


W
ithin the biophar-
maceutical indus-
try, mammalian 
cell culture is ex-
tensively used to 

manufacture various biotherapeutics 
including antibodies, interferons, hor-
mones, erythropoietin, clotting fac-
tors, immunoadhesins, and vaccines.  
The market for monoclonal antibodies 
(MAbs) alone is expected to grow 30% 
a year and reach sales of nearly $6.5 
billion in 2004.  The vast majority of 
these biotherapeutics are secreted gly-
coproteins obtained from mammalian 
cell lines such as: Chinese hamster ovary 
(CHO), human embryonic kidney 293 
(HEK-293 or 293), NS0, and baby ham-
ster kidney (BHK).  As is the goal with 
most commercial products, biotechnol-
ogists strive to generate these valuable 
proteins in the highest yields possible in 
order to utilize mammalian bioreactor 
facilities efficiently. 

It has long been recognized that 
protocols for cell maintenance are of 
utmost importance. Cells cultured for 
the purpose of protein production are 
often found in suspension rather than 
adhesion.  Suspension cells have been 
found to be, on average, more efficient 
for producing higher product titers.  The 
use of large-scale bioreactor vessels is a 
standard feature in biopharmaceutical 

production for the culturing of suspen-
sion cell lines.  Bioreactor performance 
can be improved both by increasing 
viable cell densities in the bioreactors 
and by enhancing the cells’ productivity. 
Unfortunately, both strategies subject 
the cells to considerable external and 
internal stresses. Cells grown to high 
densities in bioreactors can be exposed 
to nutrient limitations or toxic byprod-
ucts, while the secretion of very high 
levels of recombinant protein will tax 
individual cells’ capacity to fold, gly-
cosylate, process, and secrete complex 
glycoproteins.

Both the internal stress of processing 
very high levels of non-native polypep-
tides and the external strains of nutrient 
limitations and environmental toxins 
can activate a mammalian cell’s stress 
response machinery, leading to inhibi-
tion of protein synthesis, suppression of 
cell growth, and programmed cell death 
(PCD), also called apoptosis.  Apoptosis 
is a regulated physiological process in 
which cells respond to particular exter-
nal and internal stimuli by activating a 
cascade of biochemical pathways that 
end in the cell’s own demise.  While sup-
pression of growth or apoptosis may be 
appropriate responses in vivo to prevent 
the onset of cancer or ensure proper 
development, these responses can have 
harmful consequences for mammalian 
cells grown in culture.1,2  Cell growth 
arrest can reduce final cell densities 
achieved in bioreactors and apoptosis 
will eliminate valuable viable producer 
cells and terminate a bioreactor run.  
The suppression of protein synthesis is 

also undesirable, as this response will 
lower the productive capacity of indi-
vidual producer cells.  The cumulative 
effect of the cellular response to internal 
and external stresses is a decline in bio-
reactor productivity and a reduction in 
final protein yields.  

Fortunately, extracellular and intra-
cellular engineering strategies can be 
implemented to limit the undesirable 
activation of cellular stress response.  
The fortification of culture medium 
and adoption of fed-batch or perfu- 
sion systems can increase nutrients and 
lower accumulations of toxins.  How-
ever, the adoption of these methodolo-
gies is not sufficient to completely elim-
inate stress-inducing signaling.  There-
fore, a complementary cell engineering 
strategy can be applied to control the 
cell’s intracellular response to exter-
nal and internal stress signals.  With 
this method, the cell’s internal physi-
ology is adjusted in order to limit or 
prevent the activation of undesirable 
stress-response pathways.  Such a cell 
engineering approach can be achieved 
through an understanding of the vari-
ous stress-induced pathways involved. 

Cell Stress Response

Multiple stress pathways have been 
elucidated that lead cells either to cell 
cycle arrest or apoptosis (Fig. 1).  Three 
main pathways have received much 
attention: (1) death receptor or recep-
tor-mediated, (2) mitochondrial, and 
(3) endoplasmic reticulum (ER).  These 
pathways are characterized by specific 
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signals that translate through biochemi-
cal cascades to inhibit protein synthesis, 
arrest growth, or activate PCD.3,4  

The apoptosis or PCD branch 
involves the activation of cysteine-aspa-
rate proteases, or caspases. Caspases 
are the key proteases that lead the cell 
down the pathway of self-degradation 
and are activated for all stress path-
ways that initiate apoptosis.  Inactive 
caspases, referred to as pro-caspases, are 
present in normal cells in their inactive 
zymogen state.  The activation of these 
pro-caspases occurs through the cleav-
age of the pro-domain either as a result 
of auto-activation or from cleavage by 
another cellular caspase. Each stress 
pathway has initiator caspases that are 
specific to that particular apoptosis cas-
cade: caspase-8 from the death receptor-
mediated pathway, caspase-9 from the 
mitochondrial pathway, and possibly 
caspase-12 from the ER pathway.  These 
initiator caspases are activated first in 

a particular stress pathway and subse-
quently activate downstream effector 
caspases.  The effector caspases, includ-
ing caspase-3, caspase-6, and caspase-7, 
are the proteases responsible for cel-
lular degradation and the biochemical 
and morphological changes associated 
with apoptosis including chromosom-
al condensation, membrane blebbing, 
and DNA fragmentation.5–8   Some of 
these morphological changes are caused 
directly by caspase degradation while 
others are the result of enzymes acti-
vated by caspases.  For example, DNA 
fragmentation is catalyzed by a DNAse 
that is activated following the caspase 
cleavage of a separate DNAse inhibitor.

Death Receptor Pathway   
The death receptor or receptor-

mediated apoptotic pathway is triggered 
by the binding of ligands to specific 
receptors of the tumor necrosis factor 
(TNF) superfamily at the cell plasma 

membrane.8–9  Ligand binding to these 
receptors promotes the recruitment      
of the protein Fas-associated death 
domain (FADD) onto the cytoplasmic 
tail of the receptors followed by the 
recruitment of initiator pro-caspase-8 
and caspase-10 in humans (Fig. 1).10,11

The proximity of zymogens promotes 
dimerization and autocatalytic activa-
tion of the initiator caspases, which 
then activate the effector caspases in-
cluding caspases-3, -6, and -7.12  The 
death receptor pathway also communi-
cates with the mitochondrial pathway 
through the small pro-apoptotic Bcl-2 
homolog, Bid, which is activated by 
caspase-8 cleavage to generate truncated 
Bid (tBid).13  Activated tBID trans-
locates to the mitochondria, where it 
stimulates the activation of the mito-
chondrial apoptosis cascade through an 
interaction with the pro-apoptotic Bax 
or Bak proteins.14

Figure 1. Molecular stress pathways leading to cell cycle arrest and apoptosis.  The three pathways that can become activated resulting from 
different insults are shown.  The death receptor-mediated pathway is initiated by ligand binding of the TNF family of receptors.  Mitochondrial 
programmed cell death (PCD) results from upregulated Bax and Bak concentrations.  The translocation of these proteins to the mitochondrial 
membrane leads to the release of apoptotic proteins.  The endoplasmic reticulum (ER) pathway results from the unfolded protein response 
leading to a change in intracellular Ca2+ levels.  
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Mitochondrial Stress Pathway
Nutrient or growth factor deprivation, 

UV radiation, exposure to toxins such as 
etoposide, hypoxia, or genetic damage 
can lead in some cases to cell cycle arrest 
(often through p53 amplification) or to 
the activation of the initiator caspase-9 
and apoptosis.15  The critical initiat-
ing event in caspase-9 activation and 
apoptosis is the release of cytochrome 
c and other pro-apoptotic molecules 
from the mitochondrial membrane.3,4

The Bcl-2 family proteins, grouped into 
three distinct subfamilies, are now rec-
ognized to play critical roles in both 
promoting and opposing the release of 
cytochrome c.14,15  The Bcl-2 protein 
and its closest homologs, including Bcl-
xL and Bcl-w (Bcl-2 subfamily), include 
four conserved Bcl-2 homology (BH1 to 
BH4) domains.  A second group of Bcl-2 
family members, including Bax and Bak 
(Bax subfamily), are strongly pro-apop-
totic and include homology to the Bcl-2 
family in the BH1 to BH3 domains.14

The third BH3 subfamily consists of 
Bik, Bid, Bim, Bad, and numerous oth-
ers that retain homology to Bcl-2 only 
within the BH3 region (Fig. 2).14,15 

Members of this large BH3 subfam-
ily are also pro-apoptotic and represent 
the key upstream sensors of apoptot-
ic signals within the cells.14,15  They 
promote apoptosis possibly by binding 
to their pro-survival relatives includ-
ing Bcl-2 and Bcl-xL, and Bcl-w or, 
in some cases, to pro-apoptotic rela-
tives Bax or Bak, two critical positive 
regulators of mitochondrial apoptosis 
in mammalian cells.14–18  Binding of 
BH3 proteins results in activation of Bax 
or Bak leading to formation of mem-
brane-associated homo-oligomers that 
facilitate the release of pro-apoptotic 
mediators.14,15,19–21 The Bcl-2 subfam-
ily opposes apoptosis by a mechanism 
that is not yet fully understood.  One 
way in which Bcl-2 may prevent apop-
tosis is by “titrating” BH3 molecules 
and thereby preventing Bax and Bak 
oligomerization.3  Bcl-2 may also play 
a critical role in altering membrane 
permeability to pro-apoptotic factors. 
Once released, cytochrome c binds to 
Apaf-1, which forms heptamers with 
pro-caspase-9, followed by auto-activa-
tion of the zymogen.22,23  Caspase-9 

then activates the effector caspases-3, 
-6, and -7, which are responsible for cell 
degradation and death. 

ER-Associated Stress Pathway

The endoplasmic reticulum (ER) is 
also now recognized as a key intracel-
lular sensor for stress signals that may 
culminate either in cell cycle arrest or 
apoptosis.3,4,24–28  As the intracellular 
compartment that processes secreted 
and membrane proteins, the ER is often 
subjected to severe stresses as a result 
of improper glycosylation, misfolded 
proteins, protein aggregation, glucose 
deprivation, or perturbation of calcium 
homeostasis.3,24,25,27,29  These events 
are further amplified in mammalian cell 
lines selected for high-level production 
of secreted biotherapeutics and thus the 
ER represents a potential “flash point” 
for cellular stress.  Stress to the ER 
activates the unfolded protein response 
(UPR), which in turn activates a series 
of cellular signaling pathways.25,27,30,31

Endoplasmic reticulum stress can cause 
cell cycle arrest by inhibiting protein 
translation or triggering apoptosis 
through mitochondrial-independent or 
-dependent pathways.  The mitochon-
drial-independent apoptosis pathway 
relies on ER-localized stress sensors that 
activate caspase-12, or possibly another 
caspase in humans, leading to activation 
of downstream caspases and cell degra-
dation.  The mitochondrial-dependent 
pathway results from changes in intracel-
lular Ca2+ levels that activate pro-apop-
totic BH3 family members leading to 
their translocation to the mitochondrial 
membrane to initiate apoptosis.  Ca2+

levels in the ER and cytosol may also be 
controlled by the presence of Bcl-2 and 
Bax subfamily apoptotic members that 
accumulate on the ER membrane.    

While apoptosis is a critical event 
occurring during development of mul-
ticellular organisms in vivo, PCD is now 
recognized as widespread in mammali-
an cell cultures as well.2,32  Mammalian 
cells, in particular, are extremely sensi-
tive to their environment and respond 

Figure 2. A comparison of Bcl-2 family members.  Both pro-survival and pro-apoptotic mem-
bers of the family are shown.  The two prevalent pro-survival members Bcl-2 and Bcl-xL con-
tain four homology domains, BH1–4.  Pro-apoptotic Bax subfamily members contains BH1–3 
homology domains, whereas the BH3 subfamily contains only BH3 homology domains. 



to a number of internal stress signals, 
such as DNA damage or misfolded 
proteins, and external insults includ-
ing nutrient deprivation, growth factor 
withdrawal, toxins, oxygen limitations, 
and viral infections by activating the 
apoptosis cascade.33–42  Since high lev-
els of apoptosis are detected in mam-
malian cell bioreactors, its control rep-
resents an important biotechnological 
problem.37,43–46

Cell Engineering of Stress Pathways 
for Improved Survival and Bioreactor 
Productivities

Multicellular organisms include a 
number of proteins that act as positive 
and negative regulators of the apopto-
sis cascade.  These regulatory proteins 
have now been applied to control the 
induction of apoptosis of mammalian 
cells in culture.  Such an approach has 
also been shown in some instances to 
improve the production of recombi-
nant proteins, including antibodies, for 
different mammalian cell lines of com-
mercial interest.

Bcl-2 Family Members
Bcl-2 is a key upstream inhibitor of 

the apoptosis cascade.  Consequently, 
this gene has been expressed in a wide 
range of mammalian cell lines exposed 
to various stresses including nutrient, 
cytokine, and serum deprivation, accu-
mulation of spent medium, exposure   
to toxins and drugs, irradiation, and 
viral infections.47–58  The expression 
of anti-apoptotic Bcl-2 family mem-
bers has been shown to increase cel-
lular viabilities and, in some cases, may 
enhance protein production levels as 
described below.  A number of Bcl-
2 family members including Bcl-2, 
Bcl-xL, Bcl-w,  and viral homologues 
including E1B-19K from adenovirus, 
Ksbcl-2 (from Karposi’s sarcoma-asso-
ciated herpesvirus) and Bhrf-1 (from 
Epstein-Barr virus) have been applied 
to inhibit PCD in mammalian cell cul-
ture.51  The expression of the adenovi-
ral Bcl-2 homologue E1B-19K in NS0 
mouse myeloma cells increased viabili-
ties and chimeric antibody production 
in perfusion culture.59  A three-fold 
decline in death rates was observed in 

NS0 myeloma cells expressing E1B-19K
when compared to control NS0 cells in 
perfusion cultures. In these same NS0 
cells expressing E1B-19K, MAb concen-
tration increased by a factor of more 
than seven-fold in perfusion versus 
batch culture compared to a three-fold 
increase when control NS0 cells were 
used.  The enhanced production of the 
engineered NS0 cultures in perfusion 
was due to the ability of the E1B-19K 
protein to enhance cell survival in long-
term perfusion cultures. 

In another study, bcl-2 was engi-
neered into CHO cells expressing a 
chimeric antibody.  A 75% increase 
in viable cell number was observed in 
batch cultures expressing heterologous 
bcl-2 compared to control cultures.  
Despite increased viabilities in bcl-2-
expressing cell cultures, antibody con-
centrations in both cell cultures gave 
similar production levels with titers 
reaching a maximum of 40 μg/ml.60  

The different findings obtained in these 
two studies suggest that the effect of 
expressing anti-apoptosis genes may 
depend significantly on the particular 
cell culture environment.  Expression 
of anti-apoptosis genes may be most 
effective when applied in cultures of 
extended duration that occur in fed-
batch or perfusion environments.  

Several groups have observed that 
the anti-apoptotic Bcl-2 family mem-
ber, Bcl-xL can perform even better 
than Bcl-2 in delaying the onset of 
apoptosis for particular insults.54,55

The effects of bcl-xL and bcl-2 over-
expression on target protein produc-
tion were evaluated in CHO cells pro-
ducing sICAM, a common cold thera-
peutic. Expression of bcl-xL in CHO 
cells resulted in enhanced ICAM pro-
duction levels from 0.21 mg/ml to 0.38 
mg/ml in batch culture.  Interestingly, 
the same cell line expressing Bcl-2 was 
shown to have much lower levels of 
protein production at 0.02 mg/ml.55

Also, the viabilities of bcl-xL and bcl-
2-expressing cells were shown to be 
related to the particular expression 
method. Non-amplified expression of 
these genes showed very little effect on 
viability, whereas methotrexate-ampli-
fied expression suppressed apoptosis 
in both bcl-2- and bcl-xL-expressing 

cell clones.  However, Bcl-xL clones 
showed two-fold lower apoptotic cell 
levels compared to Bcl-2 clones for the 
amplified expression cell lines.  Such 
studies indicate that the particular Bcl-
2 family member used, cell type, and 
expression system, as well as the culture 
environment, can play a significant role 
in the effects of these anti-apoptosis 
proteins on protein production in cell 
culture. 

Caspase Inhibition
The activation of caspases will occur 

for all apoptosis cascades regardless of 
the particular stress-induced pathway.  
Thus, researchers have examined inhi-
bition of caspases using genetic and 
chemical strategies to limit the onset 
of apoptosis.  The X-linked inhibitor of 
apoptosis (XIAP) is a caspase inhibitor 
that acts downstream from Bcl-2 and 
Bcl-xL in the apoptosis pathway.  XIAP 
includes three baculovirus IAP repeats 
(BIRs) that inhibit caspases-9, -3, and 
-7 and a C-terminal RING finger act-
ing as a ubiquitin ligase.  Viral prote-
ase inhibitors, such as baculovirus p35    
and the poxvirus cytokine response 
modifier CrmA, are also available to 
inhibit intracellular caspases.37,61,62  

Consequently, cells have been engi-
neered with the genes’ coding for these 
inhibitors in order to alter mammalian 
cell survival in cultures. 

To compare the effectiveness of dif-
ferent caspase inhibitors, the genes for 
the XIAP variant containing the BIR 
domains (XIAP-BIR123) and the viral 
caspase inhibitor variant CrmA-DQMD 
were expressed in cell lines and exposed 
to different stresses.  While BIR123 is 
known to inhibit caspase-9, the initia-
tor caspase of the mitochondrial apop-
tosis pathway, CrmA-DQMD inhibits 
caspase-8, the initiator caspase of the 
death receptor pathway.  Both proteins 
inhibit the executioner caspase-3.  293 
and CHO cells engineered to express 
either XIAP-BIR123 or CrmA-DQMD 
were exposed to a number of stresses 
including spent medium and etopo-
side, a toxin that leads to release of 
cytochrome c from the mitochondria.  
The caspase-9 inhibitor, XIAP-BIR123, 
was found to be more effective in pro-
tecting cells against etoposide expo-
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sure, while CrmA-DQMD was a more 
effective inhibitor of cell death in spent 
medium.  Similarly, the chemical cas-
pase-8 inhibitor, z-IETD.fmk, protected 
cells against spent medium while z-
LEHD.fmk, a caspase-9 chemical inhibi-
tor, protected against etoposide-medi-
ated cell death.  Thus, the two different 
cell culture insults appear to trigger dif-
ferent apoptosis pathways for mamma-
lian cells in culture.  Furthermore, the 
two caspase inhibitors, XIAP-BIR123 
and CrmA-DQMD, appeared to offer 
selective protection against specific cell 
culture insults, which indicates that cas-
pase inhibitors may be targeted at the 
particular stress pathways.63

Cell Cycle Arrest
 An area that has recently gained 

much attention is the understanding of 
protein production and gene expression 
levels throughout different phases of 
the cell cycle.  Arrest in the G1 phase 
of the cell cycle can sometimes lead 
to more protein production, leading 
to its designation by some researchers 
as the production phase.64  Attempts 
to prolong the G1 phase have been a 
focus of several groups.  By halting cell 
growth at the G1 phase using genes that 
encode cytostatic genes, such as the 
cyclin dependent kinase (cdk) inhibi-
tors p21 and p27, studies have shown 
increased productivities.57,64  One such 
study employed CHO cells expressing a 
model product gene, secreted alkaline 
phosphatase (SEAP).  Control CHO 
cells were compared with CHO cells 
expressing p27 to find that growth 
arrest caused by the cdk inhibitor led to 
a ten- to fifteen-fold increase in SEAP 
production per cell.58  Interestingly, the 
expression of Bcl-2 family members not 
only delays the onset of apoptosis, but 
also increases the percentage of cells in 
the G1 phase.59

Sodium Butyrate
The addition of sodium butyrate, 

NaBu, can increase the expression of 
genes under the control of certain     
promoters but it can also cause growth 
arrest and apoptosis.  Cells express-
ing MAbs under the control of cyto-
megalovirus (CMV) or simian virus 
40 (SV40) promoters showed higher 

product yield with NaBu but with lower 
viabilities.  In order to exploit the ben-
efits of NaBu and lower cytotoxicity, dif-
ferent anti-apoptotic factors have been 
considered in conjunction with sodium 
butyrate.  Bcl-2 expression in combina-
tion with NaBu resulted in increased 
antibody production.65,66  CHO cells 
not protected from the apoptotic effects 
of NaBu showed low viabilities in 
comparison with their bcl-2-express-
ing counterparts.  In relation to MAb 
yields, CHO cells expressing Bcl-2 in 
the absence of NaBu produced 10 μg/
ml of antibody, whereas these same 
cells in the presence of NaBu produced 
51 μg/ml of antibody.65  Additionally, 
the caspase-3 inhibitor Ac-DEVD-CHO 
also suppressed NaBu-induced apopto-
sis in recombinant CHO cells producing 
humanized antibody but showed no 
improvement in antibody production.
Experiments conducted with 5mM 
NaBu concentration showed 65% via-
bility in CHO cells cultured with the 
caspase inhibitor compared to only 25% 
viability in CHO cells cultured without 
the caspase inhibitor after a 72-hour 
period.66  An understanding of the role 
of anti-apoptosis factors on the cell 
cycle should lead to even better strate-
gies to improve cellular productivities.  

Conclusion

The control of physiological path-
ways is a major goal of biotechnologists.  
These pathways, which include apopto-
sis and cell cycle, can be manipulated in 
order to improve cell performance and 
bioreactor productivity.  Much biotech-
nological research has focused on the 
improvement of bioreactor productivity 
through environmental manipulation 
such as control of culture media or 
the application of perfusion and fed-
batch techniques.  More recently, cell 
engineering methodologies have shown 
that gene expression of cell fortifying 
proteins in combination with optimized 
bioreactor environments can further 
improve production levels of a number 
of biotherapeutics. 

The use of anti-apoptotic bcl-2
family members has been shown to 
increase viabilities in cell cultures pro-
ducing MAbs.  The over-expression of 

these genes can reduce the loss of mito-   
chondrial integrity and therefore the 
release of apoptosis instigating factors.  
Caspases and general protease inhibi-
tors, such as the inhibition of apoptosis 
(IAP) family members CrmA and p35, 
have also been shown to be useful in the 
inhibition of apoptosis for particular 
culture insults.  

Future studies in the area of cel-
lular engineering will focus on find-
ing even more effective anti-apopto-
sis gene constructs as well as combin-
ing anti-apoptosis genes in order to 
enhance cell durability upon exposure 
to stress-inducing environments.  The 
use of cell cycle arrest genes that do not 
cause apoptosis is another strategy for 
enhancing productivity of mammalian 
cells in culture.  These cell engineer-
ing methods will lead to increasingly 
robust mammalian cell lines in coming 
years.  The application of such cell lines 
in combination with improved nutri-
ent formulation and efficient bioreactor 
configurations will substantially lower 
the costs of producing valuable bio-
therapeutics.

REFERENCES

1. Kerr J, Wyllie A, Currie A. Apoptosis: a basic bio-
logical phenomenon with wide-ranging implications in 
tissue kinetics. Br J Cancer 1972:26;239–257.
2. Raff M. Cell suicide for beginners. Nature
1998:396;119–121.
3. Adams JM. Ways of dying: multiple pathways to 
apoptosis. Genes and Dev 2003:17;2481–2495. 
4. Arden N, Betenbaugh MJ. Life and death in mam-
malian cell culture: strategies for apoptosis inhibition. 
Trends Biotechnol (in press).
5. Cohen JJ. Apoptosis. Imm Today 1993:14;126–130.
6.  Cummings MC, Winterford CM, Walker NI. Apoptosis. 
Am J Surg Pathol 1997:21;88–101.
7. Sauerwald TM, Betenbaugh MJ. Apoptosis in 
Biotechnology: Its role in mammalian cell culture and 
methods of inhibition. BioProcessing 2002:1;61–68.
8.  Ashkenazi A. Targeting death and decoy receptors 
of the tumour-necrosis factor superfamily. Nat Rev 
Cancer 2002:6;420–430.
9. Strasser A, O’Connor L, Dixit VM. Apoptosis signal-
ing. Annu Rev Biochem 2000:69;217–245.
10. Kischkel FC, Lawrence DA, Tinel A et al. Death 
receptor recruitment of endogenous caspase-10 and 
apoptosis initiation in the absence of caspase-8. J Biol 
Chem 2001:276(49);46639–46.
11. Leblanc HN, Ashkenazi A. Apo2L/TRAIL and 
its death and decoy receptors. Cell Death Differ 
2003:10(1);66–75.
12. Boatright KM, Renatus M, Scott FL et al. Mol Cell 
2003:277;29817–24.



13.  Zha J, Weiler S, Oh KJ et al. Posttranslational 
N-myristoylation of BID as a molecular switch for          
targeting mitochondria and apoptosis. Science 
2000:290;1761–1765. 
14.  Scorrano L, Oakes SA, Opferman JT et al. BAX 
and BAK regulation of endoplasmic reticulum Ca2+: 
a control point for apoptosis. Science 2003:300; 
135–139.
15.  Cory S, Huang DCS, Adams JM. The Bcl-2 fam-
ily: roles in cell survival and oncogenesis. Oncogene 
2003:22;8590–8607.
16.  Kelekar A, Chang BS, Harlan JE et al. The 
BH3 domain of Bcl-x(S) is required for inhibition of 
the antiapoptotic function of Bcl-x(L). Mol Cell Biol 
1997:17;7040–7046.
17.  Oda E, Ohki R, Murasawa H et al. Noxa, a          
BH3-only member of the Bcl-2 family and can-      
didate mediator of p53-induced apoptosis. Science 
2000:288;1053–1058.
18.  Yang E, Zha J, Jockel J et al. Bad, a heterodimeric 
partner for Bcl-xL and Bcl-2, displaces Bax and pro-
motes cell death. Cell 1995:80;285–291.
19.  Cheng EH, Wei MC, Weiler S et al. Bcl-2, Bcl-x(L) 
sequester BH3 domain-only molecules preventing 
BAX- and BAK-mediated mitochondrial apoptosis. Mol 
Cell 2001:8;705–711.
20.  Lindsten T, Ross AJ, King A et al. The combined 
functions of proapoptotic Bcl-2 family members bak 
and bax are essential for normal development of mul-
tiple tissues. Mol Cell 2000:6;1389–1399.
21.  Zong WX, Lindsten T, Ross AJ et al. BH3-only 
proteins that bind pro-survival Bcl-2 family members 
fail to induce apoptosis in the absence of Bax and Bak. 
Genes Dev 2001:15;1481–1486.
22.  Adams JM, Cory S. Life-or-death decisions by 
the Bcl-2 protein family. Trends Biochem Sci 2001:26; 
61–66.
23.  Liu X, Kim CN, Yang J et al. Induction of apoptotic 
program in cell-free extracts: requirements for dATP 
and cytochrome c. Cell 1996:86;147–157.
24.  Breckenridge DG, Germain M, Mathai JP et al. 
Regulation of apoptosis by endoplasmic reticulum 
pathways. Oncogene 2003:22;8608–8618.
25.  Cudna RE, Dickson AJ. Endoplasmic reticulum 
signaling as a determinant of recombinant protein 
expression. Biotechnol Bioeng 2003:81;56–65.
26.  Ferri KF, Kroemer G. Organelle-specific initiation of 
cell death pathways. Nat Cell Biol 2001:3;E255–E263.
27.  Kaufman RJ. Orchestrating the unfolded pro-
tein response in health and disease. J Clin Invest 
2002:110;1389–1398.
28.  Roa RV, Poksay KS, Castro-Obregon S et al. 
Molecular components of a cell death pathway acti-
vated by endoplasmic reticulum stress. J Biol Chem 
2003:279;177–187.
29.  Kaufman RJ, Scheuner D, Schröder M et al. The 
unfolded protein response in nutrient sensing and dif-
ferentiation. Mol Cell Biol 2002:3;411–421.
30.  Patil C, Walter P. Intracellular signaling from the 
endoplasmic reticulum to the nucleus: the unfolded 
protein response in yeast and mammals. Curr Opin 
Cell Biol 2001:13;349–355. 
31.  Ron D. Translational control in the endo-           
plasmic reticulum stress response. J Clin Invest 
2002:110;1383–1388.

32.  Adams S, Cory S. The Bcl-2 protein family: arbiters 
of cell survival. Science 1998:281;1322–1325.
33.  Al-Rubeai M, Mills D, Emery AN. Electron micros-
copy of hybridoma cells with special regard to mono-
clonal antibody production. Cytotechnology 1990: 
413–28.
34.  Chung JD, Sinskey AJ, Stephanopoulos G. Growth 
factor and bcl-2 mediated survival during abortive 
proliferation of hybridoma cell line. Biotechnol Bioeng 
1998:57;164–171.
35.  deZengotita VM, Schmelzer AE, Miller WM. 
Characterization of hybridoma cell responses to ele-
vated pCO(2) and osmolality: intracellular pH, cell 
size, apoptosis, and metabolism. Biotechnol Bioeng 
2002:77(4);369–80.
36.  Franek F, Srámková K. Protection of B lymphocyte 
hybridoma against starvation-induced apoptosis: sur-
vival-signal role of some amino acids. Cytotechnology 
1996:21;81–89.
37.  Goswami J, Sinskey AJ, Steller H et al. Apoptosis 
in batch cultures of Chinese hamster ovary cells. 
Biotechnol Bioeng 1999:62(6);632–640.
38.  Mastrangelo AJ, Hardwick JM, Betenbaugh MJ. 
Cytotechnology 1996:22;169–178.
39.  Mercille S, Massie B. Induction of apoptosis in 
nutrient-deprived cultures of hybridoma and myeloma 
cells. Biotechnol Bioeng 1994:44;1140–1154.
40.  Mercille S, Massie B. Induction of apoptosis 
in oxygen-deprived cultures of hybridoma cells. 
Cytotechnology 1994:15;117–128.
41.  Singh RP, Al-Rubeai M, Gregory CD et al. Cell 
death in bioreactors: a role for apoptosis. Biotechnol 
Bioeng 1994:44;720–726.
42.  Singh RP, Finka G, Emery AN et al. Apoptosis 
and its control in cell culture systems. Cytotechnology 
1997:23;87–93.
43.  Al-Rubeai M, Singh RP. Apoptosis in cell culture. 
Curr Opin Biotechnol 1998:9;152–156.
44.  Franek F, Dolníková J. Hybridoma growth and 
monoclonal antibody production in iron-rich pro-
tein-free medium: effect of nutrient concentration. 
Cytotechnology 1991:7;33–38.
45.  Mastrangelo AJ, Betenbaugh MJ. Overcoming 
apoptosis: new methods for improving protein-expres-
sion systems. Trends Biotechnol 1998:16(2);88–95.
46.  Singh RP, Al-Rubeai M. Apoptosis and bio-    
process technology. Adv Biochem Eng Biotechnol 
1998:62;167–184.
47.  Charbonneau JR, Furtak T, Lefebvre J et al. Bcl-xL 
expression interferes with the effects of L-glutamine 
supplementation on hybridoma cultures. Biotechnol 
Bioeng, 2003:81;278–284.
48.  Chung JD, Sinskey AJ, Stephanopoulos G. Growth 
factor and bcl-2 mediated survival during abortive 
proliferation of hybridoma cell line. Biotechnol Bioeng 
1998:57;164–171.
49.  Cory S, Huang DCS, Adams JM. The Bcl-2 fam-
ily: roles in cell survival and oncogenesis. Oncogene 
2003:22;8590–8607.
50.  Figueroa B, Chen S, Oyler GA et al. Biotechnol 
Bioeng (in press). 
51.  Jung D, Côté S, Drouin M et al. Inducible expres-
sion of Bcl-xL restricts apoptosis resistance to the anti-
body secretion phase in hybridoma cultures. Biotechnol 
Bioeng 2002:79;180–187. 

52.  Kim NS, Lee GM. Response of recombinant 
Chinese hamster ovary cells to hyperosmotic pres-
sure: effect of Bcl-2 overexpression. J Biotechnol 
2002:95;237–248.
53.  Mastrangelo AJ, Hardwick JM, Bex F et al. Bcl-2 
and Bcl-xL limit apoptosis upon infection with alphavi-
rus vectors. Biotechnol Bioeng 2000:67;544–554.
54.  Mastrangelo AJ, Hardwick JM, Zou S et al. 
Overexpression of bcl-2 family members enhances 
survival of mammalian cells in response to various 
culture insults. Biotechnol Bioeng 2000:67;555–564. 
55.  Meents H, Enenkel B, Eppenberger HM et al. 
Impact of coexpression and coamplification of sICAM 
and antiapoptosis determinants bcl-2/bcl-xL on produc-
tivity, cell survival, and mitochondria number in CHO-
DG44 grown in suspension and serum-free media. 
Biotechnol Bioeng 2002:80;706–716.
56.  Perani A et al. Variable functions of bcl-2 in 
mediating stress-induced apoptosis in hybridoma cells. 
Cytotechnology 1998:28;177–188.
57.  Simpson NH, Singh RP, Perani A et al. In hybrid-
oma cultures, deprivation of any single amino acid 
leads to apoptotic death, which is suppressed by 
the expresion of the bcl-2 gene. Biotechnol Bioeng 
1999:59;90–98.
58.  Vives J, Juanola S, Cairó JJ et al. Protective 
effect of viral homologues of bcl-2 on hybridoma cells 
under apoptosis-inducing conditions. Biotechnol Prog 
2003:19;84–89.
59.  Mercille S, Massie B. Dose-dependent reduction of 
apoptosis in nutrient limited cultures of NS/0 myeloma 
cells transfected with the E1B-19K adenoviral gene. 
Biotechnol Bioeng 1999:63;516–528.
60.  Tey BT, Singh RP, Piredda L et al. Influence of 
Bcl-2 on cell death during the cultivation of a Chinese 
hamster ovary cell line expressing a chimeric antibody. 
Biotechnol Bioeng 2000:68;31–43.
61.  Cheng EH-Y, Levine B, Boise LH et al. Bax-
independent inhibition of apoptosis by Bcl-xL. Nature 
1996:379;554–556.
62.  Komiyama T, Ray CA, Pickup DJ et al. Inhibition of 
interleukin-1β converting enzyme by the cowpox virus 
serpin CrmA. J Biol Chem 1994:269;19331–37.
63.  Sauerwald TM, Oyler G, Betenbaugh MJ. Study of 
caspase inhibitors for limiting death in mammalian cell 
culture. Biotechnol Bioeng 2002:77;704–716.
64. Mazur X, Fussenegger M, Renner WA et al. Higher 
productivity of growth-arrested Chinese hamster ovary 
cells expressing the cyclin-dependent kinase inhibitor 
p27. Biotechnol Prog 1998:14;705–713.
65. Lee SK, Lee GM. Development of apoptosis-resis-
tant dihydrofolate reductase-deficient Chinese hamster 
ovary cell line. Biotechnol Bioeng 2003:82;872–876.
66. Kim NS, Lee GM. Inhibition of sodium butyrate-
induced apoptosis in recombinant Chinese hamster 
ovary cells by constitutively expressing antisense RNA 
of caspase-3. Biotechnol Bioeng 2002:78;217–228. 

28 BioProcessing Journal  •  March/April 2004



QuikScaleTM
Biochromatography

Columns are a new modular approach to 

chromatography. Move through the industry’s widest

range of column diameters, lengths, and materials

with unparalleled ease. From process development

through pilot to production.

• Patent-pending seal ensures column integrity

• Easier packing with zero dead spots

• Operate up to 7 bar

• Achieve flow rates up to 1,000 cm/h

• Clean faster and more effectively than any

other system – we’ve proved it!

• Build the right column for your application

• Available in glass, acrylic, and stainless steel

Millipore, K-Prime and ProSep are registered trademarks and QuikScale and
Discover the More in Millipore are trademarks of Millipore Corporation.
© 2004 Millipore Corporation, Billerica, MA.
Lit. Code AD1248EN00

Start your own 
renaissance
in process 

biochromatography 

with proven solutions 

from a chromatography 

leader. Combine QuikScale columns with

Millipore’s ProSep® media and K-Prime®

systems for the most advanced separation 

solution available today.

For more information, call 

1-800-MILLIPORE or visit us at 

www.millipore.com/quikscale and

Discover the More in Millipore.™

Process biochromatography just got easier!

Â



Serum-Free Purity You Can Trust

In recent years, scientists have moved toward 
serum-free media for their cell cultures because of 
its lot to lot reliability and regulatory friendliness.
Removal of human or animal serum from the growth
environment dramatically reduces concerns about
adventitious agents by allowing a more thorough
analysis of individual raw materials.

At Cambrex, our ability to provide these effective
solutions is defined by thorough assessments of our
clients’ needs.  As a result, BioWhittaker™ serum-free
media and reagents have a wide range of applications
including production of monoclonal antibodies, viral
antigens and recombinant proteins using a variety of
mammalian and invertebrate cell lines.

BioWhittaker serum-free media offers:

• Dependable Performance – offers consistent 
performance from lot to lot.

• Value – eliminates the need to supplement with
serum and reduces downstream purification and
processing costs.

• Assurance – eliminates the risk of adventitious
agents, pathogens, immunoglobulins and 
pyrogens that may be introduced in serum-
supplemented media.

Serum-free media that matches your 
applications.  

• Choose from our extensive portfolio
of applications-specific serum-free media 
formulations.

For more information contact us at:
Cambrex Bio Science Walkersville Inc. | Walkersville, MD 21793
U.S. 800-521-0390 | Europe 32 (0) 87 32 16 11 | www.cambrex.com



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 10%)
  /CalRGBProfile (Apple RGB)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


