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Abstract A process for human influenza HINT virus vac-
cine production from Madin—Darby canine kidney (MDCK)
cells using a novel packed-bed bioreactor is described in this
report. The mini-bioreactor was used to study the relation-
ship between cell density and glucose consumption rate and
to optimize the infection parameters of the influenza HINI
virus (A/New Caledonia/20/99). The MDCK cell culture
and virus infection were then monitored in a disposable
perfusion bioreactor (AmProtein Current Perfusion Bioreac-
tor) with proportional-integral-derivative control of pH,
dissolved O, (DO), agitation, and temperature. During
6 days of culture, the total cell number increased from
2.0x10° to 3.2x10'" cells. The maximum virus titers of
768 hemagglutinin units/100 uL and 7.8x 107 50 % tissue
culture infectious doses/mL were obtained 3 days after
infection. These results demonstrate that using a disposable
perfusion bioreactor for large-scale cultivation of MDCK
cells, which allows for the control of DO, pH, and other
conditions, is a convenient and stable platform for industrial-
scale production of influenza vaccines.
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Introduction

Influenza vaccines have traditionally been prepared in
chicken eggs (Robertson et al. 1995; Nichol 2003). Howev-
er, there are problems associated with the use of eggs in the
vaccine manufacturing process, including low efficiency,
time-consuming procedures and variability in their suscep-
tibility to influenza infection (Monto et al. 1981; Fedson
2008). Therefore, the rapid production of high-quality influ-
enza vaccines will be an important goal to achieve in the
coming decades.

In contrast to growing influenza viruses in eggs, cell
culture is far more amenable to large-scale production, and
the use of continuous cell lines to generate viral vaccines
offers several advantages, including the opportunity to use
fully characterized and standardized cells substrates. In ad-
dition, a cell culture-derived vaccine does not require exten-
sive advance planning and can be produced rapidly on a
large scale in the event of an emerging pandemic (WHO
1995). The most prominent adherent mammalian cell lines
for influenza vaccine development are the commercially avail-
able African green monkey kidney (Vero) cells and Madin—
Darby canine kidney (MDCK) cells, which have been exten-
sively studied (Genzel et al. 2010; Liu et al. 2009; Romanova
et al. 2004; Nicolson et al. 2005; Le Ru et al. 2010; Genzel et
al. 2006b; Bock et al. 2010). MDCK cells are particularly
favored, because they can yield high quantities of influenza
virus. As MDCK cells are adherent in culture, a select number
of large-scale culture systems are available for using these
cells. Such systems include hollow fiber membrane bioreac-
tor, rotary cell culture system, packed-bed bioreactor (PBR),
and microcarrier culture (Genzel et al. 2006a; Golmakany et
al. 2005; Sun and Zhang 2007; Chen and Palmer 2009;
Schwarz et al. 1992). The microcarrier culture system was
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introduced in 1967 and has been widely used for suspension
culture of anchor-dependent cells (van Wezel 1967). The
system has many advantages over roller bottles and other
static cultures for large-scale cultivation of anchorage-
dependent cells, including being easy to monitor and control,
scale-up capacity, efficient gas—liquid oxygen transfer, and
space-saving design. Despite these advantages, the microcar-
rier culture system also has some limitations in terms of the
need for sterilization and validation of the microcarrier and
cleaning procedures in the stirred tank bioreactor. In addition,
cells attached to the microcarrier surface frequently become
damaged, which can be associated with the impellor shear
force and friction force on the bioreactor wall. The PBR is
a new and potentially improved option for influenza virus
production in terms of scaling up, high oxygen transfer,
and high yields.

In this work, we describe a process for human influenza
HINI1 virus vaccine production from MDCK cells cultured
in serum-containing Dulbecco’s modified eagle medium
(DMEM) using a novel PBR system. We used the glucose
consumption rate (GCR) as an indirect method to estimate
cell growth and density in the AmProtein Current Perfusion
Bioreactor (ACPB) with proportional—integral—derivative
control of pH, dissolved O, (DO), agitation, and tempera-
ture. The influenza HIN1 viruses grew to high titers (peak
titer of 7.8x10” 50 % tissue culture infectious doses per
milliliter (TCIDso/mL)), suggesting that this ACPB-based
cell culture system is favorable for the production of influenza
vaccines in MDCK cells.

Materials and methods
Cell lines

Adherent MDCK cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA, CCL-34) and
grown at 37 °C in high-glucose DMEM (Gibco-12800-
082) supplemented with 5 % fetal bovine serum (FBS;
Min Hai Bioengineering, People’s Republic of China) and
3.7 g/L NaHCO; (Beijing Beihua Fine Chemicals Co., Ltd.,
People’s Republic of China).

Fig. 1 a Amprotein self-
rotating mini-bioreactor with
vessels. b Images of mini-
bioreactor vessels filled with
polymer fiber paper carriers
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Virus

The egg-adapted human influenza HIN1 strain (A/New
Caledonia/20/99) was passaged in MDCK cells containing
DMEM medium without serum supplemented with TPCK-
treated trypsin (T1426, Sigma, St. Louis, MO) three times
before use. Virus production was measured by titration and
expressed as viral hemagglutinin (HA) units or TCID5o/mL.
The seed virus stock was stored in 10-mL aliquots (6.5% 10’
TCIDso/mL) at —80 °C.

Roller bottle and T-flask cultures

Cell expansions were performed by recovering the frozen
stock from the liquid nitrogen cell bank and thawing the
cells directly into a T-75 flask (Corning, Lowell, MA) con-
taining DMEM with 5 % FBS. After 3 days, these cells were
subcultured in T-150 flasks (working volume of 50 mL).
Cultivation was carried out at 37 °C in a 5 % CO, incubator.
Roller bottle cultures (850 cm?) were inoculated with ap-
proximately 2.5x 10" cells and grown for 3 days in the same
medium. When fully confluent (1.0-1.2% 108 cells), the cells
were washed three times with phosphate buffered saline
(PBS) before addition of DMEM supplemented with
2.5 pg/mL TPCK-treated trypsin (T1426, Sigma). The tryp-
sin activity was stopped by addition of an equal volume of
DMEM with 5 % FBS. The cell suspension was used to
inoculate the ACPB culture.

Mini-bioreactor vessel experiments

The AmProtein self-rotating mini-bioreactor was packed
with 0.6 g of polymer fiber paper carriers for optimiza-
tion of growth conditions (Fig. 1). To study the relation-
ship between cell density and GCR, 14 mini-bioreactor
vessels were seeded with approximately 6x10° cells in
30-mL complete medium and incubated at 37 °C in a
5 % CO,. A stirring speed was maintained at 45 rpm.
Medium in the mini-bioreactor was exchanged daily
with fresh DMEM. Two mini-bioreactor vessels were

removed each day to determine the cell density and
glucose concentration.
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To determine the effect of different densities of MDCK
cells in the mini-bioreactors, four groups were seeded with
approximately 2x 10%,4x10°, 6x10° or 8x 10° cells in 30-mL
complete medium and incubated at 37 °C in a 5 % CO,
incubator. The medium in the mini-bioreactor was changed
daily with fresh DMEM. Each group of cells was set up in
duplicate, and the mean value was calculated. Samples were
taken from the mini-bioreactors at 12-h intervals during the
cell growth and virus production stages.

Optimization of infection parameters in mini-bioreactor
vessels

To determine effects of the inoculum and TPCK-treated tryp-
sin on influenza virus vaccine production from MDCK cells in
the mini-bioreactor vessels, eight groups were seeded with
approximately 2x10° cells in 30-mL complete medium. The
medium in the mini-bioreactor vessels was replaced daily with
fresh DMEM. After 5 days, the cells were washed three times
with 30 mL of PBS and resuspended in 30 mL of fresh
DMEM. In one set of cells, the medium was supplemented
with 2.5 pg/mL TPCK-treated trypsin and inoculated with A/
New Caledonia/20/99 at four different multiplicities of infec-
tion (MOI=0.5, 0.1, 0.05, and 0.01). In another set of cells,
30 mL of fresh DMEM medium was inoculated with the virus
at one dose (MOI=0.05), while the concentration of TPCK-
treated trypsin varied (1, 2.5, 5, and 10 pg/mL) Each group of
cells was set up in duplicate, and the mean value was deter-
mined. Samples from the mini-bioreactor vessels were taken
at 24-h intervals during cell growth.

Fig. 2 a Amprotein Current a
Perfusion Bioreactor. b

Schematic illustration of the | 2
ACPB system. ¢ Disposable 5-
L plastic perfusion column (/ef?)
and disposable 10-L plastic
bioreactor bag with DO, pH,
and temperature probes (right)

Perfusion system

ACPB culture

The perfusion column of the ACPB was pre-filled with
150 g of single-use polymer fiber carriers (Fig. 2a). PBS
(20 mM, 6 L) was pumped through the sterile perfusion
column overnight. After replacing the PBS from the ACPB
with cell growth medium, cells (5x10® cells/L, 4 L total)
from roller bottles were added to a feed bottle, transferred
into the perfusion column, and incubated for 1 h without
rocking. The ACPB reactor was set to a temperature of 37 °C
with a rocking rate of 55 rpm, and the pH level was main-
tained at 7.4 by sparging CO, and addition of 7.5 % NaHCOs.
The circulation rate was 150 mL/min. Dissolved O, was
maintained at 40 % of air saturation by sparging air and N,.
An illustration of the ACPB is provided in Fig. 2b.

After 6 days of culture and before virus addition, the cell
growth medium was removed, and the ACPB was washed
three times with 4 L of PBS. Viruses (MOI=0.05) in 10 L of
fresh DMEM supplemented with 2.5 pg/mL TPCK-treated
trypsin were pumped into the reactor. For the virus infection
and propagation, bioreactor operating conditions were sim-
ilar to those during the growth of MDCK cells, except that
the temperature was maintained at 34 °C.

Sampling and analytics
Samples from the ACPB bioreactor were taken at 12-h
intervals during cell growth and the virus production step. Cell

concentrations and viability in roller bottles and T-flasks were
measured using the Trypan Blue dye exclusion method with a

C

—

Current bioreactor Control system
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hemacytometer. Cell concentrations in the mini-bioreactor ves-
sels and ACPB were measured using crystal violet staining.
Glucose concentrations were determined using an YSI 7100
Biochemistry Analyzer (YSI Incorporated Life Sciences,
USA). HA titrations were conducted in 96-well microplates
using turkey red blood cells according to standard procedures
(WHO 2002). Virus infectious titers were determined as
TCIDso in MDCK cells (WHO 2002).

Results
Cell expansion and preparation for ACPB cell inoculation

To evaluate their stability, MDCK cells were cultured over
20 passages in 75 cm? flasks. The cell concentrations and
doubling times were similar over these passages (data not
shown). A seed train process was developed using different
sized T-flasks and roller bottles (Table 1). This process
ensures the number of cells seeded actually exceeded that
required for efficient expansion.

Determination of GCR in mini-bioreactor vessels

AmProtein (Hangzhou, China) has developed a small
disposable (plastic) rolling bioreactor system to evaluate
the culture parameters before scaling up to the ACPB
system based on polymer fiber paper carriers. Because
the culture volume of the mini-bioreactor (30 mL) was
relatively small, MDCK cells consumed nutrients quickly
and required frequent replacement of culture supple-
ments. Based on our experience, daily replacement of
one volume of the culture medium for MDCK cells in
the growth phase was required in order to maintain the
residual glucose level above 5.5 mM.

The GCR of the MDCK cell culture in the mini-bioreac-
tor vessels was determined daily based on the residual
glucose concentration and the incoming fresh medium glu-
cose concentration, which expressed in mM of glucose
consumed per day and per gram of polymer fiber paper
carriers (mMg 'day '). Profiles of the cell growth and

Table 1 Seed train process was developed with the combined use of
different sized T-flasks and roller bottles

Culture vessel Total cells Seeded Day of
vessels culture

Vial - T75 1.08x107 4

T75 - T150 7.8%107 4 3

T150 - Roller bottle 4.1x10% 4 3

Roller bottle - Roller bottle 2.0x10° 20 3

RB - ACPB 3.2x10'" 1 6

@ Springer

GCRs in the mini-bioreactor culture vessels of MDCK cells
are shown in Fig. 3a. Cell growth was directly related to the
GCR. In our experiments, we determined by direct cell
counts from a number of cultures that approximately 1x
10® cells corresponded to a GCR of 1.48 mMg 'day ' with
polymer fiber paper carriers. At 6 days after seeding, the
total cell number increased more than tenfold from 1x107 to
1.2x10° cells.

In comparing the effects of different cell seeding densi-
ties in the mini-bioreactor vessels, no influence on the
maximum GCR was observed (Fig. 3b). The same maxi-
mum GCR was reached in all the mini-bioreactors although
at different time points. The seeding density of 8x10° cells
per 0.6 g of polyester disks was considered most appropriate
for the culture time.

Optimization of infection parameters in mini-bioreactor
vessels

To optimize influenza virus yields, effects of trypsin and
inoculation dose (MOI from 0.01 up to 0.5) in the mini-
bioreactor were investigated (Fig. 4a). When MDCK cells
were infected at a high MOI of 0.5 in the mini-bioreactor
vessel, viruses in the culture medium could still be detected
by the HA assay after infection. By comparison, when the
MDCK cells were infected at the MOI of 0.1 or lower, no
virus could be detected at the same time. With the initial MOI
0f 0.5, an increase in the virus titer was observed for only 12 h
postinoculation, while the HA titer remained at 128 HA units/
100 pL. The same trend was observed at the MOI of 0.1,
which also resulted in a low titer (256 HA/100 ul). Higher
virus titers of 512 and 384 HA units/100 uL were achieved for
the lower MOI of 0.05 and 0.01, respectively.

The concentration of trypsin had a significant effect on
virus titer (Fig. 4b). Without trypsin, the virus titer was
undetectable in the culture medium, even 4 days postinfec-
tion. When trypsin was added to the MDCK cells at the
concentration of 5 pg/mL, a low virus titer of 256 HA units/
100 pL was reached. For the higher trypsin concentrations
of 1 and 2.5 pg/mL, the virus titer was similar at 512 HA
units/100 uL. Consequently, the MOI of 0.05 corresponding
to the highest virus titer achieved with the trypsin concen-
tration of 2.5 pg/mL was used for virus expansion in the
ACPB.

ACPB culture

MDCK cells from roller bottles were seeded in the first ACPB
cell culture run (ACPB-1) at 5x10® cells/L (4 L). During the
first hour, cells were maintained under quiescent conditions to
allow attachment. Circulation was initiated at a flow rate of
100 mL/min and then increased stepwise to 200 and 300 mL/
min in 30-min intervals. These experiments showed that about
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Fig. 3 Profiles of cell growth and GCR in the mini-bioreactor vessel
culture of MDCK cells. a Cell density (white square) is expressed in
cell counts per gram of polymer fiber paper carriers, and GCR (black
square) is expressed in mM of glucose consumed per day and per

95 % of the seed cells attached during the 1-h quiescent period
in the ACPB. During the subsequent propagation phase, the
circulation was at a flow rate of 400 mL/min. The GCR profiles
in the ACPB cultures of MDCK cells are given in Fig. 5a. The
perfusion was started at 48 h when the glucose decreased to
6 mM, and daily replacement of 50 % of the MDCK culture
medium in the growth phase was required in order to maintain
the glucose level above 5.5 mM. The final cell density of 2.2 x
10%/g (150 g) was estimated from the specific GCR at 120 h. By
crystal violet staining of fiber carriers taken from the ACPB, the
total number of MDCK cells was determined to be 3.2x10'°.
The cell densities obtained by these two different methods were
similar. Furthermore, our analysis of the cell density at different
positions suggested a stable and even distribution pattern
throughout the perfusion column (Fig. 5b).
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Fig. 4 Optimization of the infection parameters in mini-bioreactor
vessels. a Influence of different MOI on virus yield in the mini-
bioreactor vessels: MOI 0.01(white), 0.05 (light gray), 0.1 (gray), 0.5
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grams of polymer fiber paper carriers. b GCR levels for different
seeding cell densities in the mini-bioreactor vessels: 2 x 10° cells
(black square), 4 x 10° cells (white triangle), 6 x 10° cells (white
square), 8 x 10° cells (black triangle)

In the next run (ACPB-2), the influence of harvest
time on the virus titer in the ACPB was evaluated every
12 h during the infection period (Fig. 6a). Virus titers
could be quantified by HA assays after a delay of 24 h
after infection. The maximum virus yield of 512 HA
units/100 pL was reached at 2 days postinfection and
remained stable. Meanwhile, the TCIDs, value of 7.3 x
107/mL was reached at 96 h. To test the reproducibility
of the HA titer and TCIDs, in the ACPB, additional
runs were carried out in the same culture conditions and
infection parameters. At 3 days postinoculation, the
maximum HA titers of 768 and 512 and TCIDs, values
of 7.8x107 and 6.7x107/mL were reached in the sub-
sequent experimental runs ACPB-3 and ACPB-4, re-
spectively (Fig. 6b).
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(black). b Influence of different trypsin concentrations (0, 1, 2.5, 5, 10
pg/ml) on virus yield in the mini-bioreactor vessels
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Fig. 5 a Profiles of GCR in the ACPB-1 culture of MDCK cells. b Distribution of cell density in 5-L cell column filled with 150 g of polymer fiber

paper carriers in the ACPB-1 culture of MDCK cells

Discussion

In this study, we developed a process for the production of
human influenza HIN1 virus vaccine based on the use of a
disposable PBR. Since cells in the PBR are immobilized
during culture and are not accessible for direct sampling/
counting, a reliable indirect method for estimating cell den-
sity in this system was developed. Normally, cell densities
can be estimated by the O, uptake rate (Dorresteijn et al.
1996; Eyer and Heinzle 1996; Fassnacht and Portner 1999),
GCR (Kaufman et al. 2000; Meuwly et al. 2006), glutamine
consumption (Yang and Butler 2000), and lactate production
rate (Cruz et al. 1999; Sun and Zhang 2003). In this study,
GCR was used as an indirect indicator to estimate cell
growth and density in the APCB. MDCK cells were first
cultured in mini-bioreactors to study the relationship be-
tween cell density and GCR. Crystal violet staining and
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counts with a hemacytometer were also used to determine
the final cell density in the mini-bioreactor. The results
obtained were consistent between the two different methods,
verifying the applicability of GCR in the estimation of cell
density and tracing cell growth in PBRs.

The trypsin concentration is a critical factor for efficient
production of influenza vaccines from MDCK cells. Trypsin
significantly enhances the infectivity of influenza virus by
cleaving HA into the HA1 and HA2 subunits, which is a
necessary step in the initial viral entry process. MDCK and
Vero cells have been found to release protease inhibitors
into the cell culture medium, which can affect the activity
of trypsin (Kaverin and Webster 1995). In our study, no
influenza particles were detected in the culture medium
even after 3 days without trypsin. Since an excess of
trypsin in the virus production medium can result in cell
detachment, it is important to determine the appropriate
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Fig. 6 HA titer and GCR in the ACPB at different time points in ACPB-2. a, ACPB-3 (black square) and ACPB-4 (black triangle). b cultures of

MDCK cells
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concentration. We found that the addition of 2.5 pg/mL
trypsin to the mini-bioreactor culture had a significant
enhancing effect on the production of influenza virus within
3 days.

The inoculum can influence virus growth characteristics
and is another important factor for efficient production of
influenza vaccines from MDCK cells (Schulze-Horsel et al.
2009). Infection of cells at an excessively high MOI would
increase the proportion of empty or noninfectious virus
particles, while an MOI that is too low would decrease virus
production. In this study, the MOI of 0.05 corresponding to
the maximum virus yield achieved in the mini-bioreactor
vessels was selected to be used with a trypsin concentration
of 2.5 pg/mL in the ACPB cultures.

PBRs for the cultivation of immobilized mammalian cells
have been widely used for many years (Golmakany et al. 2005;
Meuwly et al. 2004; Kaufman et al. 2000). Carriers constructed
of nonwoven polyester and polypropylene screens, spheres or
other shapes of ceramic, and glass fibers have been considered
suitable packing materials. Bioreactor manufacturers have de-
veloped commercial PBRs that can accommodate many dif-
ferent types of carriers. The CelliGen® bioreactor (New
Brunswick Scientific, USA) was primarily developed for use
in combination with Fibra-Cel® polyester disk carriers and has
been scaled-up from 0.7 to 40 L of packed-bed volume. The
TideCell® bioreactors (CESCO Bioengineering Co. Ltd, Tai-
wan) have also been developed with internal PBRs with
BioNOC II® polyester strips carriers in a 10-50 L volume.
Among these carriers, the Fibra-Cel® is quite popular for the
manufacture of monoclonal antibodies and vaccines. The
CelliGen® bioreactor is packed with 6-mm diameter Fibra-
Cel® disks (composed of nonwoven polyester fiber and poly-
propylene) within a basket inside the bioreactor vessels. The
mixing of cells in the culture is performed by an impellor,
while the oxygen transfer is conducted through air-sparging at
the bottom of the vessel. Unfortunately, a major drawback of
such PBR systems is their relatively small volume, which is
not practical for industrial applications such as manufacturing
of vaccines.

While most commercial PBRs have internal configura-
tions, the ACPB (AP20C) has an external recirculation
system for the culture medium, which includes a bioreactor
bag and perfusion column with working volumes of 10 and
5 L, respectively (Fig. 2c). This perfusion column consists
of a plastic bag filled with a paper carrier for culturing high-
density adherent cells. The paper carrier is constructed from
polymer fibers and shaped into a nonwoven material
designed with a shape, thickness, and density suitable for
cell attachment and growth as well as medium circulation
and perfusion. The bioreactor bag is filled with medium and
then placed on the shaking platform. A system controller is
configured to monitor and control the DO level, pH level,

and temperature of the culture medium inside the bioreactor
bag. The system controller can also adjust the rate of the
rotor and the speed of the pump to achieve the desired cell
culture conditions.

The ACPB based on a non-sparging O, transfer method
is used as a DO generator to culture immobilized cells in a
perfusion column filled with a nonwoven polymer fiber
carrier. During the cell culture, mixed gas is continually
passed through the headspace utilizing the sterilizing filters
provided on the bioreactor bag. The gentle shaking motion
of the bioreactor bag provides a bubble-free oxygenated
culture medium which flows into an inlet of the perfusion
column by a peristaltic pump, passes through the paper
carrier to which MDCK cells are attached, and exits at an
outlet of the perfusion column to the inlet of the bioreactor
bag for recirculation through the system. The shaking rate
and gas flow are optimized by the system controller to
provide an oxygenated culture medium for high-density cell
culture in the perfusion column without excessive foaming
or shear damage. Meanwhile, using serum-containing
DMEM in microcarrier cultivations for influenza production
requires time-consuming steps for washing and medium
exchange. Compared with cell suspension perfusion culture
using an expensive hollow fiber column, perfusion culture
in the ACPB is much more affordable and scalable. Al-
though using serum-free medium can eliminate the need
for washing cells before infection, cell growth is generally
not as robust as that in serum-containing medium. Com-
pared with microcarrier cultures, using serum-containing
DMEM for the production of influenza vaccine in the ACPB
has definite advantages in terms of the reduced cost and
need for cleaning/validation.

In the ACPB, the bioreactor bag and perfusion column
are constructed with pre-sterilized plastic. This design elim-
inates the need for cleaning, sterilization and associated
validation, and, thus, shortens the implementation time to
conform to good manufacturing practices (GMP). The gam-
ma radiation-sterilized ACPB reduces the risk of contami-
nation due to equipment malfunction or operator error
typical of traditional bioreactors such as stirred tanks, spin-
ners, and hollow-fiber systems. Once a cultivation cycle is
completed, the culture is harvested, and a new ACPB can
immediately replace the discarded one on the shaking plat-
form, which will greatly improve the capacity of vaccine
production. By changing different specifications, the ACPB
can easily be scaled up to 300 L with a larger perfusion
column and bioreactor bag.

In summary, a process for using serum-containing
DMEM for the production of influenza vaccine in the ACPB
is presented. The mini-bioreactor was used to study the
relationship between cell density and GCR and to optimize
the parameters for production of influenza HIN1 virus (A/
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New Caledonia/20/99). After optimization, the total cell
number was found to increase from 2.0x10° to 3.2x10'°
cells after 6 days in the ACPB, and the maximum virus titers
of 768 HA units/100 puL and 107-* TCIDso/mL were
obtained 3 days after influenza infection at an MOI of
0.05. Consequently, we conclude that the disposable ACPB,
with a disposable design that can reduce the need for clean-
ing/validation as well as the time for implementation in the
GMP environment, may be a suitable bioreactor system for
industrial manufacturing of influenza vaccines.
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