further decrease in the
infection multiplicity to 0.0001 EID50/cell does not promote an increase in infectious 
titers during 5 days of the experiment.
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Plant protein hydrolysates at the concentration from 0.01% to 1.0% were introduced 
to the supporting nutrient medium as additives to enhance the specific activity of the 
influenza virus strains in the process of cultivation on a MDCK cell line. Stabilizers
containing plant peptone solutions were used to maintain the specific activity of 
influenza virus in the processes of lyophilization and storage. As seen from Table 1, 
all the used hydrolysates are able to maintain the specific activity of influenza virus f
in the processes of lyophilization and storage at different conditions.

Table 1. The study of the effects of plant protein hydrolysates on maintaining the specific
activity of influenza virus A/H1N1 strain cultivated in a MDCK cell

Specific activity, log EID50/mlLevel of 
hydrolysat

es (%) 
Virus-
containing
liquid

Liquid
semi-
finished
product

Dry semi-
finished
product

37
0
C , 7 

days

Residual
moisture,

%

0 9.0 8.8 8.0 6.3 0.7 

0.01 9.5 8.5 7.5 6.3 0.9

0.02 8.7 8.7 8.5 6.3 1.2

0.05 9.1 8.5 8.5 7.4 0.9

0.8 8.8 8.5 7.5 6.3 0.7

1 9.5 8.7 7.7 7.3 1.0 

4. CONCLUSION 

The obtained data show that all the studied reassortant strains of influenza virus are
able to reproduce at optimal infection multiplicities up to the titers of 109.5 – 1010.0

EID50/ml on a MDCK cell culture cultivated in a serum-free medium. 
The introduction of plant hydrolysates into the medium allows to increase the 

reproduction of influenza virus in MDCK cells and to maintain the virus specific 
activity in the processes of lyophilization and storage at different conditions.
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Abstract. Development of antiviral mucosal vaccines involving pH-dependent polymers and polymer 
complexes is a topical problem now. These polymers are capable of protecting the virus from acid gastric
medium and releasing it in weakly alkaline intestinal medium. In addition, the majority of these polymers
are capable of intensifying the immune response to the antigen introduced. SRC BV VECTOR with
AOZT DELSI elaborated the method of microencapsulation of viral particles into a matrix of pH-
dependant polymers under specific condition of their conformational transitions. Spherical or irregular-
shaped particles with size of 1-30 µm were produced. Examination of the immunogenic properties of the 
vaccine specimens has demonstrated the increase in the antibody titers of the animals immunized orally
with the preparations containing polyacrylic acid copolymers with ethyl groups, sodium alginate-chitosan 
complexes and sodium alginate-spermidine complexes. 

1. INTRODUCTION 

Antigen delivery systems such as microencapsulation have emerged in recent years
as an innovative approach to improving vaccine strategies (1,3). Development of 
antiviral mucosal vaccines using pH-dependent polymers and polymeric complexes
is especially topical now because of their ability to protect the virus from the gastric 
medium and to release it in a weakly alkaline medium of intestines. The majority of 
polymers are also capable of boosting the immune response to an antigen 
introduced. 
The goal of this work was to characterize the microencapsulated forms of measles 
and influenza viral vaccines involving pH-dependent polymers as a matrix.

2. MATERIALS AND METHODS

The measles virus vaccine strain Leningrad-16 and the influenza virus cold-
adapted reassortant vaccine strain A/47/Shandon/93/1 were used. The following 
polymers were used as a matrix: copolymers of polyacrylic acid with 43% ethyl 
group substitution rate (molecular weight, 31 kDa), sodium alginate − spermidine
([N-3-aminopropyl]-1,4-aminobutylamine) complexes, carbopol, carbopol-
polyvinylpirrolidon complexes. The virus-containing liquid was supplemented with
stabilizing solutions and polymers according to the technique developed. The
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mixture was poured into ampoules and freeze-dried (2). Electron microscopy:

preparations were dissolved in distilled water, mounted onto grids, stained with 2% 
aqueous solutions of phosphotungstic acid (PTA) with pH 2, 5, or 7, and analyzed 
with an electron microscope (“Hitachi-H 500”, Japan). The specific activities of 
microencapsulated measles vaccine were determined according to the cytopathic
effect on Vero cells. The specific activity of influenza virus was determined by
infecting 11-days-old developing chick embryos. The vaccine immunogenicity was 
determined by oral, subcutaneous and intranasal immunization of guinea pigs. The
sera were studied using hemagglutination test on 28 day.

3. RESULTS AND DISCUSSION 

Electron microscopy showed that the microparticle structure and density changed 
depending on the pH of medium. Microcapsules formed aggregates in an acidic 
medium, which dissociated into separate particles at pH 7.0 (Fig.). At increasing the 
pH, polyacrylic acid unfolded in the pH range of 4.5−8.0, and sodium alginate did at 
pH=3.5 (the 3D structure of spermine molecules remained constant) (2). Thus, the 
microcapsule morphology related to changes in the conformation of polymeric
molecules. At a neutral pH, particles involving polyacrylic acid had a size of 0.5−10
µm, and those formed of sodium alginate−spermidine had a size of 1−9 µm. 

a                              b                            c   

Figure 1. Microcapsules containing 0,1% polyacrilic acid copolymers at pH=2 and 7 (a, b) 
or sodium alginate–spermidine complexes at pH=5 (c). Transmission electron microscopy.c

Bar=1 µm.

Upon freeze-drying, the level of virus-specific activity in the preparation remained 
sufficiently high  (Tables 1, 2). Thus, the microencapsulated forms of viral vaccines 
studied contained active measles or influenza viruses. 

Study of the vaccine immunogenicity has shown the increase in the antibody
titers. The animals immunized three times orally with the preparations containing
polyacrylic acid copolymers or sodium alginate-spermidine complexes displayed a
100% seroconversion, the mean geometric titers reached 56 – 84. After a single 
subcutaneous administration the best results were obtained for the sodium alginate-
chitosan complexes; the mean geometric titers were amounted to 38.1. The triple 
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intranasal administration gave the titers up to 11 when using sodium alginate LVG -
spermine and sodium alginate MVM - spermine as the microparticle matrix. 

Table 1.  Specific activity of the preparations of microencapsulated measles vaccine produced 
using copolymers of polyacrylic acid. 

Specific activity (log TCID50/0.5 ml)00

Concentration of polymer Liquid semi-finished vaccine Microencapsulated  vaccinMM e
1.0% 4.70 3.36 
0.5% 5.40 4.27
0.1% 5.36 4.31

Table 2.  Specific activity of the preparation of microencapsulated influenza virus.

Specific activity (log EID50/ ml)00

Polymers of matrix Liquid semi-finished 
vaccine

Microencapsulated  vaccine

Polyacrylic acid copolymers  8.7 7.3
Carbopol 7.0 6.5 
Carbopol–polyvinylpirrolidon 6.5 6.0 

4. CONCLUSIONS 

The microencapsulated measles and influenza virus vaccines involving pH-
dependent polymers are capable of preserving the enclosed measles and influenza
virus viable. Microparticles of pH-depending morphology have the size optimal for 
transport trough the intestine wall. The virus specific activity in the preparation
studied is sufficiently high. Examination of the vaccine immunogenicity 
demonstrated the increase in the antibody titers of the animals immunized by oral, 
subcutaneous and intranasal administration. 
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Abstract. A major problem when establishing high-producing cell lines is the variability of integration 
sites. Integration of plasmid DNA into the genome of host cells occurs at random. As a consequence, 
selection of high producers is very time-consuming, costly and critical. Therefore, strategies which 
simplify and fasten the selection process are advantageous. Here, we present a system, that identifies and 
selects those of the transfected cells, which show the highest GFP-expression correlating with the
expression of a product gene. This high expression system comprises expression vectorm s and serum-free
transfection, selection and cultivation of CHO-DG44 cells. 

sICAM (secreted intracellular adhesion molecule) was chosen as an example for the
expression of a monomeric therapeutic glycoprotein (480 amino acids) in CHO 
cells. For this, CHO-DG44 cells were transfected with the vector pBIDG-sICAM. It 
contains the open reading frames of sICAM and GFP in a bicistronic transcription
unit, connected via an IRES (internal ribosome entry site) and driven by a CMV-
enhancer and the strong CHO-promoter combination. The selection marker DHFR 
was expressed from a separate transcription unit. The additional expression of GFP
enabled the use of a FACS-based selection strategy. Two to three weeks after the
first selection in HT-free CHO-S-SFMII medium the top 5% GFP-expressing cells
were selected. After a cultivation period of two weeks, again the top 5% GFP-
expressing cells were isolated by FACS-sorting. This sequential sorting was carried r
out six times in total. A good correlation between sICAM-productivity and GFP-
fluorescence could be shown. In shortest time, cell pools with a high specific 
productivity of up to 16 pg/cell and day were isolated only by FACS-based 
selection, without any MTX-amplification steps. By combining the GFP-based ff
selection with one single MTX-amplification step it was possible to increase the
productivity up to 30 pg/cell and day. These productivities were obtained by the 
amplification of a pool after the fourth sorting with 500 nM MTX as well as by the rr
amplification of a pool after the sixth sorting with 2 µM MTX. In contrast to a
stepwise amplification, usually starting with a very low MTX-concentration (5 - 20
nM MTX), we had to use a higher MTX-concentration from the beginning to
achieve an amplification effect. There was no significant increase in productivity 
resulting from the addition of 5 or 50 nM MTX to cells from the fourth sort or,
respectively, from the addition of 500 nM MTX to cells from the sixth sort.
Obviously, the level of DHFR in the starting pools was already that high that a 
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complete DHFR-inhibition could only be achieved with a high MTX-dose. 
Furthermore, the pre-sorted cell pools showed a better survival of the selection
phase despite a high initial MTX-dose, meaning that a cell population with a high
vitality was obtained in a shorter time period than with the conventional stepwise
gene amplification strategy. 

In another example, CHO-DG44 cells were co-transfected with the vector 
combination pBIDG-F19HC and pBIN-F19LC expressing the mAb F19 (a 
multimeric therapeutic glycoprotein). The humanized antibody F19 is directed 
against the surface molecule FAP, which is synthesized by reactive stroma 
fibroblasts. In the herein used vector configuration the both protein chains of the 
antibody were each expressed from their own vector, which in addition codes for 
either the DHFR or the neomycin selection marker in a separate transcription unit. 
Furthermore, the vector pBIDG-F19HC contains another selection marker, GFP, 
whose expression was linked to the expression of the heavy chain via an IRES-
element. CHO-DG44 cells with a high expression of the mAb F19 could be isolated 
in a short period of time just by selecting the cells with a high GFP content by
sequential FACS sorting. For this, the top 5% GFP-expressing cells were sorted out 
by FACS after an initial 2 –3 week selection of the transfected cell pools in HT-free 
CHO-S-SFMII medium supplemented with 400 µg/mL G418. This sorting was 
carried out six times in total with a two week cultivation period between each sort. 
Surprisingly, a good correlation between F19-productivity and GFP-fluorescence 
could be shown, although both protein chains of the antibody were expressed from 
their own vector and although the GFP-based FACS sorting could only consider the 
expession of the heavy chain because of its transcriptional connection to GFP. The
productivities were raised up to 10 pg/cell and day. In one single MTX-
amplification step starting from a cell pool of the fifth sort, the productivities could 
be increased even further up to 37 pg/cell and day by adding 1000 nM MTX to the
selection medium. At the same time, this strategy shortened the time needed for the 
selection of high producing cells to the half (i. e. about 120 days) compared to the 
conventional stepwise gene amplification strategy, which usually comprises 4 steps. 
This goes along with a significant reduction in developmental capacities and costs.
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