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Introduction

erfusion systems for animal cell cultures

are increasingly used for high cell density

processes to enhance the productivity

of bioreactors. There are four different

process modes that can be used in animal
cell cultivation: batch, fed batch, continuous culture,
and perfusion culture. In both batch and fed batch, the
metabolite concentrations cannot be kept constant and the
accumulation of catabolites like lactate and ammonium
limits the process duration to about ten to 15 days. In
contrast, with continuous and perfusion processes, there
is a constant influx of fresh cultivation medium and
a corresponding removal of recombinant protein and
catabolites. The concentrations of metabolites remain
relatively constant and the process duration is not limited
by the buildup of waste products. This extends the
duration of these cultures to several weeks or months.!*?
The resulting steady-state conditions for metabolites can
enhance cell-specific productivity® and product quality,
for example, by improved glycosylation or reduced
aggregate formation.* In continuous culture, cells are
removed in the effluent and this limits the product output
per liter of bioreactor volume (volumetric productivity).
In contrast, substantially higher cell concentrations
are attained in a perfusion system because the cells are

retained in the bioreactor resulting in increased volumetric
productivity. A five- to 20-fold improvement over batch
cultivation has been reported for perfusion cultures.>-”!

A reliable separation device which allows for the retention
of cells in the bioreactor but removes spent medium and
secreted product is critical for the performance and stability
of a perfusion system. Current retention methods either use
size-based (membranes, filters) or density-based (centrifuges
or settlers) separation techniques.®*!

The increasing sophistication of single-use bioreactors
and pre-sterilized filtration equipment has made filtration-
based cell retention methods easier to use. Factors
encouraging the use of perfusion culture include cost,
increased competition in the supply of biologicals as
patents on existing products begin to expire, and the use of
capital equipment with continuous production techniques.
Typical cell concentrations in perfusion cultures have
been in the range of 1x 107 to 3 x 107 cells/mL> ' but
concentrations as high as 1 x 10® cells/mL have been
reported.”) High cell density processes reduce the size
of the reactor required for a given product output and
this can lead to more than a 40% reduction in the capital
investments required for perfusion versus the fed batch
process.!> 1! Finally, the perfusion process protects product
stability by allowing for the removal of the target protein
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from the culture within 24 to 48 hours rather than at the
end of the culture period (Figure 1).

The additional equipment required for continuous
separation of the expressed protein from cells and, in
addition, the return of the separated cells to the culture
inherently makes perfusion cultivation of cells more
complex than batch and fed batch cultivations. In general,
filters (internal and external) tend to retain cells more
efficiently than settling devices. However, filter fouling can
have adverse effects on the production process. Internal
filters simplify the production process but they cannot
be replaced in the course of a production run. Hence,
they may be suitable for smaller reactor volumes (<10L)
and/or shorter production periods (<20 days). External

FIGURE 2.
ReadyToProcess™
hollow fiber cartridge
with ReadyMate™
aseptic connectors on

all four ports. (Both are
GE Healthcare products).
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FIGURE 1.

A schematic
comparison of
different methods
for cell culture
production of a
secreted target
protein.

filters are widely used on large-scale production facilities.
They provide a failsafe mechanism against membrane
fouling because they can be easily replaced, and this allows
potentially indefinite continuation of perfusion. Hitherto,
the relatively complex assemblies requiring autoclaving
or switching via steamable connections result in tedious
replacement of external filters which are more subject to
potential contamination. Recent developments such as
thermoplastic tubing welders have made the replacement
of autoclaved components easier. In 2010, GE Healthcare
Life Sciences introduced components with disposable
aseptic connectors so that external cell separation
components (hollow fiber microfiltration devices) could
be added quickly, as required by the process (Figure 2).
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A perfusion process incorporating external cell
separation using components from GE Healthcare was
demonstrated by ArmaGen Technologies. The company
tested this cultivation method for production of a
recombinant protein. ArmaGen developed a proprietary
technology solution that can non-invasively target
recombinant proteins, therapeutic monoclonal antibodies
(mAb), and small interfering RNA (siRNA) to the brain.
Seeking an alternative to the internal perfusion filter that
had previously fouled after 17-19 days (Table 1), the
external perfusion method was tested in this study for
the production of an IgG fusion protein in a mammalian
cell line.

TABLE 1. Bioreactor runs using a standard disposable

cell culture bag with an internal cell separation filter.

Cell Bioreactor Internal Filter Clogging and
Line Run Replacement of Cell Culture Bag
A | 17 days
A Il 19 days
B* [ 19 days
B Il 18 days**
*Cell line B was also used in the hollow fiber test run.
**Cell culture bag was replaced at day 4 due to an internal filter rupture,
and again at day 22 due to clogging of the internal filter.

Materials and Methods

Cell cultivation was performed in a bioreactor with a
50L disposable cell culture bag (Cellbag™, GE Healthcare)
customized to a working volume of about 25L. The
Cellbag was equipped with a pair of 3/8” ID silicon
“dip tubes” extending to the center bottom of the bag and
configured to remain submerged in the culture during
rocking. This prevented air from being drawn into the cell
cycling loop. The dip tubes were connected to the external
filter apparatus depicted in Figure 3 (below) and 4 (on
the following page). A Watson-Marlow Bredel 720S
recirculation pump was used. STA-PURE® pump tubing
(WL Gore & Assoc., Inc.) was used because of the required

high mechanical resistance. A 3/8” ID tubing was used for
the recirculation loop and 1/2” ID tubing was used for

the pump tubing in order to obtain a pump speed of less
than 50 rpm and minimize the effect of peristalsis on cell
viability. Infusion and perfusion pumping was performed
using PUMP 20 (GE Healthcare). C-Flex® (Saint-Gobain
Performance Plastics) thermoplastic tubing was used to
weld the feed (fresh media infusion) and harvest (spent
media perfusion) flow paths as required. A pair of four-
position manifolds was used to allow multiple connections
to the retentate side of replacement cartridges. On the
permeate side of the external filter, one port was connected

FIGURE 3. External perfusion controller assembly prior to use. The loop was attached to a
customized 50 L cell culture bag using aseptic connectors outside of a laminar flow hood.
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to a perfusion metering pump which was continuously
removing culture supernatant. The perfusion rate was
between 0.6 and 0.9 culture volumes per day. It was
adjusted as necessary to keep the residual glucose
concentration higher than 0.5g/L. The other permeate
port was attached to a SciPres™ (SciLog® Inc.) pressure/
vacuum sensor to monitor any buildup of negative
pressure— which can be indicative of membrane
fouling. Fresh media was automatically added to the
Cellbag Bioreactor using the existing perfusion controller
modulated by the weight of culture in the reactor in
order to keep the culture volume constant at 25L during
the trial.

Cell cultivation was also performed in standard GE 25/50

Cellbag disposable bioreactors (perfusion version) with

an internal cell separation filter. The working volume was
about 25L, rocking speed was 25 rpm, and rocking angle
was 8°. Perfusion rates and residual glucose concentrations
were adjusted as described above.

Serum-free media supplemented with an additional
2-2.5 g/L of glucose was prepared in 100 L batches. The
cultivation temperature was 36—37°C, and CO, was used to
keep the pH at 7.0+ 0.15. The culture was aerated via the
headspace at a flow rate of 0.3—0.5 Lpm, and O, was mixed
into the gas flow to keep the dissolved oxygen concentration
above 60%. Daily harvests were pooled to volumes of 200 L
and then processed with MabSelect Protein A resin packed
in a BPG™ column (GE Healthcare).

FIGURE 4. WAVE Cellbag with ReadyCircuit™ (GE Healthcare) external perfusion components. Schematic
representation of an external perfusion filter assembly using disposable/single-use components and a failsafe
strategy for the aseptic addition of backup filters. A) 50 L cell culture bag with two internal dip tubes for cell
recycling; B) gamma-sterilized hollow fiber cartridge with genderless aseptic connectors; C) manifold with
aseptic connection points; D) sensor to indicate negative pressure denoting membrane fouling; E) tubing
segment suitable for welding into infusion or perfusion connections; F) cell recycle pump; G) long-life tubing

segment; and H) pressure monitor.
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Results and Discussion

Perfusion was started on day 3 of the process and
the cell concentration increased to a maximum of
2.2 x 107 cells/mL on day 35. Cell viability at this point
was about 70% (Figure 5). There was an accumulation
of cell debris and subsequent fouling of the filters in the
absence of a bleed process. The hollow fiber cartridges
were exchanged twice during the run on days 17 and 28
using aseptic connectors on the installed manifold. Cell
growth continued with no evidence of contamination.
IgG passage through the 0.2 um membrane dropped to
~25% on days 28 and 44. Interestingly, the passage of

FIGURE 5. Cell concentration and viability during external perfusion
using the Cellbag Bioreactor. Red arrows indicate the points at which
the external perfusion filter was replaced.

FIGURE 6. Development of IgG concentration and residual glucose
concentration. The culture medium was supplemented with glucose
from day 10 onward. Perfusion was begun on day 3 and the dilution
rate was between 0.6 and 0.9 culture volumes per day.
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water and small molecules was not affected, as shown by
the residual glucose concentration remaining stable at
about 1g/L (Figure 6).The process was stopped on day
44 as cell viability dropped to 60%. Figure 6 shows the
IgG accumulated during the process. Daily productivity
was 100—200 mg during the initial phase of cultivation.
On day 10, the cultivation medium was supplemented
with glucose to limit the perfusion rate to a maximum of
0.9 culture volumes per day while maintaining a residual
glucose concentration of ~ 1g/L. This enhanced cell-
specific production and, in conjunction with a high cell
concentration (>1x 107 c¢/mL), helped the daily protein
output of the bioreactor to increase substantially. IgG
productivity remained constant with an average daily
output of 2.6 g between days 17 and 35 (Figure 6) and
then declined because of lower cell concentration and
viability (Figure 5). Total IgG production was about 57 g.
An average daily output of 1.3 g of antibody was obtained
during the 44 days of process time.

Inhibition of antibody passage through the filter
membrane was observed in this study. This was probably
caused by a buildup of cell debris due to decreasing cell
viability. Figure 7 shows the residual cell debris after the

FIGURE 7. External perfusion of cell culture bioreactor on day 18
of culture period showing backup filter cartridge in operation.
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first filter exchange on day 18. Perhaps the use of a cell-
specific perfusion rate higher than the 0.6—0.9 volume
exchanges that were maintained throughout the trial could
improve cell viability. Other improvements that could
increase overall yields include the reduction of cell debris
by the periodic removal of biomass.

The study demonstrated that disposable single-use filter
units can be used for the long-term perfusion cultures
in disposable Cellbag Bioreactors. During the process
described, more than 700 L of cultivation media were
perfused through a bioreactor with a working volume of
25L and the culture was maintained for more than six
weeks by exchanging the external cell separation filters.

In previous experiments, perfusion processes used
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a 50 L Cellbag with an internal cell separation filter

(GE product code CB0050L-10-04 REV AF) which fouled
within 17 to 19 days (Table 1). To extend the culture
duration and increase production of the IgG fusion
protein, an external cell recycling filter apparatus was
connected to a modified 50L Cellbag that was assembled
using single-use disposable components. This resulted in
a three-fold increase in process duration and a significant
improvement in overall productivity without the need to
replace the bioreactor cell culture bag.

NOTES
GE is a trademark of General Electric Company.

BPG, Cellbag, MabSelect, ReadyCircuit, ReadyMate, ReadyToProcess,
WAVE Bioreactor are trademarks of GE Healthcare companies.

ReadyMate is covered by US patent number 6,679,529 B2 owned by
Johnson & Boley Holdings, LLC and licensed to GE Healthcare companies.
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Your data and methods
are needed more than ever as the
industry struggles to recover from
one of its toughest periods. We want to
make your work available to those who
really appreciate it.

Please let us know what you are working
on, and if you aren't sure how your material
will fit, let me know so | can work with you
on the best approach for publishing.

The BioProcessing Journal is in its 10th
year as a unique and highly respected source
of bioprocess technology. Help us continue
this tradition with the latest technological
developments and best practices needed to
develop and produce safe and effective biologics.
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