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E
xpression vector and cell line 
engineering is the basis for 
expression and industrial 
production of biopharma-
ceuticals.  The ultimate goal 

is to obtain clonal cell lines that secrete 
the protein of interest with high cell-
specific productivity, and at consistently 
high levels over an extended number of 
cell generations, allowing for scale-up 
and cost-efficient large-scale manufac-
turing.  Productivity and stability of 
expression are thus the prerequisites 
for developing commercially viable 
processes.

The interest in rapid evaluation of 
new proteins in the clinic requires the 
use of platform technologies in cell 
line and process development.  This is 
a limiting factor in implementing new 
approaches regarding vectors, host cells, 
media and processes. Nevertheless, we 
will try to review some of our recent 
exploratory activities in this article.  We 
report the use of new combinations of 
vector elements, and the “validation” 
of general concepts regarding vector 
composition.  For a thorough review 
of vector elements, we recommend the 
excellent review of S. Makrides,1 and 
references therein.

The engineering and development 
activities described here are focused 

on expression in CHO cells, one of the 
most widely used hosts in the indus-
try.  CHO cells offer the advantage of  
producing and secreting recombinant 
proteins with human-like post-transla-
tional modifications, as exemplified by 
N-linked carbohydrates, that are com-
patible with prolonged in vivo activ-
ity in humans.2  We describe the use of 
vector elements that have been char-
acterized many years ago, but to our 
knowledge, have not before been used 
together.  Furthermore, we show some 
examples of cell line characterization 
procedures that have the potential of 
being used as additional selection crite-
ria for choosing appropriate manufac-
turing cell lines.

Expression Vector Engineering

Most expression vectors used for the 
production of recombinant proteins in 

mammalian cells use a strong constitu-
tive promoter/enhancer region (simply 
called “promoter” in the following), 
often from the human cytomegalovirus 
(CMV) or the simian virus 40 (SV40). 
These promoters provide sustained 
transcription of the gene of interest.3   
A typical expression unit is further 
composed of 5´- and 3´-untranslated 
regions flanking the sequences encoding 
the therapeutic gene.  These sequences, 
along with introns, are thought to affect 
mRNA processing, stability, transport 
and translation.4,5 

At the end of the 3´-untranslated 
region, a polyadenylation signal 
sequence is responsible for the correct 
formation of the 3´ end of the nascent 
mRNA.6  The use and functioning of 
these and other elements, such as selec-
tion markers and sequences necessary 
for plasmid propagation in bacteria, are 
reviewed in detail elsewhere.1 
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Expression Vector Engineering for 
Cell Line Development – 

New Roles for “Old” Sequences

Figure 1. Comparison 
of promoter strength 
of mouse (IE1, IE2, and 
their native bi-directional 
arrangement) and human 
CMV in stably-transfected 
CHO cell populations. 
Expression is further 
normalized with respect 
to integrated  
gene copies 
(bottom).
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The Use of Mouse CMV  
Promoter/Enhancers

Recently, we described the use of 
the mouse CMVIE17 and IE28 pro-
moter regions, either alone or in their 
native bi-directional configuration, for 
expressing genes of interest in CHO 
cells.9  We provided data comparing 
mouse and human CMV promoter 
strength in transient transfections.  To 
extend these observations, we compared 
the strength of these sequences in popu-
lations of stably transfected CHO cells 
by using a fluorescent reporter pro-
tein and quantitative analysis by flow 
cytometry.  Figure 1 shows the resulting 
data normalized to the expression level 
as obtained with the mouse CMV IE1 
promoter (bar with stripes; in brack-
ets, the promoter start coordinates).  
Note that the construct named mCMV 
bidi contains the native bi-directional 
mouse CMV IE1 and IE2 promoter 
region with a reporter gene connected 
to each of the promoters.  Expression 
data were further normalized to the 

average copy number of promoters 
integrated in the respective cell popula-
tions (numbers below respective pro-
moter descriptions).  The obtained data 
confirm the previous observation that 
the mouse CMV promoters provide 
higher expression levels than the widely 
used human CMV promoter.  The data 
suggest the following promoter rank-
ing: IE1 > IE2 > hCMV.  This ranking 
is more pronounced when normalizing 
for integrated gene copies.  Note that 
expression from both mouse IE1 and 
IE2 promoters is roughly additive in the 
bi-directional construct containing both 
promoters.  These data confirm the use 
of mouse IE110 and IE29 promoters in 
expression vectors for CHO cells.

The Value of  
Intervening Sequences

The beneficial effect of using inter-
vening sequences (introns) for cDNA 
expression was recognized very early 
on, and in various cells lines.11-13  We 
wanted to confirm these observations 

in the context of our expression vec-
tors and CHO host cells.  Thus we 
positioned the intron A from human 
CMV,14 or a synthetic intron upstream 
of the reporter gene coding sequence, 
and compared it to an identical con-
struct missing intronic sequences.  
Reporter gene expression is driven 
by the mouse CMV IE1 promoter.  
Figure 2A shows that the cell popula-
tion stably transfected with the con-
struct containing the intron A expressed 
about 80% more reporter protein than 
the no-intron control population.  The 
synthetic intron had a similar, although 
more moderate, effect on expression 
levels.  These data confirm that the 
use of introns in expression vectors is 
advisable in order to improve expres-
sion levels.  However, when we normal-
ize the data by the inserted transgene 
copy numbers, the differences between 
the three populations are minimal (data 
not shown).  Introns may thus have an 
effect on copy numbers or the integrity 
of the expression cassette inserted in 
the genome.  Further work is required 

Figure 2.  A: Combining an intron with a promoter improves expression in stably transfected CHO cells.  B: Schematic representation of the expression 
vector for monoclonal antibodies using the bi-directional mouse CMV promoter region.  The antibody light chain is expressed from the IE2 promoter, the 
heavy chain from the IE1 promoter.  Introns are indicated by the triangles, polyadenylation signals by the small ovals, and insulators by the circles.   
Note that the selection marker PAC (puromycin acetyl transferase) is expressed from an IRES (internal ribosomal entry site) on a polycistronic mRNA.   
C: Comparison of expression levels from randomly picked clones either for the construct, as shown in B, (intron A plus cDNA for heavy chain), or the same 
construct with the genomic sequence encoding the heavy chain (gDNA; i.e., intron A plus three native introns).

A
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to clarify the mechanisms by which 
introns improve transgene expression.

The next question we wanted to 
address was whether the use of native 
genomic sequences could further 
improve expression, or whether the use 
of a “generic” intron (e.g., the human 
CMV intron A) was sufficient for high 
level cDNA expression.  A new antibody 
expression vector was created to test 
this, using the bi-directional mCMV 
promoter arrangement for expression 
of the light chain from the IE2 and the 
heavy chain from the IE1 promoter, 
respectively (Figure 2B).  

The intron A is placed upstream of 
each antibody chain cDNA. The heavy 
chain cDNA is further connected via an 
IRES to a selection marker resulting in a 
polycistronic mRNA.  The whole region 
is further flanked by insulator sequences 
(see below).  In a second vector, the 
heavy chain cDNA was replaced by its 
genomic sequence containing three 
additional introns.  Both vectors were 
transfected into CHO cells, and stable 
clones were established following lim-
iting dilution of the stably transfected 
cell pools.  Ninety-six clones were ran-
domly picked for each construct and 
assayed for antibody expression.  Figure 
2C shows the expression ranking of all 
the tested clones for each of the con-
structs.  There is no significant differ-
ence in expression level between the 
two vectors.  Furthermore, we picked 
the top five expressing clones for each 

vector and analyzed specific productiv-
ity and titer in a generic batch culture.  
No significant differences were observed 
between the two sets of clones (data not 
shown).  In addition, correct splicing 
was observed by Northern blots reveal-
ing mRNA of the expected size and as a 
single band in all cases.  These data sug-
gest that the use of intron A in a generic 
expression vector is sufficient for high 
titre antibody expression.  There is no 
need to further include genomic introns 
which facilitates recloning of candi-
date antibody sequences obtained from 
recombinant libraries.

Insulator Sequences and 
Long Term Stability of Expression

Stable transfection by lipofection, 
electroporation, nucleofection, or other 
generic methods introduce DNA into 
the mammalian cells, and a small pro-
portion of the DNA finds its way to 
the nucleus where it integrates into the 
host genome.15  Genomic integration 
is usually a random event, and expres-
sion of the transgene is affected by the 
chromatin openness at the integration 
site.16  Often gene silencing is observed 
when cell clones are cultivated over 
time.17,18  This effect is linked to chroma-
tin changes as imposed by neighboring 
genomic regions.  Several approaches 
were taken to identify DNA regions 
that can actively or passively counteract 
this silencing effect.18-21  We wanted to 

investigate the effect of such a sequence 
for protecting transgenes from silenc-
ing.  More precisely, we selected the 
chicken beta-globin 5´ HS4 core insula-
tor sequence,22 duplicated the minimal 
sequence element containing regions 
FIII to FV,23 and flanked both ends of 
our expression cassette with such an 
insulator duplicate (e.g., see Figure 2B).

By definition, insulator activity 
should increase the frequency of iden-
tifying expressing clones, and the 
expression of the transgene should be 
stable over time.  We tested both of 
these notions in an experimental setup.  
Figure 3A shows the results of two 
series of 86 clones that were randomly 
picked, either from a stable transfection 
with a control expression vector, or 
one with insulator sequences flanking 
the expression cassette. Clearly, the fre-
quency of identifying expressing clones 
is increased when using the insula-
tor sequences in the expression vec-
tor.  This is exemplified by 90% versus 
16% of the clones expressing detectable 
levels of product when using expres-
sion vectors with or without insula-
tors, respectively.  Long-term expres-
sion was analyzed on two populations 
of cells that were stably transfected with 
expression vectors containing, or not 
containing, the insulator sequences.  
Figure 3B shows the evolution of 
expression over time, as analyzed by 
flow cytometry.  The data suggest that 
the insulator sequences keep the trans-

Figure 3.  A: Expression analysis of clones picked from stable transfections with a standard expression vector (no insulator), or the same vector contain-
ing insulator elements flanking the expression cassette (with insulator).  B: Long-term effect of flanking the expression cassette with insulators versus a 
control population obtained with the same vector devoid of insulator sequences.
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gene integration locus in a transcrip-
tionally active state.  Conversely, rapid 
silencing is observed with the control 
cells transfected with the non-insulated 
expression cassette.

Characterization of 
Antibody-Expressing Cells

Cell clones expressing recombinant 
proteins are usually extensively charac-
terized on the biochemical, molecular, 
and cellular level.  Specific and volu-
metric productivities are measured in 
standardized batch and fed batch cul-
tures.  However, before selecting the 

final clones for manufacturing, a series 
of experiments is conducted with a 
restricted number of candidate clones 
in order to eliminate low expressing 
candidates, or cells that are either unsta-
ble or do not react to standard media 
supplements.  In order to facilitate the 
characterization of candidate clones, we 
established a rapid staining procedure 
that allows for parallel testing of a few 
dozen antibody-expressing clones.  We 
permeabilize candidate clones in vitro, 
and probe for intracellular expression of 
immunoglobulin heavy and light chains 
by using specific fluorescent-labeled 
detection antibodies.  The cell popula-

tion is then analyzed using flow cytom-
etry.  In Figure 4, we illustrate these 
assays by staining antibody-producing 
cells, and test a widely used medium 
additive and its effect on gene expres-
sion and cell morphology.  Figure 4A 
shows an example of a clone that 
expresses both chains of a monoclo-
nal antibody in a rather balanced way.  
Figure 4B shows a heterogeneous cell 
population.  Possibly this candidate is 
not clonal, or perhaps antibody expres-
sion is not stable, resulting in a non-
expressing subpopulation and cells with 
intermediate expression.  Figure 4C 
shows a triple staining, including a 

Figure 4.  A: Schematic representation of the monoclonal antibody expression vector, and flow cytometry analysis of a stably-transfected clone.  Antibody 
heavy and light chains are stained intracellularly with the respective probes (x- and y-axis).  B: Stably-transfected clone showing heterogeneous intracellular 
staining (see text for comments). C: Effect of sodium butyrate on expression of heavy and light chains, as well as size of endoplasmic reticulum (ER stained 
with ER-tracker from Invitrogen; cytometry performed with Guava EasyCyte™).

A B C

Figure 5.  A: Transgene copy number distribution in 55 DMRIE-C-transfected CHO clones as analyzed by quantitative real time PCR (RT-PCR).   
B: Productivity versus copy number comparison for 12 clones selected from the different categories, as shown in A.
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label for measuring the volume of the 
endoplasmic reticulum (ER).  Here the 
cells have been treated with increasing 
amounts of sodium butyrate, a com-
pound known to increase expression 
levels,24 and ER volume, as observed 
here.

Copy Number and 
Recombinant Protein Expression

Finally, we wanted to analyze clones 
expressing a recombinant protein with 
respect to the integrated transgene copy 
number.  Fifty-five clones, obtained 
from a DMRIE-C transfection, were 
randomly selected for copy number 
analysis by quantitative real time PCR.  
Figure 5A shows the distribution of 
these clones with regard to copy num-
ber.  Interestingly, 90% of the analyzed 
clones contained less than ten copies.  
It should be noted that the clones were 
obtained by puromycin-resistance selec-
tion, and thus did not undergo any gene 
amplification as documented for other 
selection approaches.25  

Twelve clones, representing the dif-
ferent categories of integrated trans-
gene copy number, were then analyzed 
for specific productivities.  Not sur-
prisingly, high-expressing clones are 
obtained independent of transgene copy 
numbers (Figure 5B).  Thus, there is no 
strict correlation between copy number 
and productivity.  However, it should 
be noted that the sample size is rather 
small and so statistically not sufficiently 
relevant.  Nevertheless, the data sug-
gest that clones with copy numbers in 
the range of 2 to 5 achieve expression 
levels that are comparable to high copy 
number clones, minimizing the risk of 
genetic instability that is often observed 
with high copy numbers.25
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