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A
POPTOSIS IS AN ESSENTIAL biological process
that has been conserved among eukaryotic
organisms throughout evolution. Apoptosis, or
programmed cell death, is necessary for 
embryological development, tissue homeostasis,

immune system maintenance and development, and as a
defense mechanism against the progression of cancer and
viral infection.

With the advent of biotechnology and the development of
associated molecular biology techniques such as recombinant
DNA technology and mammalian cell culture, tissues can be
extracted from organisms and have their cells cultured as 
single cell suspensions or adherent monolayers. Therefore,
these cultures can function as living production facilities for
antibodies, recombinant glycoproteins, vaccines, hormones,
growth factors, and more. However, the cell’s ability to control
its own death is not lost upon its manipulation from the
organism to culture. Consequently, apoptosis, which is so
fundamentally important in-vivo, becomes a detriment to
biochemical manufacturers in-vitro.

Apoptosis in cell culture causes a reduction in cell 
numbers, which may result in a reduction in bioproduct yield
and revenue. In addition, cells that die in culture ultimately
lyse by a process called secondary necrosis, spilling their
cytosolic contents into the culture medium. Released enzymes
may alter or degrade the bioproduct, and cellular debris can
complicate downstream processing. Because cell death is a
concern for biochemical manufacturers, the following work
presents an overview of apoptosis’ role in mammalian cell
culture and the methods available for its inhibition.

Apoptosis in Mammalian Cell Culture

Cell death can occur through one of two mechanisms,
either necrosis or apoptosis. Unlike necrosis, which is a 
passive mode of death generally occurring as a result of severe
chemical or physical stimuli, apoptosis is an active process
resulting from milder insults, in which the cell commits itself
to die as a defense mechanism intended to protect its 
neighboring cells. Distinct differences characterize these two
types of cell death (Table 1).

In necrosis, the cell and its organelles swell osmotically,
while the chromatin undergoes nonspecific cleavage. Then
the plasma membrane ruptures, releasing the cytoplasmic 
contents into the surroundings. In a cell undergoing 
apoptosis, numerous physical changes occur including the
condensation of the nucleus, as well as condensation of the
chromatin at the nuclear periphery. Then there is cleavage
of genomic DNA into fragments, generating an ‘apoptotic 
ladder.’ Simultaneous with these nuclear changes, cellular
junctions disintegrate, the cell rounds and detaches from
its neighbors, the plasma membrane buds off to form
apoptotic bodies, and phosphatidylserine redistributes to
the outer leaflet of the cell membrane. It was not until the
discovery of apoptosis, and the elucidation of its associat-
ed morphological characteristics, that biochemical engi-
neers realized that apoptosis is the prominent mode of cell
death in bioreactor cultures.

In mammalian cell culture, apoptosis can be signaled
from a plethora of stimuli. Culture conditions are often the
culprit, in which cell death is induced by mechanical agita-
tion, aeration with resultant foam formation, lack of
adequate oxygenation, pH changes and elevated osmolali-
ty, temperature fluctuations, nutrient exhaustion, and
byproduct build-up.1-16 In addition, apoptosis can occur
through other insults such as viral infections, which are
sometimes used to produce heterologous proteins, plus
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intracellular stresses such as inhibited
glycosylation.17-19

Regardless of the stress responsible
for initiating the apoptotic response,
specific signal transduction pathways
become activated to ensure elimination
of the cell. Because of their ability to
cleave substrates with their active site
cysteine, cysteine proteases, called 
caspases, are the primary enzymes
responsible for the final propagation
and execution steps of the apoptotic
response and the subsequent destruc-
tion of the cell.

Apoptotic Pathways

Once a cell has been exposed to a
death stimulus, one of two main 
pathways becomes activated to ensure
the cell’s destruction: the intrinsic 
mitochondrial pathway, or the extrinsic
death receptor pathway. In the intrinsic
mitochondrial pathway, an apoptotic
stress, such as serum deprivation or
DNA damage, results in the egress of the
pro-apoptotic molecule, cytochrome c,
from the mitochondria (Figure 1).20-21

In the presence of cytochrome c and
dATP, a cytosolic protein (Apaf-1)
oligomerizes with concurrent binding
and autocatalytic activation of
the upstream initiator caspase (pro-
caspase-9) to form the cytochrome
c/Apaf-1/caspase-9 complex, otherwise
known as the apoptosome.22-24 Active
caspase-9 can then remain in, or be
released from, the apoptosome to 
activate either directly, or indirectly, the
downstream effector caspases-3, -6, and
-7.22-23,25-26

By comparison, in the extrinsic
death receptor pathway, death recep-
tors located on the cell’s surface allow
for internalization of the apoptotic sig-
nal. For example, one of the most

widely characterized death receptors,
the Fas receptor, experiences a 
conformational change upon binding
to a Fas ligand. This change leads 
to the binding of a cytosolic adapter
protein, FADD/MORT-1, which 
then recruits the upstream initiator
caspase (pro-caspase-8), and results in
its autocatalytic activation (Figure
1).27-29 This cytosolic FADD/caspase-
8/receptor complex is called the 
death-inducing signal complex
(DISC).30 Active caspase-8 then acti-
vates the downstream effector caspases.

The existence of two Fas signaling
pathways, Type I and Type II, has been
suggested (Figure 1).31 In Type I cells,
DISC formation recruits and activates
many caspase-8 molecules, which then
proceed to activate the effector caspas-
es through proteolytic cleavage, in a 
mitochondrial-independent manner,
as described in the extrinsic death
receptor pathway. In Type II cells, only
a limited number of caspase-8 mole-
cules are recruited to the DISC for acti-
vation. In a mitochondrial-dependent
manner, active caspase-8 cleaves the
pro-apoptotic Bcl-2 family member,
Bid, which then translocates from the
cytosol to the mitochondrial mem-
brane and triggers the release of
cytochrome c.32-34

Cytosolic cytochrome c then
induces the formation of the apopto-
some, which leads to the subsequent 
activation of the effector caspases.
Although the events occurring 
downstream in this Bid-induced
extrinsic pathway closely parallel 
those events in the intrinsic mitochon-
drial pathway, it is believed that
cytochrome c release occurs independ-
ently of Bid activation in the 
intrinsic pathway.35

The progression of apoptosis can be
halted at numerous checkpoints along
apoptotic pathways. Two key areas of
research, that have proven successful in
extending culture life, involve the inhi-
bition of mitochondrial dysfunction,
and the inhibition of caspases. These
approaches to limiting apoptosis have
led to increased viable cell numbers,
that then led to longer batch times or
higher density perfused cultures, and
may ultimately cause an increase in
recombinant protein production.
Apoptosis may be inhibited through the
genetic engineering of mammalian cells
to overexpress an anti-apoptotic gene,
or through the addition of a chemical
inhibitor to the culture medium. As
outlined below, many options are avail-
able to the biochemical engineer.

Inhibitors of Mitochondrial
Dysfunction

Bcl-2 Family 
Bcl-2 family members are pivotal

proteins in the intrinsic mitochondrial
pathway. This ever-growing family of
genes, composed of both anti- and 
pro-apoptotic members, exert their
function at the level of the mitochon-
dria. Mitochondrial integrity is 
preserved by the anti-apoptotic 
members, in contrast to the pro-
apoptotic family members, which have
been implicated in the apoptotic cas-
cade by mediating cytochrome c release.

Bcl-2 family members can be catego-
rized into three groups. Group I 
proteins promote cell survival, and 
generally contain three or four regions
of substantial amino acid conservation
called Bcl-2 homology domains (BH1,
BH2, BH3, and BH4) (Figure 2). The
founder protein, Bcl-2, in addition to
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Necrosis Apoptosis

Spontaneous and disorganized cell death Regulated and organized cell death

Metabolically controlled Genetically controlled

Cell swells Cell shrinks

DNA degrades in a disorderly manner Chromatin condenses, DNA fragments in an orderly manner

Plasma membrane ruptures Plasma membrane blebs but remains intact

Release of intracellular contents Budding off and release of apoptotic bodies

In vivo, an immune response is evoked In vivo, apoptotic bodies phagocytosed, preventing an immune response

Table 1. A comparison of the two modes of cell death, necrosis and apoptosis

Inhibitors of Apoptosis



Bcl-XL, Bcl-w, Mcl-1, Boo/Diva, Ced-9,
and E1B-19K, among others, are 
members of this group. The majority of
these proteins also contain a carboxy-
terminal transmembrane domain that
allows their insertion into the outer
mitochondrial membrane.36-38 A 
second group of proteins, Group II,
contains three BH domains (BH1, BH2,
and BH3) and a transmembrane
domain that consists of the pro-apop-
totic members Bax, Bak, and Bok/Mtd.

Group III proteins are a subset of
pro-apoptotic members that contain
one BH3 domain, and may or may not
contain a transmembrane domain.
These proteins, which include Bad, Bid,
Bik/Nbk, Blk, Bim/Bod, Bmf, Noxa, and
Puma, are the most evolutionarily
divergent from Bcl-2.39 The Group II
and Group III pro-apoptotic proteins
are localized primarily to the cytosol.
Upon an apoptotic stimulus, these 
proteins undergo a conformational
change, translocate to the mitochondri-
al membrane, and facilitate the release
of other pro-apoptotic molecules.40-41

One method by which Bcl-2 family
members regulate the intricate balance
between life and death within the cell is

through their ability to competitively
homo- and heterodimerize. In fact, the
anti-apoptotic proteins Bcl-2, Bcl-XL,
and E1B-19k have been found to het-
erodimerize with Bax.42-44 In addition,
Bcl-XL has been hypothesized to facili-
tate cellular survival through its ability
to form ion channels in lipid 
membranes that control permeability.45

Anti-apoptotic Bcl-2 family mem-
bers do not appear to bind to Apaf-1.46

Therefore, their protective function
must occur upstream of the 
apoptosome (Figure 1). Indeed, Bcl-2
and Bcl-XL have been found to inhibit
apoptosis, which results from the intrin-
sic mitochondrial pathway, by inhibit-
ing cytochrome c release from the mito-
chondria, following chemical exposure
or irradiation.47-48 Similarly, these
same two proteins have been shown 
to attenuate apoptosis, as well as
cytochrome c release, resulting from the
extrinsic death receptor pathway in
Type II cells.49

In addition, apoptosis can be delayed
by Bcl-2 and/or Bcl-XL under 
numerous apoptotic stimuli commonly
encountered in bioreactors, such as the
conversion of a cell line from stationary

to suspension culture, acclimatization
to protein-free media, serum depriva-
tion, depletion of individual amino
acids, glucose withdrawal, glutamine
deprivation, ammonia exposure,
hypoxic and hyperoxic conditions, and
alphavirus infections.15,18,50-55

In one study, overexpression of the
Bcl-2 gene product in COS-1, myeloma,
and hybridoma cell lines provided not
only higher viable cell numbers in each
instance, but also an increase in 
production of transiently expressed
immunoglobulin λ-protein.56 In 
addition, a mutant of Bcl-2, lacking a
region containing a caspase cleavage
site, proved to produce higher viabilities
and protein production levels than 
the wild-type Bcl-2 protein.57

Chemicals   
Several chemicals have been tested

for their efficacy in prolonging 
viabilities in culture by preventing or
inhibiting the mitochondrial changes
that occur during apoptosis. One of the
changes observed during apoptosis is
the formation of the permeability 
transition (PT) pore that spans the
inner and outer mitochondrial 
membranes. PT pore opening is inhibit-
ed by the chemical reagents bongkrekic
acid (BA) and cyclosporin A (CsA)
(Figure 1).

Additionally, BA and CsA can 
inhibit cytochrome c release that is
influenced by Bax.58 BA, a stable
inhibitor of PT, has been shown to
increase cell viabilities and protein pro-
duction levels following virus
infection.59 However, CsA provides
only transient inhibition in-vitro, and in
some studies, has shown no protective
effects whatsoever.60-61

The formation of the PT pore also
provokes the generation of reactive 
oxygen species (ROS). ROS occur as a
result of an uncoupling of the respiratory
chain, and can be neutralized with
thiol-containing anti-oxidants such as
pyrrolidine dithiocarbomate (PDTC)
and N-acetylcysteine (NAC) (Figure 1).

Both PDTC and NAC delayed the
progression of apoptosis following
Sindbis virus infection.62 The latter
has also attenuated mitochondrial
changes resulting from TNF-induced
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Figure 1. The intrinsic mitochondrial pathway and the extrinsic
death receptor pathway are depicted along with inhibitors of apop-
tosis. Bcl-2 and Bcl-XL inhibit the release cytochrome c from the
mitochondria.  Bongkrekic acid (BA) and cyclosporin A (CsA)
inhibit the formation of the permeability transition pore, whereas
pyrrolidine dithiocarbomate (PDTC) and N-acetylcysteine (NAC)
neutralize the pro-apoptotic effects of reactive oxygen species.
XIAP, P35, CrmA, and Z-VAD.fmk inhibit caspases.



apoptosis (Type II extrinsic pathway)
in U937 cells.63

Furthermore, when an AT3 
rat carcinoma cell line, treated 
with NAC, was infected with a 
recombinant Sindbis virus expressing
chloramphenicol acetyltransferase
(CAT), a 2.2-fold increase in CAT pro-
duction was observed when compared
to the control.59

Inhibitors of Caspases

IAP Family   
The IAP (inhibitor of apoptosis)

protein family is the largest family of
caspase inhibitors to date. Since the 
elucidation of the IAP family’s first
member from the baculovirus Cydia
pomonella granulosis virus (CpIAP),
many homologs have been unearthed in
other baculoviruses and eukaryotic
organisms as diverse as insect, mouse,
chicken, and human.64 Regardless of
origin, IAP family inclusion is dictated
by the presence of at least one region of
conserved cysteine, and histidine
residues, called a baculovirus IAP repeat
(BIR) domain, which is essential to the
protein’s anti-apoptotic capability.65-67

In addition to the BIR domain(s) which
are located in the amino-terminal 
portion of the protein, some IAPs also
possess a carboxy-terminal RING 
finger, which has been found to 
function as an E3-ubiquitin ligase in
some family members.68-70

However, whether the presence of
the RING is necessary for the protein’s
protective ability, appears to depend
upon the family member. A structural
representation of various IAP family
members delineates the variations
among them (Figure 3).

For example, human NAIP is 
comprised only of three BIR 
domains, whereas human members,
cIAP1/hIAP2 and cIAP2/hIAP1, are
comprised of three BIR domains, a
RING finger, and a caspase activation
and recruitment domain (CARD). The
other IAPs listed, such as Drosophila
DIAP1 and DIAP2, S. frugiperda
SfIAP1, the viral members CpIAP and
OpIAP, and human Livin and
XIAP/hILP, possess various combina-
tions of domains falling between 
either extreme.

XIAP is one of the most widely 

studied members of the IAP family, and
is perhaps the most effective caspase
inhibitor because of its ability to inhibit
both upstream and downstream 
caspases. The BIR3 domain binds to the
upstream initiator caspase-9, which
results in activation inhibition of the
downstream effector caspases.71-72

Likewise, the BIR2 domain and linker
region, located between BIR1 and BIR2,
are responsible for the inhibition of
the downstream effector caspases-3 
and -7.67,73-76 In mammalian cell 
culture, XIAP has been proven to thwart
apoptosis upon exposure to anti-
Fas antibody (characteristic of the
extrinsic pathway), and after
cytochrome c release, which is typical of
the intrinsic pathway.77

Additionally, XIAP is capable of
attenuating cell death stimulated by 
cisplatin, etoposide, and menadione
exposure; radiation; Sindbis virus 
infection; plus growth factor 
and potassium withdrawal.77-82

Interestingly, a truncation of XIAP, that
removed the carboxy-terminal RING
finger but retained all three BIR
domains, enhanced the effectiveness of
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Figure 2.  A structural comparison of the Bcl-
2 family members.  Group I contains anti-
apoptotic members consisting of three to
four Bcl-2 homology (BH) domains and pos-
sibly a transmembrane domain (TM), where-
as Group II and Group III contain pro-apop-
totic members with Group II members pos-
sessing three BH domains and a TM domain,
whereas Group III members possess only
one BH domain and possibly a TM domain.

Figure 3.  A structural comparison of inhibitor
of apoptosis (IAP) family members.  IAPs are
characterized by the presence of one to
three baculovirus iap repeat BIR domains
and may or may not contain a RING finger.
cIAP1 and cIAP2 contain a CARD domain.



the protein in both CHO and 
293 cultures.82

Likewise, wild-type cIAP1 and
cIAP2, which also inhibit caspases-3
and -7, but less potently than XIAP,
have been found ineffective at stalling 
apoptosis during Sindbis virus infec-
tion, or with conditions stimulating
the intrinsic or extrinsic path-
ways.71,83-85 However, removal of
their RING domains also proved to be
fruitful in restoration of anti-
apoptotic function.83

P35   
Since its original identification in

Autographa californica nuclear polyhe-
drosis virus (NPV), the anti-apoptotic
protein p35 also has been found to 
have homologs in a number of other 
baculoviruses, including Bombyx mori
NPV, Leucania separata NPV, and
Spodoptera littoralis NPV.86-90

However, unlike the IAP family, no cel-
lular homologs of p35 have been discov-
ered to date.

P35 confers irreversible inhibition to
a large number of caspases, including
caspases-1, -2, -3, -4, -6, -7, -8, and -10,
allowing it to be an effective repressor of
apoptosis in an array of organisms
including flies, worms, insects, and
mammals.91-94 During eye and embryo
development of the fly Drosophila
melanogaster, p35 expression resulted 
in a reduction in the amount of cells 
ordinarily programmed to undergo 
apoptosis.95 Likewise, during 
development of the worm C. elegans,
expression of p35 also caused a reduc-
tion in the number of cell corpses.96

P35 expression in S. frugiperda insect
cells resulted in the prevention of
apoptosis that was mediated by 
exposure to various RNA synthesis
inhibitors, and of particular interest to
biochemical manufacturers, another
study reported gains in viability and
protein production levels during condi-
tions of nutrient withdrawal.66,97 Upon
expression in mammalian cell culture,
p35 prevented Fas-mediated apoptosis
indicative of the Type I extrinsic death
receptor pathway, and displayed a mod-
est effect on death when induced by Bid
in the Type II pathway.33,98 P35 is also
an effective caspase inhibitor in the

intrinsic mitochondrial pathway,
following expression of Bax and Bok,
two pro-apoptotic Bcl-2 family 
members.99,100 More applicable to
industrial applications, a delay in death
was observed in mammalian cell cul-
tures following growth factor, glucose,
and serum removal.101-103

CrmA   
CrmA was originally discovered in

Cowpox virus as an inhibitor of
caspase-1 activation that was normally
triggered during inflammation.
Cytokine response modifier A (CrmA)
has subsequently been found to inhibit
caspase-8, the key mediator of the
extrinsic death receptor pathway, and to
possess an extremely weak affinity 
for the effector caspase-3.104-109

Additionally, CrmA has been found to
display cross-class reactivity with the
elucidation of its ability to inhibit not
only cysteine proteases, but also the 
serine protease, Granzyme B.110

However, in comparison to IAP family
members and p35, CrmA is much less
robust in its ability to inhibit caspases.

Due to its selectivity towards 
caspase-8, CrmA has proven effective in
mammalian cell culture for impeding
apoptosis in the Type I extrinsic death
receptor pathway, that is mediated by
many members of the death receptor
superfamily such as Fas, TNFR1, DR3,
DR4, and DR5. However, it has not been
found effective in the Type II pathway at
inhibiting truncated Bid-induced 
apoptosis.33,111-120 CrmA also has
shown success at delaying death in
mammalian cell cultures induced by
many insults, including the toxins 
cadmium, cisplatin, doxorubicin, and
etoposide; extracellular matrix 
detachment; and of importance to 
biopharmaceutical manufacturers,
serum deprivation, Sindbis virus 
infection, and hypoxia.121-126

Wild-type CrmA, which inhibits 
caspases through irreversible binding
following caspase cleavage within the
tetrapeptide pseudosubstrate sequence
LVAD, has shown greater inhibitory
properties upon mutation of this
sequence to DQMD. CrmA-DQMD has
shown promise in inhibiting caspase-3-
mediated apoptosis as well as apoptosis

induced by dexamethasone, etoposide,
radiation, Sindbis virus infection, and
spent medium.127,130

Chemicals   
Many chemical compounds are

available for the inhibition of caspases.
These compounds are synthesized to
contain tri- or tetrapeptide amino acid
sequences that mimic the recognition
sequences of individual caspases, and
can be either irreversible or reversible
inhibitors. Peptide-based inhibitors
can be designed to display specificity
for one particular caspase, or numer-
ous caspases. For example, CHO cells,
in spent medium, were treated with the
tetrapeptide caspase-8 inhibitor,
Z-IETD.fmk, and were able to main-
tain viability  beyond that of the con-
trol.130 However, because of its effec-
tiveness in inhibiting a wide range of
caspases, the irreversible and cell-per-
meable tripeptide inhibitor, benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethyl
ketone (otherwise known as Z-
VAD.fmk) is a popular choice for use of
mammalian cell culture.

The ability of Z-VAD.fmk to inhibit
death, mediated by both the intrinsic
and extrinsic pathways, has been 
examined. Following chemical-
induced apoptosis that is indicative of
the intrinsic mitochondrial pathway,
the compound was not able to prevent
the release of cytochrome c, but 
was able to inhibit the initiator cas-
pase-9.35 Likewise, after Fas-induced
apoptosis of the extrinsic death recep-
tor pathway, Z-VAD.fmk was able 
to inhibit the initiator caspase-8,
thus preventing all downstream
events.35 Treatment of CHO cultures
with Z-VAD.fmk was found to be 
effective in stalling apoptosis mediated
by both exposure to etoposide and
spent medium.130 

In addition, exposure of HeLa cell
cultures to both Z-VAD.fmk and 
adenovirus caused a delay in the 
onset of apoptosis, and an increase 
in virus yield.128 Furthermore,
treatment of AT3 cells with Z-
VAD.fmk produced a two-day exten-
sion in viability, and a four-fold
increase in protein levels during
Sindbis virus infection.59
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The apoptotic pathways and genes
discussed in this work provide a general
overview of apoptosis, as experienced by
mammalian cells in culture. Apoptosis is
a complex and highly regulated event
with many of its components conserved
throughout evolution. However, a partic-
ular cell line may or may not possess a
specific intrinsic or extrinsic pathway, or
the specific genes or homologs therein.

As an example, human mature red
blood cells, which lack certain
organelles including a nucleus, do not
contain genetic members of the intrin-
sic mitochondrial pathway, such as
cytochrome c, Apaf-1, and caspase-
9.129 Therefore, some of the techniques
used to inhibit apoptosis would not be
fruitful in these cells. However, many of
the common industrial cell lines, such
as CHO, do include a number of the
death-inducing, signal transduction
pathways described in this overview.
Thus, these cell lines should prove
amenable to at least some of the 
anti-apoptosis strategies outlined above.

In conclusion, inhibiting apoptosis in
mammalian cell culture can allow
biotechnologists to achieve higher cell
viabilities that can extend batch culture
times and increase perfusion culture
densities. Techniques include the use of
individual inhibitors of mitochondrial
dysfunction, caspases, or possibly a com-
bination thereof. Consequently, these cell
engineering strategies may lead to more
cost-effective cell culture operations,
with yields surpassing those obtained if
apoptosis is not taken into consideration.
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