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Abstract—The market for protein-drugs has steadily increased due their increased use as alternatives to traditional
small molecule drugs. While some therapeutic proteins have been produced in microbial systems, mammalian cell sys-
tems such as Chinese hamster ovary (CHO) cells are widely used as the host cell system. To increase the efficiency
of producing therapeutic proteins, many researchers have attempted to solve the critical problems that occur in mam-
malian cell systems. As a result, several serum-free media and advanced culture methods have been developed, and
protein productivity has increased considerably through the development of efficient selection methods. However, the
prevalence of apoptosis during mammalian cell culture still remains a significant problem. Based on the understand-
ing of apoptotic mechanisms and related proteins, anti-apoptotic engineering has steadily progressed. In this study, we
review the strategies that have been developed for high-level production of recombinant proteins in the CHO cell sys-
tem via a selection of clones, target-gene amplification, optimization of culture systems and an inhibition of apoptosis
through genetic modification.

Key words: Mammalian Cell, Chinese Hamster Ovary Cell, Therapeutic Proteins, Apoptosis, Recombinant Proteins, Produc-

tivity
INTRODUCTION

During the last 30 years, many recombinant proteins have been
produced and released in the therapeutic protein market. In addi-
tion, the size of this market is growing at a steady rate every year.
Most recombinant proteins were first produced in microbial sys-
tems; however, the host cell system for the production of therapeutic
proteins has recently shifted from microbial systems to mammalian
cell systems. This is due to the limitations of microbial expression
systems, such as the formation of an inclusion body and the diffi-
culties associated with the purification steps. However, the most
important reason for this shift is that post-translational modification
(PTM) is impossible to attain or incomplete in microbial systems.
In particular, glycosylation among various PTMs is critical in that
it has effects on in vivo protein stability. In microbial systems, the
glycosylation process is not performed completely. For this reason,
many mammalian cell systems have been used as a host for the pro-
duction of therapeutic proteins [1]. There are various mammalian
host cells that can be utilized for this purpose, including the human
embryonic kidney (HEK-293), the baby hamster kidney (BHK),
and mouse myelomas (NSO) cells [2]. Among these cells, the Chi-
nese hamster ovary (CHO) cell line is most widely used to produce
therapeutic proteins. This review article describes the various meth-
ods that have been developed for the production of recombinant
proteins using the mammalian cell systems including the CHO cell
system.

1. CHO Cell Systems for the Production of Therapeutic Pro-
teins

Many therapeutic proteins are produced using the CHO cell sys-
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Fig. 1. N-glycan structures of glycoproteins. Although the high-
mannose type is a major glycan structure of glycoproteins
produced from yeast systems, the complex and hybrid type
are the major glycan structures produced from the CHO
cell systems. Since the major glycan types of human glyco-
proteins consist of complex and hybrid types, the glycopro-
teins produced from CHO cell systems show a higher in vivo
biological activity in the human body.

tem because the recombinant proteins produced from CHO cells
have a glycan structure similar to that of the original human protein
(Fig. 1). In the early stages of protein production using CHO cells,
the productivity was quite low compared with microbial systems.
However, even though the basic concept of protein production has
not changed, productivity has increased dramatically in the past two
decades. For example, in monoclonal antibody production, the maxi-
mum cell density, operation time, and specific productivity have
increased by approximately 5 times, 3 times, and 9 times, respec-
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tively, in 2004 compared with that in 1986 [2]. As a result of these
advances, final product titers have reached approximately 5 g/L,
whereas the titers were merely 50 mg/L in 1986 [2,3]. In addition,
further increases in production could be obtained through a stron-
ger understanding of metabolism, gene expression, and cell growth
and death in the CHO cell system.
2. Methods for Gene Delivery into the Host Cell

The most common method for introducing the gene of interest
is transfection and electroporation. In these methods, gene integra-
tion usually occurs randomly and many transgenes are integrated
into the inactive heterochromatin (a non-transcriptional region in
the chromosome) because 90% of the chromosomes in mamma-
lian cells consist of inactive heterochromatin and 10% consist of
active euchromatin (transcriptional region). Some strategies have
been developed to overcome the disadvantages of random integra-
tion. Flanking transgenes with cis-regulatory elements reduces the
effect of heterochromatin and stabilizes gene expression. The cis-
regulatory elements include scaffold and matrix attachment regions,
ubiquitous chromatin opening elements and conserved antirepres-
sors or enhancers [4]. Recently, a new method that utilized enzymes,
such as bacteriophage P1 Cre recombinase or yeast Flp recombi-
nase, to integrate the gene of interest into a specific site in the host
cell genome has been adopted and broadly used [5]. Through these
processes, the target genes can be introduced into the highly active
euchromatin, which leads to an increase in recombinant protein pro-
duction in mammalian cells.
3. Selection of High-productive Clones

The most popular genes used for the selection of high-produc-
tive clones are dihydrofolate reductase (DHFR) and glutamine syn-
thetase (GS) [6,7]. In the case of dhff, cells that do not possess these
genes cannot survive in the absence of thymidine and hypoxantine
[8]. DG44 (CHO cell line without the difi- gene in the entire homol-
ogous chromosomes) or DUKX (CHO cell line without the dhfr-
gene in just one of the two homologous chromosomes) are used as
the host cell line. Moreover, the gene of interest can be amplified
with the dhfi- genes by increasing the concentration of methotrex-
ate (MTX), an inhibitor of DHFR, in the medium [8,9]. Following
this selection, the cells that survive are selected as a single clone
and then, the growth and productivity of each individual clone is
analyzed. Finally, the clone that shows the appropriate growth and
productivity characteristics is chosen. It has been reported that the
specific productivity can be increased significantly by the gene ampli-
fication using MTX [10]. Furthermore, many advanced methods
have been recently developed for the efficient selection of high-
producing clones among the thousands of clones [11]. For example,
there is a new technology where cells expressing a target protein
fused to a fluorescent protein can be selectively collected using flow
cytometry.
4. Development of Suspension Culture Systems

The adherent cell culture is the dominant culture method used in
the early stages of protein production by mammalian cells. The most
common technique for mass production of proteins using adherent
cells is the roller bottle culture. After cultivation and when the cells
are confluent, the decanted supernatant is harvested and the target
recombinant protein is purified from this supernatant. Although it
has been reported that productivity can reach as high as 50-200 mg/
L using this approach, this method has some limitations in regards

to mass production, which is mainly due to the low ratio of cell/
operation volume [2]. Therefore, the suspension culture system is
more widely used than the adherent culture system because a much
higher cell/volume ratio can be obtained in the suspension culture
system. However, the adaptation of the adherent cells to the sus-
pension culture requires a number of special techniques and media
formulation, which were not available in the 1980s. Today, there
are various commercially available media for adaptation to suspen-
sion culture [12,13]. Recently, different types of media have been
developed that contain components such as Pluronic F-68, which
prevents cell aggregation, for adaptation to suspension culture. Despite
these advancements in media preparation, cells must still be cultured
for several passages in order to attain complete adaptation. It takes
at least 6-7 passages and each passage consists of 3-4 days of sub-
cultivation with 2x10° cells/ml of the initial seeding concentration
[2].
5. Development of Serum-free Medium

For the laboratory scale suspension culture system, spinner flasks
are generally used; thus, a transition step to a larger scale bioreac-
tor is imperative for mass production of recombinant proteins. For
industrial scale mass production of recombinant proteins, the devel-
opment of serum-free medium is vital as well as a proper suspen-
sion culture system. Animal serum has been used as a supplement
for the growth of animal cells. This type of serum commonly con-
tains several hundred components, including many essential nutri-
ents and growth factors. However, there are numerous unknown
components in animal serum, and some components such as viruses
may be harmful to humans. Most recombinant proteins produced
from animal cells are secreted, and the harmful components may
not be completely eliminated during the purification process. This
has led to a reduction in the use of animal originated-serum or com-
ponents in the cell culture medium for the production of biophar-
maceutics. In the earlier stages of development, researchers had an
interest in reducing the concentration of serum in the medium and
now many complete serum-free media have been developed. Fur-
thermore, more advanced media, called “chemically defined media,”
are being developed. The chemically defined serum-free media are
basal media containing only biochemically defined low molecular
weight additives such as peptides or nutrients.
6. Apoptosis in the Mammalian Cell-producing Biopharma-
ceuticals

Apoptosis is genetically programmed cell death, which is distin-
guishable from passive cell death, necrosis [14,15]. Apoptosis occurs
in most animal tissues to remove damaged or abnormal cells such
as virus-infected cells. Although the apoptotic process is highly com-
plex and involves the activation of many signal transductions result-
ing from apoptosis-promoting signals, two dominant apoptotic mech-
anisms have been identified: the mitochondria-mediated pathway
[16,17] and the surface receptor-mediated pathway [18]. Moreover,
many recent reports have shown that endoplasmic reticulum (ER)-
mediated apoptosis constitutes a third main pathway of apoptosis
[19]. A schematic diagram of these apoptotic pathways is presented
in Fig. 2. As shown, many components participate in the regulation
of apoptosis, and some inhibit the cascade process while others pro-
mote it. Caspases are the most representative pro-apoptotic protein
family. During apoptosis, these proteins are activated and then cleaved
by other caspases. The initiator caspases such as caspase-8,-9, and
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Fig. 2. Molecular pathway of apoptosis. This scheme shows the three main pathways of apoptosis: mitochondrial pathway, death receptor

pathway, and ER-stress mediated pathway.

-12 activate the downstream effector caspases such as caspase-3,-6
and -7. Finally, the activation of these effector caspases leads to the
execution of apoptosis [20]. The other prominent apoptosis-relat-
ing proteins are known as the “Bcl-2 family,” which consists of pro-
and anti-apoptotic members [21,22].
7. Process Development for the Inhibition of Apoptosis
Although various CHO cell lines expressing recombinant proteins
show tremendous cell growth and protein productivity in advanced
serum-free media, cell death and a reduction in productivity due to
serum deprivation are still major problems. Cell death derived from
serum deprivation is usually a form of apoptosis. Furthermore, tran-
scription-promoting chemicals, such as sodium butyrate, are some-
times added to the CHO cell culture to improve productivity; how-
ever, these chemicals induce apoptosis at high concentrations. There-
fore, many biotechnologists have tried controlling cellular apopto-
sis by regulating apoptosis-related components in cells to reduce
cell death and improve recombinant protein production [23,24].
Optimization of the culture process is necessary to prevent cellu-
lar apoptosis. For this purpose, an appropriate culture mode should
be selected. In addition, medium optimization is also necessary. In
the batch culture process, nutrients become exhausted and the pH
in the medium decreases as the culture time progresses due to the
production of acidic wastes, such as lactate and glutamate, which
are produced from the cells during the culture process. These changes
lead to cellular apoptosis. Therefore, bioreactors equipped with a
pH controller need to be used and other culture modes, such as fed-
batch and perfusion culture mode, are applied rather than normal
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batch culture. The concentration of nutrients can be controlled in
the fed-batch culture, and toxic wastes can be removed in the perfu-
sion culture.
8. Inhibition of Apoptosis Using Additives

Inhibition of apoptosis is an effective method to increase recom-
binant protein productivity in mammalian cells. Many methods have
been developed to inhibit apoptosis (Table 1). Continuous feeding
of essential amino acids is a beneficial strategy to inhibit apoptosis
induced by the depletion of nutrients [25]. Zanghi et al. reported
that suramin, a polysulfated naphthylurea, protects CHO cells from
apoptosis during the exponential growth phase [26]. Also, Balcarcel
et al. demonstrated that rapamycin reduces hybridoma cell death in
addition to arresting the cell in the G1-phase [27]. Other kinds of
additives for the inhibition of apoptosis include inhibitors of caspases,
which play a central role in apoptosis through the activation of vari-
ous apoptosis-related intracellular proteins. Tinto et al. found that
the addition of caspase inhibitors Ac-DEVD-cho and z-VAD-fimk
reduces the apoptosis of hybridoma cells deprived of glutamine [28].
Sauerwald et al. reported that spent medium-induced apoptosis of
CHO and HEK-293 cells are delayed in the presence of the caspase-
8 inhibitor, z-IETD-fimk and the caspase-9 inhibitor, z-LEHD-fmk
[29]. Although cellular viability was highly retained in the presence
of these caspase inhibitors, a significant increase in protein productiv-
ity was not obtained [30]. This is believed to be due to the activity
of the mitochondria. Mitochondria play a central role in the ATP
generation and ATP-dependent biosynthetic metabolism. Although
caspase activations, downstream events in apoptosis, are inhibited by
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Table 1. Various methods for inhibiting apoptosis

Method for inhibition of apoptosis Cell line Ref.
Medium supplementation Suramin CHO [26]
Rapamycin Hybridoma [27]
Glutamine feeding CHO [25]
Caspase inhibitors CHO, HEK-293 [29]
Silkworm hemolymph CHO [51]
Gene expression Bcl-2 BHK, CHO, Hybridoma [32-34]
Bel-x; CHO [35]
XIAP CHO, HEK-293 [29]
CrmA CHO, HEK-293 [29]
Hsp70 NSO [36]
Akt CHO [37]
30Kc6 CHO [52-55]
Gene knock-out Caspase-3 CHO [38]
Caspase-7 CHO [39]

caspase inhibitors, the disruption of mitochondrial membrane integ-
rity may already occur by the upstream apoptosis signals. Then,
this reduced mitochondrial activity causes the lower production of
the target protein.
9. Genetic Engineering for the Inhibition of Apoptosis

In recent reports, methods to effectively inhibit apoptosis through
genetic engineering have been demonstrated. The expression of a
gene coding for an anti-apoptosis factor can modify the cell death
response and delay apoptosis in mammalian cell cultures. The X-
linked inhibitor of apoptosis protein (XIAP) is an inhibitor of caspase-
9, -3, and -7, and overexpression of xiap in the cells reduced the
activation of capase-9, -3, and -7. It was also reported that the overex-
pression of crmA, a cytokine response modifier that inhibits caspase-
8, also inhibits CHO cell death from growth factor withdrawal-induced
apoptosis [29,31]. Bel-2 and Bcl-x, are prominent anti-apoptotic
proteins that inhibit the release of pro-apoptotic proteins into the
cytoplasm from the mitochondria. It has been shown that Bcl-2 is
an anti-apoptotic protein that protects cells from various apoptotic
stimuli, including UV-irradiation, cytotoxic drug, heat and the mis-
regulated oncogenes as well as the serum deprivation [32,33]. Many
researchers have reported that the overexpression of bcl-2 and bel-x,
leads not only to the inhibition of apoptosis but also to a significant

increase in protein productivity [34,35]. This occurs because Bcl-2
acts upstream of apoptosis, including in the mitochondria. In addi-
tion, the overexpression of various heat shock proteins (Hsp) has
been demonstrated to reduce the formation of reactive oxygen spe-
cies (ROS) and to neutralize cell toxicity [36]. It was recently reported
that the overexpression of 4kt (protein kinase B, a serine/threonine
kinase), one of the major survival proteins, has the ability to inhibit
apoptosis in antibody-producing CHO cells [37]. The inhibition or
knock-out of pro-apoptotic genes is also useful for reducing cell
death and increasing protein productivity as well as the expression
of anti-apoptotic genes. For example, it was shown that the down-
regulation of only caspase-3 and both caspase-3 and -7 by small
interference RNA (siRNA) inhibits sodium butyrate-induced CHO
cells’ apoptosis [38,39].
10. Inhibition of Apoptosis Using Proteins and Genes Derived
from Silkworm

Researchers have attempted to use insect hemolymph as a sub-
stitute for mammalian serum such as fetal bovine serum (FBS) be-
cause mammalian serum is very expensive and may contain dan-
gerous components such as viruses that can cause fatal diseases in
humans. Silkworm hemolymph is the most well-understood insect
hemolymph; thus, there have been several studies that examined

Table 2. Anti-apoptotic properties of silkworm hemolymph and its components. 30 K proteins and SP proteins are the major proteins
in silkworm hemolymph. 30 K proteins consist of five similar proteins (30Kc6, 30Kc12, 30Kc19, 30Kc21 and 30Kc23), and SP

proteins consist of two proteins (SP 1 and SP 2)

Apoptosis-inhibiting material Cell line Apoptosis inducer Ref.
Silkworm hemolymph (SH) P Baculovirus [40,41]

Actinomycin D, Camptothecin, Staurosporine [42]

HeLa Vaccinia virus [43]

30 K protein  30Kc19 purified from SH S19 Baculovirus [44]
Recombinant 30Kc6 produced by E. coli SO Baculovirus, Actinomycin D [45,46]

HeLa Staurosporine

Expression of 30Kc6 HEK-293, CHO-K1 Staurosporine [47]

Recombinant 30Kc19 produced by E. coli Sf9 Actinomycin D [48]

SP protein  SP 2 purified from SH HeLa Staurosporine, Hydrogen peroxide [50]
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the use of silkworm hemolymph as a medium additive instead of
FBS. Our group found that silkworm hemolymph and its compo-
nents inhibit apoptosis (Table 2). Silkworm hemolymph was shown
to inhibit baculovirus-induced insect cell apoptosis as well as re-
placing FBS [40,41]. Furthermore, it has been found that silkworm
hemolymph inhibits apoptosis in insect cells induced by various
chemicals such as camptothecin, actinomycin D and staurosporine
[42] and apoptosis of the human cell line induced by vaccinia virus
[43]. Using size exclusion- and ion exchange-chromatography, silk-
worm hemolymph was fractionized and the anti-apoptotic activity of
each fraction was tested. The fraction that had the highest anti-apop-
totic characteristics was identified using N-terminal amino acid se-
quencing, and the identified protein was shown to have a 95% homol-
ogy with one of the so-called “30 K proteins” [44]. 30 K proteins
are a group of structurally related proteins that are a kind of plasma
protein in silkworm hemolymph, which have molecular weights of
approximately 30 kDa. The cDNA coding for each 30 K protein
was synthesized from mRNA in silkworm fat body cells using RT-
PCR [45]. Among the five 30 K proteins, 30Kc6 was used as a rep-
resentative 30 K protein in order to examine the anti-apoptotic activ-
ity of this group of proteins [46]. The 30Kc6 gene was introduced
into mammalian cells and expressed. It was shown that apoptosis
induced by the cytotoxic chemical, straurosporine, was inhibited
by the expression of 30Kc6 [47]. Moreover, recombinant 30Kc19,
a typical 30 K protein, also inhibited apoptosis in insect cells [48].
Consequently, it was demonstrated that the 30 K protein originating
from silkworm has the ability to inhibit apoptosis in various animal
cells [49]. Recently, SP proteins, another major group of proteins in
the silkworm hemolymph, were also shown to have an anti-apop-
totic effect in mammalian cell systems [50].
11. Enhancement of Recombinant Protein Productivity by In-
hibiting Apoptosis

Based on the results described above, we have attempted to in-
hibit CHO cell apoptosis and enhance recombinant protein pro-
ductivity during an industrial CHO cell culture process using silk-
worm hemolymph, 30 K proteins and its genes (Table 3). In these
experiments, we found that silkworm hemolymph increased cell
viability when apoptosis was induced by serum deprivation. More-
over, silkworm hemolymph inhibited the release of cytochrome ¢
from the mitochondria to the cytosol, an upstream event in apopto-
sis. Consequently, caspase activation and DNA fragmentation, which
are downstream events, were inhibited. It was also demonstrated
that productivity of recombinant proteins was increased by the silk-
worm hemolymph [51]. In recent studies, the effect of stable expres-
sion of 30Kc6 on CHO cell growth and recombinant protein pro-
duction was examined. After introduction of 30Kc6 genes into the

erythropoietin-producing CHO cells, several selection steps to elim-
inate clones that were not able to express the 30Kc6 gene were per-
formed. Finally, one clone that showed stable expression of 30Kc6
was selected and was then compared with the control clone, which
did not express 30Kc6. In these experiments, it was shown that cell
growth was promoted and viability was maintained by expressing
30Kc6. Furthermore, the specific production rate increased signifi-
cantly as well as the total production of erythropoietin [52]. These
results may have occurred because the 30 K protein could act up-
stream of the apoptosis pathway as was shown through supplemen-
tation of silkworm hemolymph containing the 30 K protein. The
expression of 30Kc6 showed positive effects on not only the recom-
binant protein productivity but also the mitochondrial membrane
potential and ATP generation. In addition, some case studies that
examined the effect of 30Kc6 on cell growth and protein produc-
tivity were performed. Park et al. demonstrated that expression of
30Kc6 resulted in anti-apoptotic and productivity-enhancing effects
in various commercial serum-free medium systems [53]. Koo et al.
tried to apply these effects to suspension culture systems [54]. After
several 30Kc6-expressed CHO cell clones producing interferon-£
were selected, cell growth and interferon-/£3 productivity of each clone
were analyzed. Compared with the control clone, all of the 30Kc6-
expressing clones showed higher values in cell longevity and inter-
feron-{3 productivity in the suspension culture when serum-free media
were used. Furthermore, the clones with higher levels of 30Kc6 ex-
pression showed greater effects when compared with the clones
that had lower levels of expression. These results suggest that these
beneficial effects are not due to physiological variation among sev-
eral clones, but rather to the expression of 30Kc6. Recently, Wang
et al. showed that the expression of 30Kc6 inhibited cell death
induced by serum deprivation and led to increased monoclonal anti-
body production in CHO cell systems [55].

CONCLUSIONS

The biopharmaceutical market has continued to grow at a rate
of over 20% per year. Although microbial systems were previously
used as the host for recombinant protein production, many recent
products are being produced from mammalian cells. To enhance
productivity in the mammalian cell system, numerous efforts and
studies are being conducted in several industries and laboratories.
Through advanced gene amplification methods, the dhfi- gene and
MTX selection system, as well as suspension culture techniques,
low productivity can be overcome. Moreover, recently developed
serum-free media, which leads to increased productivity, has allowed
for the possible elimination of animal serum in cultures. The inhibi-

Table 3. Inhibition of apoptosis and enhancement of recombinant protein production using silkworm hemolymph and 30 K pro-

teins
Apoptosis-inhibiting material Method Recombinant product Culture mode Ref.
Silkworm hemolymph Medium supplementation Erythropoietin Adhesion (2-phase) [51]
30Kc6 Gene expression Erythropoietin Adhesion (2-phase) [52]
Gene expression None (host cell) Adhesion [53]
Gene expression Interferon-£ Suspension [54]
Gene expression Monoclonal antibody Adhesion (2-phase) [55]
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tion of apoptosis is another important strategy for enhancing pro-
ductivity. In addition to the development of culture protocols such
as nutrient feeding or the removal of toxic metabolites, the genetic
engineering of host cells is being intensively investigated based on
the understanding of the mechanism of apoptosis. For example, it
has been shown that the expression of hc/-2, an anti-apoptotic pro-
tein, inhibited CHO cell apoptosis and led to increased recombinant
protein production. In this review article, we have summarized the
anti-apoptotic activities of proteins and genes derived from silkworm.
It was shown that 30 K protein blocks the apoptosis pathway up-
stream, and thus this protein not only inhibits apoptosis efficiently
but also increases protein productivity similar to other anti-apoptotic
proteins such as Bcl-2. Through these efforts in the past decade,
recombinant protein productivity in the CHO cell system has in-
creased enormously. However, many challenges still remain. For
instance, control over protein glycosylation is a very important topic
although a higher productivity is still required. It is anticipated that
many studies will be conducted to overcome these challenges and
will lead to an improvement in therapeutic protein production using
CHO cells.
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