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Abstract In the present study, the protective effects of Bcl-2 over-expression in a suspension
culture (without any adaptation) and spent medium (low nutrient and high toxic metabolite
conditions) were investigated. In the suspension culture without prior adaptation, the viability
of the control cell line fall to 0% by day 7, whereas the Bcl-2 cell line had a viability of 65%. The
difference in the viability and viable cell density between the Bcl-2 and control cell lines was
more apparent in the suspension culture than the static culture, and became even more appar-
ent on day 6. Fluorescence microscopic counting revealed that the major mechanism of cell
death in the control cell line in both the static and suspension cultures was apoptosis. For the
Bcl-2 cell lines, necrosis was the major mode of cell death in the static culture, but apoptosis be-
came equally important in the suspension culture. When the NSO 6A1 cell line was cultured in
spent medium taken from a 14 day batch culture, the control cell line almost completely lost its
viability by day 5, whereas, the Bcl-2 still had a viability of 73%. The viable cell density and viabil-
ity of the Bcl-2 cell line cultivated in fresh medium were 2.2 and 2.7 fold higher, respectively,
than those of the control cultures. However, the viable cell density and viability of the Bcl-2 cul-
tivated in the spent medium were 8.7 and 7.8 foid higher, respectively, than those of the control
cultures. Most of the dead cells in the control cell line were apoptotic; whereas, the major cell

death mechanisms in the Bcl-2 cell line were necrotic.
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INTRODUCTION

Mammalian cells are commonly grown in stirred tank
bioreactor due to its simplicity, ease of process control
and scale up. However, the relative fragility of animal
cells compared to bacteria and fungi increases their sus-
ceptibility to fluid-mechanical shear stress in suspension
cultures. Based on experimental results, two types of
fluid-mechanical stresses causing cell death have been
proposed: bubble disengagement, which is caused by di-
rect sparging or gas entrainment and liquid flow [1-3],
and turbulence, which is caused by the impeller blade
[4.5]. Initially, cell death caused by fluid-mechanical
stresses was generally assumed to be via necrosis. How-
ever, a report by Al-Rubeai et al. [6] suggested that
apoptosis, as well as necrosis, could be induced by hy-
drodynamic stresses in suspension cultures. Shive et al.
[7] also reported that a low level of shear stress (0.002 N
m™) induced apoptotic death in neutrophils. In contrast,
a shear stress level of 0.045 N m™ has been shown to
suppress the endothelial cell apoptosis induced by the
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presence of TNF or following growth factor withdrawal
[8]. Interestingly, Hu et al. [9] reported that exposure of
bovine aortic endothelial cells to laminar shear stress
(0.012 N m™?) caused a transient (less than 2 h) activa-
tion of ¢-Jun NH2-terminal kinase (JNK), but there was
no induction of apoptosis. In the same study, colchicine
treatment induced a sustained activation of JNK that
lasted for 12 h and apoptosis was induced. These results
suggested that sustained activation of JNK is a require-
ment for the induction of apoptosis. Therefore, apoptosis
in cells cultivated in a bioreactor is probably due to a sus-
tained activation of JNK induced by constant subjection
to shear stress.

Reusing spent medium as a strategy for reducing pro-
duction costs has been proposed and demonstrated by
several authors [10-12]. Dutton et al. [13] demonstrated
the use of spent medium to reduce the lag phase and in-
crease the average viable cell density. Indeed, in the
1960’s, Rubin and co-workers reported that spent me-
dium could be used to enhance the growth of small num-
bers of chick embryo cells. They suggested that the cells
had conditioned the spent medium, with what they de-
scribed as ‘stimulatory substances’ [14,15]. Spent me-
dium has also been considered as being rich in protective
substances and other expensive proteins of serum and
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their substitutes [10,12]; hence, can be used to reduce
the concentration of serum required for proliferation and
maintenance of cell viability [16-18]. Conversely, spent
medium is not only low in nutrients, but has also been
reported to contain toxic metabolites, such as methylgly-
oxal [19], formate [20] ammonia and lactic acid [21-24],
as well as unknown low molecular weight auto-inhibitors
[25,26]. Due to the presence of these toxic metabolites
and auto-inhibitors, cells cultured in undiluted spent me-
dium may stop growing, even if sufficient nutrients are
supplied [25]. The limited nutrients and presence of toxic
metabolite in the culture medium have been previously
been shown to be potent apoptotic stimuli for most in-
dustrially important cell lines [27-31]. Therefore, the
cells cultivated in the spent medium containing these two
stimuli are expected to be more susceptible to apoptotic
cell death.

Apoptosis is an active and highly regulated process, in
which the cell itselfl activates and executes a cascade of
death events, which are controlled by a group of endoge-
nous proteins in response to environmental stress and
stimuli. An early event is the increase of the ratio of pro-
apoptotic to anti-apoptotic proteins of the Bcl-2 family
involved in the regulation of apoptosis. This may be fol-
lowed by a dissipation of the mitochondrial inner trans-
membrane potential (A¥m), with the release of mito-
chondrial inter-membrane proteins, such as cytochrome-
c. The release of cytochrome-c results in the activation of
the protease caspase (cysteine aspartase) cascade. Active
caspase cleaves a wide range of cellular protein targets,
which are responsible for the morphological and bio-
chemical changes accompanying apoptosis [32]. Apop-
totic cell death is an irreversible process, which can limit
the success of the cell culture process. Given the highly
regulated nature of apoptosis, it should; therefore, be
possible to delay this form of cell death by genetic ma-
nipulation of the apoptotic pathway. In the present study,
the protective effects of Bcl-2 protein were shown to be
higher under more stressful culture environments, such
as cultivation of cells in suspension culture prior to any
adaptation (compare to static culture) and spent medium
(compared to fresh medium).,

MATERIAL AND METHODS
Cell Lines

The parent cell line, NSO 6A1, was kindly supplied by
LONZA Biologics (Slough, UK), and had previously
been transfected with the glutamine synthetase (GS) ex-
pression system carrying a gene for a human-mouse chi-
meric antibody (cB72.3). In the present study, the cells
were further transfected with the expression and control
vectors pEFbcl-2 and pEFneo, respectively, as previously
described [30].

Culture Medium

The culture medium used for the maintenance of the
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NSO 6A1 cells was GMEM medium (Gibco, Paisely, UK),
supplemented with 5% foetal calf serum (FCS) (Gibco),
MEM non-essential amino acids (Gibco), 1 mM sodium
pyruvate (Gibco), 500 uM glutamic acid, 500 pM aspar-
agine, 30 uM adenosine, 30 uM guanosine, 30 pM
cytidine, 30 pM uridine, 10 pM thymidine, 2.7 g/L so-
dium bicarbonate and 100 uM methylionine sulphoxi-
mine (MSX) (all chemicals from Sigma, Poole, UK).

Cell Density and Viability

The cell density and viability were determined using a
haemocytometer, via the trypan blue exclusion method,
as previously described [33].

Apoptosis and Necrosis Levels

The apoptosis and necrosis levels were measured by
fluorescence microscopic analysis of the nuclear mor-
phology and plasma membrane integrity by double stain-
ing with acridine orange and propidium iodide, as previ-
ously described [33].

Batch Culture in Spent Medium

At the mid-exponential phase of the batch culture, the
cells were harvested by centrifugation, resuspended at 2 x
10° cells/mLin spent medium, and then transferred into
triplicate 25 cm? T-flasks. The cultures were incubated at
37°C. The spent medium was from a 15 day old NSO
Bcl-2 batch culture, which had been centrifuged twice at
2,000 rpm for 10 min to remove all cell debris. Samples
were taken daily to assess the viable cell density, viability
and levels of apoptosis, as described above.

Comparison of Suspension and Static Culture

At the mid-exponential phase of the batch culture, the
cells were harvested by centrifugation, resuspended at 2 x
10° cells/mLin fresh medium, and then transferred into
triplicate 25 cm? T-flasks and 100 mL spinner flasks. The
cultures were incubated at 37°C. Samples were taken
daily to assess the viable cell density, viability and levels of
apoptosis, as described above.

Calculation of Specific Growth Rate
In a batch culture,

d(x,)
Tz,u.xv—kd.xv (1)

During the exponential phase, the death rate constant,
k;=0 and; therefore, the rate of accumulation of dead
cells was negligible, and this expression can be reduced
to:
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Fig. 1. (A) Viable cell density and (B) viability of the NSO 6A1
batch culture (Keys: A, Bcl-2 static culture; A, Bel-2 suspen-
sion culture; @, control static culture; O, control suspension
culture).
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or, by integration, x =

where x,, and x,, are the density of viable cells at time ¢,
and ¢,, respectively. The error in measuring p(Ap) be-
tween these two points can be calculated from the error
combination formulae [34]. The final equation is as fol-

lows:
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where Ax,; and Ax,, are the standard error of x,, and x,,,
respectively.

RESULTS AND DISCUSSION

Suspension vs Static Cultures - Fluid-Mechanical Stress
in Suspension Culture

Fig. 1 shows the viable cell density and viability of the
NSO 6A1 cells in the suspension culture prior to any ad-
aptation compared to the static culture. In the suspension
culture, the viability of the control cell line fall to 0% by
day 7, whereas that of the Bcl-2 cell line was 65%. The
difference in the viabilities and viable cell densities be-
tween the Bcl-2 and control cell lines in both the static
and suspension cultures became apparent, even on day 6.
In the static culture, the viable cell density and viability of
the Bcl-2 cultures were 2.3 and 2.6 fold higher, respec-
tively, than those of the control cultures. However, the
viable cell density and viability of the Bcl-2 suspension
cultures were 8.8 and 11 fold higher, respectively, than
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Fig. 2. Dual staining with acridine and propidium iodide of

NSO 6A1 (A) Bcl-2 static culture, (B) Bel-2 suspension culture,

(C) control static culture, and (D) control suspension culture.

(Keys: @, viable cells; ¥, early apoptotic; M, late apoptotic;

@, necrotic; 4, ghosts).

those of the control cultures. This indicates that Bcl-2 has
greater protective effects under more damaging culture
conditions with a suspension culture.

Fluorescence microscopic counting revealed that the
major mechanism of cell death in the control cell line in
both static and suspension cultures was apoptosis (Fig.
2). However, for the Bcl-2 cell lines, necrosis was the
major mode of cell death in the static culture, but apop-
tosis became equally important in the suspension culture.
Clearly, the over-expression of Bcl-2 in the NSO cells
provided protection from the apoptosis induced due to
the suspension culture conditions. Similarly, Singh et al.
[35] has reported that a plasmacytoma cell line under-
went apoptotic cell death when first transferred to a sus-
pension culture, but this was prevented by Bcl-2 over-
expression. The over-expression of Bcl-2 also enabled
hybridoma cells to be immediately cultivated under sus-
pension culture conditions without the induction of sig-
nificant levels of cell death [28]. Furthermore, studies by .
Perani et al. [36] clearly demonstrated the ability of Bcl-2
over-expression to suppress fluid-mechanical stress in-
duced apoptosis and promoted cell growth of a hybri-
doma cell line.
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Fig. 3. (A) Specific growth rate and (B) maximum viable cell
number in the static and suspension batch cultures of NSO 6A1
cells. (Keys: [, control; P4, Bel-2).

The specific growth rates for control cultures are very
similar in both static and suspension cultures. However,
there was about a 25% increase in the specific growth
rate in the Bcl-2 suspension culture compared to the
static culture (Fig. 3). Agitation in suspension cultures
has been shown to enhance the mass transfer rate of oxy-
gen and nutrients, which in turn increases the dissolved
oxygen and nutrient levels in a bioreactor. Indeed, the
dissolved oxygen level has always been a limiting factor in
the intensive culture of animal cells, such as in a perfu-
sion culture [37]. The increase of the dissolved oxygen
and nutrient levels in the culture medium increases their
concentration gradients, which are the driving forces of
the passive diffusion involved in the uptake of oxygen and
nutrient by cells. Increases in the nutrient and oxygen
uptake rates; in turn, improve the cellular enzymatic
reaction rates and; hence, the growth rate. However, in a
control suspension culture, the enhanced mass transfer
rate does not show improvement in maximum viable cell
density. This may be due to the apoptotic cell death in-
duced by the fluid-mechanical stress caused by agitation
in a suspension culture (Fig. 2D). Therefore, the higher
apoptotic death rate counters the positive effect of the
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Fig. 4. Batch culture of NSO 6A1 Bcl-2 (O) and control (@)
cells in spent medium from a 15 day old batch culture: (A) vi-
able cell density and (B) viability.

higher mass transfer rate in the control suspension cul-
ture. Conversely, a higher growth rate resulted from an
enhanced mass transfer rate in the suspension culture,
and a lower apoptotic death rate as a result of the protec-
tive effects of Bel-2; the maximum viable cell density was
increased about 10% in the Bcl-2 suspension culture
compared to the static culture. The ability of the Bcl-2
protein to protect cells from hydrodynamic stress induced
apoptosis has a very important implication for large-scale
bioprocesses, since suspension cultures are more easily
scaled-up and controlled. Furthermore, the shorter sus-
pension adaptation time of the Bcl-2 cells can expedite
the cell line development process.

Spent Medium

Spent medium contains very low levels of nutrients and
high levels of toxic metabolites, such as methylglyoxal
[19], formate [20] ammonia and lactic acid [21-24], as
well as unknown low molecular weight auto-inhibitors
[25,26]. Both nutrient limitation and excess levels of
ammonia are potent inducers of apoptosis, as shown in
previous experiments [30,31]. When the NSO 6A1 cell
line was cultured in spent medium taken from a 14 day
batch culture, the control cell line almost completely lost
viability by day 5; whereas, the Bcl-2 cell line still had a
viability of 73% (Fig. 4). The viable cell density and vi-
ability of the Bcl-2 cell line cultivated in fresh medium
were 2.2 and 2.7 fold higher, respectively, than those of
the control cultures. However, the viable cell density and
viability of Bcl-2 cultivated in the spent medium were 8.7
and 7.8 fold higher, respectively, than those of the con-
trol cultures. Clearly, the results of this experiment
showed that the Bcl-2 protein has greater protective ef-
fects under the more stressful culture conditions intro-
duced by the spent medium. Fluorescence microscopy
revealed that most of the dead cells in the control cell line
were apoptotic. By contrast, almost all the dead cells of
the Bcl-2 cell line cultures were necrotic (Fig. 5). The
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Fig. 5. Dual staining with acridine and propidium iodide of
NSO 6A1 (A) Bel-2 and (B) control cells in spent medium batch
cultures. (Keys: @, viable cells; ¥, early apoptotic; M, late
apoptotic; 4, necrotic; A, ghosts).
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present study has provided the first demonstration that
the over-expression of Bcl-2 can protect NSO myeloma
cells from the death induced under the combination of
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nutrient exhaustion and the accumulation of toxic me-
tabolites. Indeed, the result of our previous study has
shown that Bcl-2 provide better protection to NSO mye-
loma cells with a low compared to a high dilution rate in
a chemostat culture [38]. Besides, the higher efficiency of
nutrient metabolism demonstrated by bcl-2 transfected
cells [33,37,39] has contributed to the lower apoptotic
cell death in spent medium. Thus, the suppression of
apoptosis should allow the cells to fully benefit from cul-
tivation in spent medium. Such benefit is seen from the
70% increase in the viable cell density and the 80% in-
crease in the specific growth rate without the provision of
any additional nutrients or serum (Fig. 6). This will be an
important finding for the development of reusing spent
medium in large-scale animal cell culture processes for
the reduction of production costs [12].

CONCLUSION

The results of the present study have demonstrated that
Bcl-2 over-expressed in NSO cells has greater protective
effects in more stressful culture environments. Bcl-2 cell
lines have become more robust compared to their control
counterparts when cultivated under suspension prior to
adaptation rather than in a static culture and under low
nutrient and high toxic metabolite conditions in spent
rather than fresh medium. This characteristic is very im-
portant during the scale-up of a production process,
where a stirred tank bioreactor is preferred for the large-
scale production of animal cell cultures. Nevertheless, its
ability to proliferate in spent medium may lead to the de-
velopment of reusing spent medium for the reduction of
production costs.
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