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Abstract Apoptosis is the main driver of cell death
in bioreactor suspension cell cultures during the
production of biopharmaceuticals from animal cell
lines. It is known that apoptosis also has an effect on
the quality and quantity of the expressed recombinant
protein. This has raised the importance of studying
apoptosis for implementing culture optimization strat-
egies. The work here describes a novel approach to
obtain near real time data on proportion of viable,
early apoptotic, late apoptotic and necrotic cell
populations in a suspension CHO culture using
automated sample preparation in conjunction with
flow cytometry. The resultant online flow cytometry
data can track the progression of apoptotic events in
culture, aligning with analogous manual methodolo-
gies and giving similar results. The obtained near-real
time apoptosis data are a significant improvement in
monitoring capabilities and can lead to improved
control strategies and research data on complex
biological systems in bioreactor cultures in both
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Introduction

Bioprocess engineering requires an understanding of a
process in order to ensure the goal of final product
quality with optimum yield. A variety of analytical
tools have been developed to help monitor and control
bioreactor operations and optimize biopharmaceutical
productions in mammalian cell culture bioprocesses.
The study and use of real time or near real time online
or at-line monitoring tools has gained steady momen-
tum since the inception of the process analytical
technology initiative (Rathore et al. 2010) set out by
the US Food and Drug Administration in September
2004 in their published guideline document: “PAT-A
Framework for Innovative Pharmaceutical Develop-
ment, Manufacturing, and Quality Assurance” (Food
and Drug Administration 2004). When it comes to
analytical tools for mammalian cell culture bioreac-
tors, biopharmaceutical manufacturers have tradition-
ally used in situ sensors to monitor mammalian culture
parameters for feedback control of the process. These
parameters have traditionally been restricted, due to
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technical challenges, to only a few, such as pH,
dissolved oxygen, optical density, capacitance, and
temperature (Carvell and Dowd 2006; Hanson et al.
2007; Konstantinov et al. 1992; Naciri et al. 2008;
Zeiser et al. 1999). The limitation of these common
measured parameters is that no direct information is
given on the state of the cell such as viability, cell
cycle, cell size, or apoptotic state, all of which are
metrics that can help improve recombinant protein
production and reproducibility of a mammalian cul-
ture bioprocess (Al-Rubeai et al. 1991a; Ibarra et al.
2003; Plasier et al. 1999). Parameters that directly give
cell and product quality information can improve upon
current cell culture processes together with traditional
parameters to provide dynamic modelling and predic-
tion on product quantity and quality in real time and
validate the bioprocess to the best extent (Streefland
et al. 2013). It has been demonstrated that it is possible
to obtain online data representing cell cycle states and
viable cell number (Kuystermans et al. 2012). The aim
of this study is to demonstrate, for the first time, using
a near real-time and automated technique specifically
designed for apoptosis measurements that we can
obtain both early/late apoptosis, viable and necrotic
cell data from a mammalian cell culture using an
online system.

Apoptosis is a form of programmed cell death first
described in a 1972 publication by Kerr, Wyllie and
Currie et al. (1972). Apoptosis was defined in terms of
several morphological changes occurring in the cell
such as the appearance of blebbing, cell shrinkage,
nuclear fragmentation and chromatin condensation.
The biochemical events that accompany these mor-
phological changes include the fragmentation of
chromosomal DNA, externalization of phosphatidyl-
serine (PS; Martin et al. 1995) and in some cases, the
translocation of calreticulin to the cell surface (Obeid
et al. 2007) and the proteolytic cleavage of intracel-
lular substrates (Martin and Green 1995). The net
cumulative effect results in the apoptotic cells under-
going phagocytosis.

Cell culture bioprocessing has emphasized the
importance of apoptosis ever since it was observed
in the context of mammalian cell cultures for biopro-
cessing (Cotter and Al-Rubeai 1995). Although apop-
tosis plays a role, necrosis may also be caused by
extreme conditions. But often in bioreactors an
environmental factor contributing to cell death
steadily builds up, thus, termination of bioreactor cell
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cultures is often due to apoptosis rather than necrosis
as a result of external factors such as excessive shear
forces (Chisti 1993; Emery et al. 1995; Kuystermans
and Al-Rubeai 2011; Petersen et al. 1988), metabolic
nutrient depletion (Bibila et al. 1994; Heath et al.
1990; Leelavatcharamas et al. 1994; Singh and Al-
Rubeai 1998), metabolic by-product accumulation
(Martinelle et al. 1996; Xie and Wang 1994), hypoxia
(Jan et al. 1997; Ogawa et al. 1992), sub-optimal pH
(Naciri et al. 2008; Singh 1994) and hyper-osmolality
(deZengotita et al. 2002). Since apoptosis is regulated
through a cascade of molecular events in response to
external factors (Arden and Betenbaugh 2004) it is
possible to monitor the progress of apoptosis within a
cell population. One such method is with the Annexin-
V affinity assay, where the externalization of PS can
be used as a target for a labeled and cell membrane
impermeable Annexin-V molecule to detect apoptosis.
In combination with a cell membrane impermeable
dye, such as propidium iodide (PI), the technique can
be used to detect early and late apoptosis (Plasier et al.
1999) by fluorescence microscopy or flow cytometry.

Flow cytometry is a versatile and valuable tool in
research on mammalian cell cultures (Al-Rubeai et al.
1991b; Borth et al. 2000; Carroll and Al-Rubeai 2004;
Lee and Lee 2012). The execution of flow cytometry
experiments traditionally involves several manual sam-
ple preparation steps, depending on the protocol. As an
example, the typical apoptosis protocol involves several
manual centrifugation, staining and incubations before
the actual flow cytometric analysis takes place. These
manual operations mean that it would be laborious to
gather apoptotic data on a bioreactor culture every
2-6 h, not to mention that the manual procedures may
not be consistent due to the possible introduction of
human error. In this article we will take a novel
approach, using automated online flow cytometry, to
quantify the levels of early and late apoptosis and
necrotic percentage cell formation in suspension Chi-
nese Hamster Ovary (CHO) cell culture for the first time.

Materials and methods
Cell line culture and maintenance
The CHO cell line CHOK1SV expressing monoclonal

antibody B72.3-IgG4 was kindly provided by Lonza
Biologics Plc. The CHO cells were cultured in 250 ml
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GLA45 shaker flasks (Bellco Glass, Vineland, NJ, USA)
in a working volume of 50 ml CD-CHO Medium
(Invitrogen, Paisley, UK) supplemented with 50 uM
L-methionine sulfoximine (MSX) (Sigma, Gillingham,
UK). All cell culture work was carried out aseptically in
a laminar airflow chamber. Cells were maintained in
suspension culture growing in an orbital shaker incu-
bator at 37 °C. The seeding density was 3 x 10> cells/
ml, with a new subculture initiated every 3—4 days
when the cells reached mid-exponential phase, an
approximate density of 3 x 10° cells/ml.

Stirred suspension batch culture and sampling

The cells were grown in 500 ml spinner flasks vented
through a 0.2 pum filter (Bellco Glass) connected via
silicon tubing to the Flow CytoPrep (FCP) 5000
(MSP Corporation, Minneapolis, MN, USA). The
CHOKI1SYV cells were cultivated in the spinner flasks
in CD-CHO medium (Invitrogen), supplemented with
50 uM MSX to give a total working volume of
300 ml. The initial seeding density was 3 x 10° cells/
ml. The spinner flask was placed in a water bath
(Julabo, Peterborough, UK) on top of a magnetic
stirrer plate (Bellco Glass) set at 110 rpm to agitate the
cell culture in the spinner flask. The water bath
temperature was maintained at 37 °C. Manual samples
were taken; under aseptic conditions in a laminar flow

hood by disconnecting and reconnecting the quick
connect fittings from the sample transfer line
(described in the automated sample preparation sec-
tion) by submerging in a beaker of 70 % alcohol.
Samples were for the manual Annexin-V FITC
apoptosis assay and to determine cell number and
viability via TB dye exclusion. A basic mechanical
setup and diagram for the automated sampling and
preparation of single stained samples is described in a
previous publication (Kuystermans et al. 2012) but
this work demonstrates that with few modifications
and a newly designed control protocol the system can
be utilized for dual staining intended for apoptosis
analysis. Briefly, the spinner flask was connected to a
modified FCP 5000 (MSP Corporation) which con-
ducted the preprogrammed automated sample prepa-
ration and delivered the sample to a sample cup of the
flow cytometer (FC) (Beckman Coulter, High Wy-
combe, UK). The FCP and FC setup was controlled by
the WinAutomation (Softomotive Solutions Ltd, Ath-
ens, Greece) supervisory control running on the FC
computer and networked to the FCP via a transmission
control protocol (see Fig. 1).

Manual sample preparation for apoptosis analysis

CHO-K1SV cells were removed at 24 h intervals
during batch culture so as not to interfere with the

FCP Computer

“ ‘Win Automation |
Software Control
Interface

FC Computer

Flow CytoPrep

wW

’ Flow Cytometer
Control and Analysis

Cell
Culture

Annexin- Pl
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Fig. 1 General illustration of the automated cell culture
analysis setup with the CHO cell culture processing steps
required to obtain apoptosis data. The solid lines represent

—

Flow Cytometer Waste

\ 4

process flow paths and the dashed lines represent the process
control interface between the FCP and FC
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automated analysis and were analyzed for the per-
centages of viable, apoptotic and necrotic cells. Dual
staining for both Annexin-V binding to PS by
Annexin-V-Fluorescein isothiocyanate (FITC) (BD
Biosciences, Oxford, UK) and cellular DNA using PI
was performed as follows (Ishaque and Al-Rubeai
1999): 1 x 10° cells/ml were washed in ice cold PBS
(0.01 M phosphate buffer, 0.0027 M potassium chlo-
ride and 0.137 M sodium chloride, pH 7.4, at 25 °C)
and centrifuged at 300g for 5 min at 4 °C before
resuspending in 1x binding buffer [(10 mM HEPES
solution) pH 7.4, 140 mM NaCl, and 2.5 mM CaCl,].
One microliter of Annexin-V FITC was added to
100 pl of cell suspension and incubated for 10 min at
20-25 °C before adding 400 pl of 1x binding buffer
and 10 ul of PI (50 pg/ml). The mix was then
incubated for 1 min before analysis. The samples
were analysed with the same FC filter and laser setup
used in the automated protocol.

Automated sample preparation program
and apoptosis analysis

Sample preparation steps for flow cytometric analysis
were programmed into the FCP using the designed
protocol steps shown in Table 1. A modification was
made to the FCP so that both injection port 1 and 2 can
use the injection sample loop for stain incubation and
mixing. The new dual staining setup consisted of the
stirred cell culture vessel connected by 43.18 mm
length (1.6 mm ID) autoclaved silicon tubing to FCP
sample port 1, which was pre-rinsed with 70 % alcohol
before being primed. A sample transfer line connected
between FCP injection port 2 and the FC sample
receptacle. 50 pl of Annexin-V FITC was mixed with
10 ml of PBS (0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M sodium chloride, pH
7.4, at 25 °C) and used as a port 6 reservoir. A 50 ml
solution of PI at I mg/ml in PBS was connected to port
7 as a reservoir. A WinAutomation job designer script
was used to control both the FCP and FC. Flow
cytometer compensation was carried out using the first
samples of the culture before full automation was
initiated. The sample was analysed with a Beckman FC
equipped with a 488 nm diode laser. A 525 band pass
detection filter was used to obtain FITC fluorescence
and a 670 nm long pass filter was used to collect the
maximal emission of PI fluorescence. For the analysis,
an electronic volume (EV) versus side scatter (SS)
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signal plot was used to discriminate between cells and
debris and give accurate selection of CHO cells with the
exact cell size range of 6-15 pm for CHO cells (Song
etal. 2006). A second plot with FITC integral log versus
PI signal integral log was generated for 20,000 cells
defined by the gate on the first EV versus SS plot.
Gating was set out empirically on the second plot to
divide it into four quadrants defined as viable cells
(“low” FITC and “low” PI signal), early apoptotic cells
(“high” FITC and “low” PI signal), late apoptotic cells
(“high” FITC and “high” PI signal), and necrotic cells
(“low” FITC and “high” PI signal). The percentage of
total cells in the population analysed in the total of the
four quadrants was used to express the results, and
fluorescence compensation was carried out before
taking experimental readings.

Results and discussion

This study was initiated to determine the applicability
of acquiring near real-time automated apoptosis data
on mammalian cell suspension cultures. This would
prove invaluable in various research and industrial
PAT scenarios, as it would give further insight on the
given conditions for the onset of apoptosis leading to
tighter control and cell culture processes.

Stirred suspension cell culture

Cell samples were taken in triplicate every 24 h from
the 500 ml suspension culture and analysed by TB
exclusion hemocytometer counts (see Fig. 2). From
the growth profile, the specific growth rate of the
CHOKISYV cells was found to be 0.027 h™', a typical
value for suspension CHOK1SV cells according to the
literature (Davies et al. 2012). The TB exclusion assay
is commonly used for determining cell viability but
cannot determine the percentage of early apoptotic
cells and give a deeper insight into whether optimal
bioreactor conditions are being met. Apoptosis can
increase significantly from the late exponential phase
onwards in mammalian cell culture. With apoptosis
the major contributor to cell death in suspension CHO
culture (Singh 1994), the importance of detection for
biopharmaceutical processes can be significant.

One concern that would be critical in industrial
bioprocess monitoring is the risk of contamination of
bioreactor cell cultures from the sampling mechanism.
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Table 1 Programmed command sequence for apoptosis staining procedure in the FCP system, SL = sample loop as described in

Kuystermans et al. (2012)

Steps Command

Stream/port Flow (ml/min) Volume (ul/ml) Time (s)

1 Draw sample 1 4
2 Incubate -

3 Test trigger - -
4 Inject SL - 3
5 Draw sample 1 10
6 Incubate - -
7 Inject SL - 5
8 Test trigger - -
9 Wash -

10 Draw sample 1 4
11 Incubate - -
12 Test trigger - -
13 Incubate -

14 Draw sample 1 5
15 Draw stain (Annexin V) 6 5
16 Draw sample (air) 2 5
17 Inject SL - 4
18 Incubate - -
19 Draw stain (PI) 7 5
20 Draw sample (air) 2 5
21 Inject SL - 4
22 Incubate - -
23 Default - -
24 Incubate - -
25 Test trigger - -
26 Incubate - -
27 Test trigger - -
28 Incubate - -
29 Wash - 10
30 Incubate - -
31 Incubate - -
32 Incubate - -
33 Incubate - -
34 Test trigger - -
35 Incubate - -

1,000 - These steps are for removing
30 the dead volume from the tubings

1,000 -

1,000 -

- 10

1,000 -

900 0

- 30
50 Apoptosis sample

800 _ preparations steps

200 -

500 -

500 -

- 600

10 -

500 -

500 -

- 30

- 250

- - Washing and incubation steps

- 50

- 50

2,000 -

- 3,600

- 3,600

- 3,600

- 3,600

- 3,600

Although there are several systems on the market that
address this issue, none have been fully demonstrated to
have full acceptance in a cGMP environment. With the
push for PAT in biologics manufacturing environments it
should not be long until an appropriate sampling system
should be accepted and give rise to the possibility of
online flow cytometry for bioprocess monitoring and

control. Several sampling systems designed for both
industrial and laboratory research settings are already on
the market which allow aseptic sample withdrawal from
suspension based bioreactor systems (BBI-Biotech 2012;
Flownamics 2012) and a future study will be to
incorporate a sampling system appropriate for industrial
bioprocesses PAT applications.
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Automated versus manual apoptosis
measurements

In order to determine if online flow cytometry can be
performed to obtain apoptosis data and hence observe
the transition to apoptosis in a 500 ml stirred
suspension cell culture, a manual apoptosis assay
was carried out on the culture alongside the auto-
mated assay at timed intervals without interfering
with the automated analysis. The automated online
analysis has the capability to increase the sampling
interval for this experiment, which was set for every
5 h. The data obtained via the online flow cytometry
run is shown as quadrant dot plots in Fig. 3, where the
data indicate that the highest population of early
apoptotic cells by percentage is achieved at 110 h,
reaching 6.93 %, after which a significant increase in
the amount of late apoptotic and necrotic cells occurs
as the culture progresses to the late exponential and
stationary phase (see Fig. 4). At the point where the
culture has reached the stationary phase (140 h),
apoptosis has clearly set in with 65.44 + 1.15 %
viable cells in the culture detected using the FITC/PI
assay. This compared to the manual TB exclusion
assay which still gives a cell viability of
95.67 £ 0.58 % at 144 h in the stationary phase.
The automated apoptosis data correlates well with the

Fig. 3 Automated online flow cytometric analyses ofp
CHOKISV cells. Quadrant plots were generated every 5 h
between 0 and 170 h. The x-axis represents Annexin-V-FITC
fluorescence and the y-axis PI fluorescence with the plot divided
into four representative regions labeled R1-R4. R1 = necrotic
cells, R2 = late-apoptotic cells, R3 = viable cells, R4 = early-
apoptotic cells. The data show that these CHO cells enter early
apoptosis and progress to late apoptosis in the plots as the CHO
culture progresses, with time, until reaching a point where late
apoptosis and eventually necrosis dominates. In this study, the
importance of entering early apoptosis is key, as this gives an
early indicator of negative environmental factors an indication
of when to harvest the cells depending on the tolerance of the
product to the percentage of early and late apoptosis within the
culture or serve as an early indicator for process adjustments
(nutrient feeds or the activation of apoptosis suppressors) to
compensate for the negative environmental stimuli

manual flow cytometric analysis (see Fig. 4), and in
comparison to the traditional TB exclusion assay it
shows that the TB membrane integrity assay does not
give a true measure of CHO culture viability. The
same would hold true for most membrane integrity
assays as they would not include early apoptosis data
where the membrane is still intact but the cell has
initiated the biochemical pathways leading to cell
death. Apoptosis can have an impact on protein
production (Browne and Al-Rubeai 2011; Gregory
et al. 2009) with the benefit of early detection and
monitoring of apoptotic events helping to determine
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Fig. 2 A 500 ml spinner batch culture of CHOKI1SV cells.
Samples were taken in triplicate every 24 h over a period of 168 h
and viable cells as well as percentage viability were determined
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by hemocytometer counts in conjunction with the TB exclusion
assay. The cells reached a maximum cell density of 5.74 x 106
cells/ml with a viability of 95.67 £ 0.58 % at 144 h
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optimal harvest time in addition to presenting the Typically, apoptosis detection and monitoring is
opportunity to employ further apoptosis prevention limited to the manual sampling intervals that are
control strategies during the cell culture process. humanly possible over the course of the culture due to
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Fig. 4 Online flow cytometry to measure apoptosis versus
manual flow cytometry measurements via dual Annexin-V FITC
and PI staining on CHOK1SV cultured cells grown in a 500 ml
stirred vessel. The plots show online readings for the percent-
ages of viable (blank triangles), early apoptotic (blank squares),

the time constraints of sample preparation and flow
cytometry operations. Sitton et al. (2006), did show the
possibility of using forward scatter (FSC) and side
scatter (SS) to discriminate between apoptotic and
non-apoptotic cells using an online FC setup but this
does not give any definitive information about early
apoptotic cells within the population. In biologics
manufacturing it is important to closely monitor
culture conditions and it is beneficial to carefully
track the progress of apoptosis; it can have an effect on
final product quality and quantity, as the proteases
activated by apoptosis may degrade the desired protein
products. The ability to detect in near real time the
start of an increase in early apoptotic cells in
bioreactor culture can be advantageous to the overall
control strategy and process design as the early
detection can enable an early response in order to
reduce apoptosis. Previous research with antibody
producing hybridoma cell cultures has also indicated
that there is a significant inverse correlation between
the percentage of apoptotic cells and antibody pro-
ductivity at the initiation of a culture (Gregory et al.
2009). Thus, it could be an important determinant of
the culture’s productivity at different stages and
indicate the optimal harvest time for maximal quality
and quantity of protein products. Fed-batch systems
can be finely tuned with the addition of apoptosis
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and late apoptotic plus necrotic cells (blank circles) compared to
the manual readings for the percentages of viable (black filled
triangles), early apoptotic (black filled squares), and late
apoptotic plus necrotic cells (black filled circles)

monitoring and control where adding a particular
substrate to drive an alternative metabolic pathway
such as introducing additives at particular culture
stages that influence apoptosis and hence the final
product quality and quantity (Whitford 2006). Apop-
tosis monitoring provides an additional parameter for
the development of a bioprocess that improves upon
the information that traditional parameters currently
achieve improving dynamic modelling and prediction
of cell culture. In addition, fragmented DNA (Janicke
et al. 1998) can complicate downstream processing
operations as fragmentation increases with apoptosis
(Shukla et al. 2007). Detection can lead to easier
downstream processing with less product loss.

Conclusion

We present here a novel approach and successful
implementation to obtain near real-time apoptosis data
from suspension cell culture using automated sample
preparation and flow cytometry. This is of importance
to the research and industrial communities, especially in
biologics manufacturing in the light of the development
of the PAT initiative to improve end product quality and
quantity through improved bioprocess monitoring and
control in operations such as cell culture. In addition,
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the ability to closely follow the development of
apoptosis overtime can improve cell death research,
offering greater understanding of the mechanisms
involved and the temporal aspect of its onset.
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