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Abstract
Similar to the recent COVID-19 pandemic, influenza A virus poses a constant threat to the global community. For the treatment
of flu disease, both antivirals and vaccines are available with vaccines the most effective and safest approach. In order to
overcome limitations in egg-based vaccine manufacturing, cell culture–based processes have been established. While this
production method avoids egg-associated risks in face of pandemics, process intensification using animal suspension cells in
high cell density perfusion cultures should allow to further increase manufacturing capacities worldwide. In this work, we
demonstrate the development of a perfusion process using Madin-Darby canine kidney (MDCK) suspension cells for influenza
A (H1N1) virus production from scale-down shake flask cultivations to laboratory scale stirred tank bioreactors. Shake flask
cultivations using semi-perfusion mode enabled high-yield virus harvests (4.25 log10(HAU/100 μL)) from MDCK cells grown
up to 41 × 106 cells/mL. Scale-up to bioreactors with an alternating tangential flow (ATF) perfusion system required optimization
of pH control and implementation of a temperature shift during the infection phase. Use of a capacitance probe for on-line
perfusion control allowed to minimize medium consumption. This contributed to a better process control and a more economical
performance while maintaining a maximum virus titer of 4.37 log10(HAU/100 μL) and an infectious virus titer of 1.83 × 1010

virions/mL. Overall, this study clearly demonstrates recent advances in cell culture–based perfusion processes for next-
generation high-yield influenza vaccine manufacturing for pandemic preparedness.

Key points
• First MDCK suspension cell–based perfusion process for IAV produciton was established.
• “Cell density effect” was overcome and process was intensified by reduction of medium use and automated process control.
• The process achieved cell density over 40 × 106 cells/mL and virus yield over 4.37 log10(HAU/100 μL).
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Introduction

The current pandemic of coronavirus disease (COVID-19) has
spread to over 200 countries and territories and poses a severe
public health emergency (Hoffmann et al. 2020). Similarly,
the rise of influenza A virus (IAV) epidemics in both northern
and southern hemisphere poses an unpredictable threat to the
human health and a severe challenge for the global economy
(Fauci 2006; Yamayoshi and Kawaoka 2019). Compared to
the coronavirus pandemic with no vaccines available at time
of emergency, for influenza virus, vaccination that remains the
safest and most effective approach to prevent IAV infection
and spread is available (Lambert and Fauci 2010). Concerning
millions of people at risk, fast and high-yield production of
vaccines should be the focus of the pharmaceutical industry to
prevent the next emerging virus threat.
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With the current manufacturing capacity of the traditional
egg-based production platform, about 1.5 billion seasonal in-
fluenza doses were estimated to be produced in 2015 for the
entire world population (McLean et al. 2016). However, in the
event of an IAV pandemic emergency, even this might be
insufficient to meet the global demand in a short time period
due to the lack of egg supply and manufacturing facilities. In
addition, process yields might be too low, i.e., for avian influ-
enza virus strains that do not replicate to high titers in eggs.
Furthermore, vaccines might be less effective due to antigenic
changes after virus propagation in eggs. Today, animal cell
culture–based production technologies have become a viable
alternative to embryonated chicken eggs for inactivated influ-
enza vaccines. Various cell lines, including HEK293,
AGE1.CR, PER.C6, Vero, and MDCK, have shown their po-
tential as the substrate for IAV propagation to increase overall
manufacturing capacity and efficiency (Genzel and Reichl
2009; Hu et al. 2011; Kistner et al. 1999). Among these,
MDCK cells show a superior productivity and applicability,
and various MDCK cell–derived influenza vaccines regarding
Flucelvax®/Optaflu® (Seqirus/Novartis) and SKYCellflu®
(SK chemicals) have already been certified (Genzel and
Reichl 2009; Sun et al. 2011). In view of the relatively com-
plicated cultivation of adherent MDCK cells, single MDCK
suspension cells that grow with short doubling time in serum-
free medium and that have a high virus productivity have been
developed, thanks to successful directed medium develop-
ment (Bissinger et al. 2019; Huang et al. 2015; Xie et al.
2019).

Cell culture–based processes for virus production comprise
two phases, the cell amplification phase followed by the virus
propagation phase. To achieve high virus yields, critical fac-
tors such as the viable cell concentration, the preparation of
seed virus with an optimized multiplicity of infection (MOI),
and harvest timing should be evaluated (Tapia et al. 2016).
Considering this, intensified and high cell density (HCD) pro-
cesses with concentrations above 20 × 106 cells/mL are ap-
plied by increasing the cell concentration either by fed-batch
or perfusion strategies. As applied for antibody production
processes, perfusion cultures allow to increase the productiv-
ity, reduce process costs, and minimize the impact of unde-
sired byproducts as well as osmolality (Konstantinov et al.
2006; Rodriguez et al. 2010; Sandberg et al. 2006; Walther
et al. 2015). Most of the equipment required is even available
for single-use operation. Furthermore, it is also needed for a
fast response in case of an influenza pandemic.

Cell retention devices play an important part in the perfu-
sion culture. The alternating tangential flow (ATF) filtration
has emerged as one of most commonly used strategies for
process intensification for virus production at laboratory scale.
A wide range of cell lines targeting very high cell concentra-
tions (up to 180 × 106 cells/mL) have been evaluated with this
technology for the production of various virus types, such as

IAV, Modified Vaccina Ankara (MVA) virus, yellow fever
virus, and Zika virus. (Bissinger et al. 2019; Coronel et al.
2019; Granicher et al. 2019; Nikolay et al. 2018; Vazquez-
Ramirez et al. 2019). In ATF-based perfusion cultures with
continuous feeding of fresh medium and withdrawal of spent
medium, proper control strategies need to be selected to en-
sure continuous nutrient supply for the cultivated cells.
Furthermore, in the infection phase of HCD processes, opti-
mal operating conditions have to be selected for virus propa-
gation to overcome the so-called “cell density effect”—a re-
duction of cell-specific virus yield (CSVY) (Henry et al. 2004;
Maranga et al. 2003). For process monitoring and control, the
use of capacitance probes proved to be a good strategy for
recombinant protein and viral vaccine production (Ansorge
et al. 2007; Carvell and Dowd 2006; Emma and Kamen
2013; Kiss and Németh 2016). With the aim of increasing
virus productivity, process conditions have been optimized
at HCD for IAV virus production processes using various cell
lines (Coronel et al. 2019; Genzel et al. 2014; Nikolay et al.
2018; Vazquez-Ramirez et al. 2019). Nevertherless, obtained
CSVYswere still rather low, and did not contribute to the high
virus titers achieved in these processes. However, a MDCK
suspension cell line cultivated in chemically defined medium
(CDM) and that showed superior cell growth performance and
high CSVY compared to other MDCK cells (Bissinger et al.,
submitted) suggested the great potential for further process
intensification and high-yield production.

In this study, we present an optimized ATF-based perfu-
sion process for IAV production using this newly established
and highly productive MDCK suspension cell line grown in
CDM. First, shake flask (SF) experiments were performed as a
scale-down model to investigate the cell growth and virus
production at HCD. In a next step, the process was transferred
to laboratory scale bioreactors and optimized regarding pH
control and temperature regime to increase virus productivity.
Finally, a high-yield perfusion process with a low cell-specific
perfusion rate (CSPR) and the use of a capacitance probe for
perfusion rate control was evaluated. Results clearly demon-
strate that the established perfusion process is well suited for
fast and efficient influenza vaccine manufacturing in animal
cells, particularly in the case of pandemic emergency.

Materials and methods

Cell line and cell culture

The MDCK suspension cell line was obtained by adapting a
formerly established suspension cell line (originally from ad-
herent cells (NBL-2, ATCC CCL-34) that grow in serum-free
medium (Xeno-SFM; Bioengine, China)) to growth in a new-
ly developed CDM (Xeno-CDM1; Bioengine, China) in four
passages (Huang et al. 2015). MDCK cells were cultivated in
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non-baffled polycarbonate Erlenmeyer shake flasks
(Corning®, Corning, USA) in an orbital shaking incubator
(Infors HT, Switzerland) at 37 °C, 5% CO2 atmosphere, with
a shaking frequency of 100 rpm. For further experiments in
bioreactors, this new MDCK cell line was further adapted
over two passages to grow in an updated version of Xeno-
CDM1 with the superior buffer capacity, here named Xeno-
CDM2.

Cell concentration, viability, and diameter were measured
by a cell counter with trypan blue staining (Vi-CELL XR,
Beckman Coulter, USA). Glucose, glutamine, lactate, and am-
monium were determined by a Bioprofile 100 plus (Nova
medical, USA) with external standards. Culture osmolality
was measured by an osmometer (VAPRO® 5520, Wescor,
USA). Amino acid concentration was determined using an
Acquity H-Class UPLC instrument (Waters, USA).

Virus infection

The virus strain influenza A/PR/8/34 H1N1 (Robert Koch
Institute, Germany, Amp. 3138) (here IAV for short) derived
from adherentMDCK cells (ECACC, Public Health, UK) was
used for adaptation to the MDCK suspension cell line in
Xeno-CDM1 over five passages with a MOI of 10−5. After
adaptation, the infectious titer of the final seed virus was 1.8 ×
109 virions/mL.

Trypsin (Gibco, USA, #27250-018, prepared in PBS to
5000 U/mL) was supplemented to the cultivation as well as
to the perfusion medium for the complete infection phase to a
final trypsin activity of 20 U/mL. All the infections in shake
flasks were performed with the replacement of the spent me-
dium at the time of infection (TOI). All the infections in bio-
reactors were conducted after partial medium replacement by
increasing the pump rate to 150 mL/h for 2 h. Diluted IAV
seed virus was added with a MOI of 0.001.

Semi-perfusion cultures in shake flasks

Semi-perfusion studies were carried out with a CSPR-based
strategy to achieve high cell densities in shake flasks (n = 2).
In order to mimic the perfusion process in bioreactors, the
medium volume exchanged (VE) in SFs followed Eq. (1) de-
rived from continuous perfusion process strategies:

VE ¼ eμΔt−1ð Þ xi
μ

Vw CSPR ð1Þ

Δt time interval between two sampling points (h)
μ cell-specific growth rate (1/h)
xi viable cell concentration (cells/mL)
Vw working volume (mL)
CSPR cell-specific perfusion rate (pL/cell/h)

MDCK cells were cultivated in baffled SFs and medium
exchange was started at 48 h. For each perfusion step, the
medium volume to be exchanged was calculated based on
the increasing cell concentration. Later, the time interval for
the medium exchange was shortened and the exchange vol-
ume was fixed to 60–70% Vw to achieve a constant CSPR. At
each perfusion step, the calculated volume (or 60–70% Vw) of
the culture was centrifuged (300×g, 10 min) and the superna-
tant was discarded. Subsequently, the cell pellet was resus-
pended with fresh and pre-warmed medium.

Perfusion cultures in bioreactors

For the perfusion processes (ATF1-ATF5 run), an ATF2 sys-
tem with the C24U-v2 controller (Repligen, USA) was used.
Therefore, a 1 L DASGIP® bioreactor (Eppendorf, Germany)
(500 mL Vw) was connected to an ATF unit (hollow-fiber
module, 0.2 μm pore size, 470 cm2, Spectrum Labs, USA).
Aeration was realized by a micro- (ATF1) or macrosparger
(ATF2–5) with air-O2 mixture to a dissolved oxygen (DO) set
point of 40%. The pH value was controlled by sparging CO2

and 7.5% NaHCO3 addition (for the ATF1 run 1 M NaOH
was used). pH values of 7.00 or 7.15 were used for the cell
growth phase and 7.20 for the virus infection phase. Cells
were grown and perfused in Xeno-CDM1 (ATF1) or Xeno-
CDM2 (ATF2–5). After 48–65-h batch cultivation, the perfu-
sion unit was started by using the diaphragm pump of the ATF
system. The flow rate in the hollow fiber was set at 0.7–1.0 L/
min. Meanwhile, feed and harvest pumps were started. While
the temperature in the cell growth phase was set to 37 °C, it
was decreased to 33 °C at TOI starting with the ATF3 run;
afterwards this strategy was applied to all subsequent bioreac-
tor runs.

In the ATF5 run, a capacitance probe (Incyte, Hamilton,
Switzerland) was used for on-line monitoring of the viable cell
concentration for the perfusion rate control. The capacitance
probe was connected to an Arc View controller 265
(Hamilton, Switzerland) for recording and plotting permittiv-
ity measurements. The on-line measured permittivity can be
correlated to the viable cell concentration (VCC). Based on a
linear regression, the slope between the permittivity signal and
VCC was determined as “cell factor” to correct the controller.
For the perfusion rate control, the output signal was transmit-
ted through a ComBox (Hamilton, Switzerland) to the
DASware® control software (Eppendorf, Germany). By
converting the output signal to the perfusion rate, the software
controlled the peristaltic pumps to adjust the medium feed.
Based on the constant measurement of the vessel mass, the
feed pump rate was synchronized to the permeate pump rate
by the DASware® control software to preserve a constant Vw.

With a constant CSPR of 60 or 40 pL/cell/day, the perfu-
sion rate (Q, mL/h) was calculated according to Eq. (2) and
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controlled or adjusted manually in all runs after the perfusion
was started.

Q ¼ xi eμΔt Vw CSPR ð2Þ

Virus quantification

The total amount of IAV particles was determined with the
hemagglutination assay with a standard deviation of 0.081
log10(HAU/100 μL) (Kalbfuss et al. 2008). To quantify the
concentrations of infectious virus particles, a TCID50 assay
was used with a dilution error equal to ± 0.3 log10(infectious
virions/mL) as described previously by Genzel and Reichl
(Genzel and Reichl 2007). Due to the multiple harvesting of
virus particles during the medium replacement for the semi-
perfusion and the continuous removal of virus particles from
the bioreactor to the permeate through the ATF membrane for
the bioreactor runs, an accumulated HA titer (HAacc,
log10(HAU/100 μL)) and TCID50 titer (TCID50,acc, virions/
mL) were determined (Eqs. (3) and (4)). These values repre-
sent the theoretical virus titers in the cultivation vessel without
any transfer of viruses to the permeate.

HAacc ¼ log10
∑ 10HAv � Vw þ 10HAh � Vh

� �

Vw
ð3Þ

TCID50; acc ¼
∑ TCID50;BR � Vw þ TCID50;h � Vh

� �

Vw
ð4Þ

HAv HA titer in the SF or the bioreactor vessel,
log10(HAU/100 μL);

HAh HA titer in SF experiments or average HA titer
in bioreactor runs in each harvest step,
log10(HAU/100 μL);

TCID50,BR TCID50 titer in the SF or the bioreactor vessel,
virions/mL.

TCID50,hTCID50 titer in SF experiments or average
TCID50 titer in bioreactor runs in each harvest step, virions/
mL.

The total number of virus particles per volume (Ctot, vi-
rions/mL) was calculated by multiplying the virus titer and
erythrocyte concentration as given by Eq. (5). The cell-
specific virus yield (CSVY, virions/cell), space time virus
yield (STVY, virions/L/day), and volumetric virus productiv-
ity (Pv, virions/L/day) based on HA titer were calculated as
given by Eqs. (6), (7), and (8). Based on the standard deviation
of the HA assay, the error of Ctot, CSVY, STVY, and Pv

equals to 20.5% for the upper value and 17.0% for the lower
value.

Ctot ¼ 2� 107 � 10HAacc ð5Þ

CSVY ¼ Ctot;max

X v;max
ð6Þ

STVY ¼ Ctot;max

th
ð7Þ

Pv ¼ Ctot;max � Vw

Vh � th
ð8Þ

Xv,

max

maximum viable cell concentration at the time point
of highest virus titer, cells/mL.

Ctot,

max

maximum total virus concentration, virions/mL.

th total time from cell culture start until potential
harvest time point, day.

Vh total medium volume spent from cell culture start
until potential harvest time point, mL.

Results

Influenza A virus production at HCD in shake flasks

In a study performed in parallel, a highly efficient batch pro-
cess for H1N1 influenza A virus production with the same
MDCK suspension cell line and cultivation medium (Xeno-
CDM1) was establisehd (Bissinger et al., submitted). Viable
cell concentrations up to 7 × 106 cells/mL in the infection
phase resulted in high virus titers of up to 3.60 log10(HAU/
100μL) (data not shown). As a starting point to investigate the
potential of this MDCK suspension cell line for further pro-
cess intensification, HCD cultivations in SFs were conducted.

Therefore, a CSPR-based strategy for “perfusion rate” con-
trol was implemented for the cultivation ofMDCK suspension
cells in semi-perfusion mode. A CSPR of 60 pL/cell/day was
applied based on previous investigations (Bissinger et al.
2019). To calculate the volume of medium to be exchanged
with each harvest step, a constant specific growth rate of
0.027 h−1 was assumed. With this feeding strategy, cell con-
centrations up to 40 × 106 cells/mL were achieved over 5 days
despite a reduction of the actual growth rate from 0.037 to
0.016 h−1 before infection (Fig. 1a). Cells continued to grow
after seed virus addition in SFs and a maximum cell concen-
tration (47 × 106 cells/mL) was reached at 18 h post infection
(hpi) with the onset of virus accumulation. The virus titer
started to decrease after reaching 4 log10(HAU/100 μL) due
to the virus revomal at each harvest step (Fig. 1c). The HAacc

was calculated to estimate the overall virus yield to compare
the batch, semi-perfusion, and perfusion processes. As expect-
ed, virus titers increased rapidly and reached a plateau at 4.25
log10(HAU/100 μL) at 40 hpi, which corresponds to a total
virus concentration of 3.6 × 1011 virions/mL (Fig. 1d). This
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represents a 4.5-fold increase compared to the batch cultiva-
tion (Table 3). Due to the manual addition of medium in semi-
perfusion mode (based on the CSPR-based feeding strategy),
a stepped RV/day profile was obtained (Fig. 1b). The com-
plete media replacement at TOI resulted in a peak of the “per-
fusion rate” of 4.8 RV/day.

The multiple medium exchange steps resulted in a saw-
toothed profile of the concentrations of the main extracellular
metabolites. Overall, the measured metabolite concentrations
(Fig. 1e and f) and the specific consumption rates (data not
shown) were stable, despite increasing cell concentrations,
indicating that the cells were in a “similar” physiological states
(Konstantinov et al. 2006). The measured concentrations of
extracellular glucose and lactate did not indicate any limita-
tions over the whole cultivation; the minimum glucose con-
centration was above 10 mM, while the maximum lactate
concentration did not exceed 35 mM. Accordingly, the de-
crease in the specific growth rate seemed not to be caused
by a limitation of main substrates or toxic by-product accu-
mulation, but by some other critical medium components that
were not measured. After infection, a notable increase in

lactate and ammonium production was observed, which could
have a potential negative impact on the virus yield.

In summary, the growth to concentrations up to 47 × 106

cells/mL with a maximum virus titer of 4.25 log10(HAU/
100 μL) was achieved in SFs in semi-perfusion mode for
HCD cultivation in Xeno-CDM1. Based on this result, the
establishment of a fully controlled perfusion processes in a
bioreactor seemed promising.

Process optimization in bioreactors at HCD

As a starting point, the first bioreactor run (ATF1) was
carried out with operating conditions mimicking as close-
ly as possible the perfusion strategy, the target cell con-
centration for infection, and the infection strategy of SF
cultivations. For process optimization, additional cultiva-
tions were carried out (ATF2 and ATF3). In particular,
the pH control was optimized both for growth and infec-
tion phase (ATF2), and temperature during infection
phase was lowered (ATF3) (Table 1).

Fig. 1 MDCK suspension cell
cultivation in shake flasks for
IAV production at high cell
density. (a) Viable cell
concentration and viability, (b)
perfusion rate, (c) HA titer in the
culture vessel, (d) HAacc titer of
multiple harvests, (e) glucose
(Glc) and lactate (Lac)
concentration, and (f) glutamine
(Gln) and ammonium (Amm)
concentration. Medium exchange
was initiated 48 h after
inoculation. Vertical dashed lines
indicate time of infection. The
error bars represent the standard
deviation of duplicate
experiments
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In the initial perfusion cultivation (ATF1), the cell concen-
tration reached 41 × 106 cells/mL in the cell growth phase.
However, compared to the SF cultivations, a lower specific
growth rate and a reduced cell viability (below 90%) were
observed (Fig. 2a). Operating the ATF recirculation loopwith-
out feeding and harvesting (no perfusion flow) at a low cell
concentration (2 × 106 cells/mL), we observed a negative im-
pact on cell growth (data not shown). Initiating the ATF per-
fusion mode later (48 h to 65 h) improved growth rate and
viability. Furthermore, pH control failed with the cell concen-
tration exceeding 35 × 106 cells/mL. Accordingly, during the

late cell growth phase and the early infection phase, the pH
value dropped to 6.8. Base addition (1 M NaOH) during the
infection phase was not an option since this typically leads to
massive cell aggregation and a drop in viable cell concentra-
tion. Since the lactate level was stable during the perfusion,
the pH drop was likely caused by CO2 accumulation in the
culture. Nevertheless, a maximum HA titer of 3.92
log10(HAU/100 μL) (corresponding to 1.7 × 1011 virions/
mL) was achieved. The virus titer in the harvest vessel was
very low (0.81 log10(HAU/100 μL)) and was therefore
neglected (< 1% of HA in the bioreactor). However, a

Fig. 2 Process optimization for ATF-based bioreactor perfusion cultures
using MDCK suspension cells at high cell density. (a) Viable cell
concentration and viability, (b) perfusion rate, (c) cell-specific perfusion
rate (CSPR), (d) pH value, and (e) temperature. ATF1 (●), ATF2 ( ),

ATF3 ( ). Perfusion was initiated at 48–65 h after inoculation. Vertical
dashed lines indicate time of infection. Horizontal dashed lines indicate
set points of process parameters for all runs

Table 1 Process parameters of bioreactor runs ATF1 to ATF5

Parameter ATF1 ATF2 ATF3 ATF4 ATF5

pH ± deadbanda 7.00±0.02 (cell growth)
7.20±0.02 (virus

infection)

7.15±0.02 (cell growth)
7.20±0.02 (virus

infection)

7.15±0.02 (cell growth)
7.20±0.02 (virus

infection)

7.15±0.02 (cell growth)
7.20±0.02 (virus

infection)

7.15±0.02 (cell growth)
7.20±0.02 (virus

infection)

DO (%) 40 40 40 40 40

Temperature (°C) 37 (cell growth)
37 (virus infection)

37 (cell growth)
37 (virus infection)

37 (cell growth)
33 (virus infection)

37 (cell growth)
33 (virus infection)

37 (cell growth)
33 (virus infection)

Agitation (RPM) 100 100 100 100 100

Aeration Microsparger L-Macrosparger L-Macrosparger L-Macrosparger L-Macrosparger

Medium Xeno-CDM1 Xeno-CDM2 Xeno-CDM2 Xeno-CDM2 Xeno-CDM2

CSPR
(pL/cell/day)b

60 60 60 40 40 (on-line control)

DO, dissolved oxygen; CSPR, cell-specific perfusion rate; ATF, alternating tangential flow; MOI, multiplicity of infection; CDM, chemically defined
medium
a The values of pH ± deadband, DO%, temperature, agitation, CSPR, and ATF flow rate are the set points of the process
b For ATF1-ATF4, the CSPR was controlled manually
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reduction of CSVY to 4077 virions/cell at high cell concen-
tration was obtained compared to the batch (Table 3). Despite
the initial challenges in operating an ATF-based perfusion
process in a bioreactor, the SF scale-down model seemed to
be a good tool to evaluate the potential process performance
(Table 2). It is clear, however, that there are equally limitations
of the scale-down model regarding gas supply, pH, foam con-
trol, and ATF performance, to name a few.

As the virus stability and infectivity can be decreased under
slightly acidic conditions, the pH in the infection phase should be
controlled stably and at proper range (Jia et al. 2016). For a better
pH control in the infection phase, various process modifications
were tested in scouting experiments and implemented with the
ATF2 run. Firstly, instead of a microsparger, a L-macrosparger
was used to improveCO2 stripping and to reduce the risk of foam
formation. Still, the macrosparger was able to supply enough
oxygen to achieve MDCK cell concentrations of up to 60 × 106

cells/mL with a stable DO level at 40% (data not shown).
Furthermore, continuous base addition was tested to stabilize
pH at set points. However, both the addition of 1 M NaOH
and 0.25 M Na2CO3 led to massive cell aggregation and a de-
crease in the overall viable cell concentration. However, pH con-
trol using 7.5% NaHCO3 starting from the time of inoculation
was successful for the ATF2 run.Most likely, this was supported
by the use of an optimized medium (Xeno-CDM2) with a higher
NaHCO3 concentration to improve the medium buffer capacity.
To reduce the risk of an unwanted pCO2 increase, the pH setpoint
was increased to 7.15 in the cell growth phase. As a result, the pH
value was stable over the whole cell growth phase. During the
virus infection phase, the pH was controlled at 7.20 as before.
Compared to the virus yield in the ATF1 run, a slightly higher
virus titer of 4.12 log10(HAU/100 μL) (2.6 × 1011 virions/mL)

and CSVY of 5694 virions/cell were measured in the ATF2 run
(Fig. 3b).

The optimization of the pH control resulted in a better process
performance and a slight increase in HAacc, but the CSVY was
significantly lower compared to the batch process (10,476 vi-
rions/cell), which seemed to be a demonstration of a “cell density
effect” as described above. As an important process parameter,
the temperature may influence the cell behavior and virus repli-
cation (Nakamura et al. 2019). Thus, we compared the effect of
37 °C and 33 °C applied in the virus infection phase in HCD
cultivations on the cell growth, virus replication, and virus reten-
tion in a subsequent run (ATF3). Lower temperature in theATF3
run suppressed the cell growth in the early infection phase lead-
ing to a delay of 10 h for the peak cell concentration compared to
the ATF2 run (Fig. 2a). As expected, a delay of virus accumula-
tion under lower temperature condition (ATF3) was also ob-
served, but a HA titer (4.21 log10(HAU/100 μL)) similar to the
ATF2 runwasmeasured in the bioreactor (Fig. 3a). Interestingly,
a rather high HA titer (45% of the virus concentration in the
bioreactor) was found in the harvest vessel in this run, while only
very low titers were found in the harvest of the ATF1 and ATF2
runs (Fig. 3c). Thus, virus particles in the harvest were taken into
account for the evaluation of overall virus yield (Table 3).With a
HAacc of 4.37 log10(HAU/100 μL) (4.7 × 1011 virions/mL), the
overall virus yield of the ATF3 run was 1.8-fold higher than the
ATF2 run and 3-fold higher than theATF1 run, respectively. The
CSVY increased from 5694 virions/cell (ATF2) to 9229 virions/
cell. In addition, the STVY in the ATF3 run was 1.9-fold higher
than for the ATF2 run (Table 3). Overall, all these results sug-
gested a successful implementation of a temperature shift strate-
gy in the infection phase to impove the virus productivity and
overcome the “cell density effect.”

Optimized ATF perfusion process: manual versus
automated perfusion control

As a final step towards process optimization, two additional
bioreactor runs (ATF4 and ATF5) were carried out with a
lower CSPR and on-line perfusion control (Table 1).
Compared to the CSPR of 60 pL/cells/day used in previous
runs, a CSPR of 40 pL/cell/day was used in ATF4 and ATF5
runs to reduce the medium consumption. Furthermore, a ca-
pacitance probe was used in the ATF5 run for on-line moni-
toring of the viable cell concentration for perfusion rate con-
trol. With this set-up, no manual adjustments of the perfusion
pump were necessary.

For on-line monitoring, we correlated the on-line per-
mittivity signal with off-line cell counts (ATF5). As al-
ready seen for other cultivations at HCD using a capaci-
tance probe (Nikolay et al. 2018; Vazquez-Ramirez et al.
2019), the permittivity signal correlated well (R2 > 99%)
to the off-line viable cell concentration measurements dur-
ing the cell growth phase in HCD (> 40 × 106 cells/mL)

Table 2 Comparison of cell growth and virus production in shake flasks
(SFs) and bioreactor (ATF1)

SFs ATF1

VCC at TOI (×106 cells/mL) 44.4 40.8

Viability at TOI (%) 97.4 91.0

Virus titer (log10(HAU/100 μL))a 4.25 3.92

CSVY (virions/cell)b 7638 4077

CSPR (cell growth) (pL/cell/h)c 61.0 71.8

CSPR (virus production) (pL/cell/h)d 63.2 99.4

VCC, viable cell concentration; TOI, time of infection; HAU, hemagglu-
tination units; CSVY, cell-specific virus yield; CSPR, cell-specific perfu-
sion rate
a The accumulated titer obtained in the infection phase
b CSVY as defined by Eq. (6) in Section 2.5
c The average CSPR based on measurements from the time of inoculation
to the time of infection
d The averagel CSPR based on measurements from the time of infection
to the end of cultivation

1427Appl Microbiol Biotechnol (2021) 105:1421–1434



despite changes in the cell diameter (Fig. 4a). Thereby,
the perfusion rate could be controlled with the defined
CSPR in the cell growth phase. Similar cell factors for
the cell growth phase were obtained from other runs (data
not shown), which demonstrated the comparability be-
tween bioreactor runs. However, after the trypsin addition
at TOI, a decline in the permittivity signal was observed
and the corresponding on-line viable cell concentration
value was “recovering” to the actual value (off-line cell
count) only after approximately 12 h (Fig. 4c).
Furthermore, in the late infection phase, the background
noise of ViCell images was increased and measurements
were biased due to the increase of cell debris in the cul-
ture. All these led to a change of the cell factor to 0.50
(R2 = 0.80) in the infection phase compared to the cell
growth phase (cell factor = 0.91) (Fig. 4b).

The reduction of the CSPR to 40 pL/cell/day in both runs
enabled a high cell concentration to approximately 40 × 106

cells/mL with an increase of doubling time from 17 to 46 h
during the growth phase, which overall was comparable to the
CSPR 60 pL/cell/day runs (Fig. 5a). Cell diameters were slow-
ly decreasing from 15.3 to 13.4 μm during the perfusion be-
fore infection despite a decrease in osmolality in both runs
(Fig. 5b). Based on the higher buffer capacity of Xeno-
CDM2 and a reduction in base addition to control pH values,
the formation of cell aggregates in the cell growth phase was
largely avoided. After infection, high virus titers (30–35% of
the virus concentration in the bioreactors) were measured in
the harvest for both runs. Accordingly, similar accumulated
virus yields were obtained with the ATF4 run (HAacc = 4.42
log10(HAU/100 μL), C t o t = 5.3 × 1011 virions/mL,
TCID50,acc = 1.8 × 1010 virions/mL) compared to the ATF5

Fig. 3 Virus production of ATF1–3 using MDCK suspension cells at high
cell density. (a) Accumulated HA titer (solid circle) and total virus
concentration (open circle). (b) Virus retention (the ratio of virus particles

in the bioreactor to the total virus particles) by ATF membrane (black
columns) and cell-specific virus yield (white columns). ATF1 (●), ATF2
( ), ATF3 ( )

Table. 3 Comparison of MDCK cell–based IAV production for batch cultivations in STR and ATF-based perfusion cultivations in STR

Max. cell
concentration

Accumulated HA Total virus
concentration

Total infectious virus
concenntration

CSVY STVY Vol. productivity

106 cells/mL a Log10(HAU/100 μL)b 1011 virions/mLc 109 virions/mLd virions/cell 1013 virions/L/daye 1013 virions/L/dayf

Batch 7.6 3.60 0.8 2.7 10,476 1.6 1.93

ATF1 40.8 3.92 1.7 18 4077 2.1 0.20

ATF2 46.3 4.12 2.6 n.d. 5694 3.8 0.37

ATF3 50.8 4.37 4.7 15 9229 7.1 0.55

ATF4 45.0 4.42 5.3 18 11,690 8.0 1.02

ATF5 43.3 4.37 4.7 20 10,827 7.4 1.00

HA, hemagglutinin; TCID50, 50% tissue culture infective dose; CSVY, cell-specific virus yield; STVY, space time virus yield
a In the infection phase
bAccumulated HA of each run
c Total virus concentration of each run; calculated with Eq. (5) in Section 2.5
d Total infectious virus concentration of each run; calculated with Eq. (4) in Section 2.5
e STVY was calculated based on Eq. (7) shown in Section 2.5
f Vol. productivity was calculated based on Eq. (8) shown in Section 2.5
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run (HAacc = 4.37 log10(HAU/100 μL), Ctot = 4.7 × 1011 vi-
rions/mL, TCID50,acc = 2.0 × 1010 virions/mL) (Fig. 5c and d
and Table 3).

The manual adjustment of perfusion rates (ATF1-ATF4)
between the samplings resulted in a temporary overfeeding
and may have affected cell growth. The use of the capacitance
probe for perfusion rate control could result in a more stable
metabolic state as well as in a decrease in the volume of per-
fusion medium (Fig. 6). Indeed, due to more precise perfusion

rate control, a lower volume of perfusion medium (3.88 L, 7.8
RV) was required in the ATF5 run compared to the ATF4 run
(4.42 L, 8.8 RV) (Fig. 7a). Correspondingly, compared to the
ATF3 run with a higher CSPR, 32% (ATF5) and 23% (ATF4)
of the mediumwere saved. Overall, the ATF5 run represents a
5-fold increase in volumetric virus productivity than the initial
ATF1 run. Clearly, on-line biomass measurements enabled a
better control of the perfusion rate at the defined 40 pL/cell/
day for the ATF5 run (Fig. 7b).

Fig. 4 Use of a capacitance probe for monitoring viable cell
concentration (VCC) of a ATF bioreactor perfusion process for IAV
production (ATF5). Correlation of the off-line measured VCC to the
on-line monitored permittivity signal for (a) the cell growth phase and
(b) the virus infection phase. The slope of the regression line

corresponded to a cell factor of 0.91 in the cell growth phase and 0.50
in the infection phase. (c) Comparison of the estimated VCC ( ) and the
off-line measured cell count ( ). Off-line measurements represent the
mean of duplicate measurements. Arrow indicates the time of infection

Fig. 5 Cell growth and virus titers of the optimized perfusion processes
ATF4 and ATF5 for IAV production. (a) Viable cell concentration and
viability, (b) cell diameter (solid line) and culture osmolality (dashed
line), (c) accumulated HA titer (solid circle) and total virus concentration

(open circle), and (d) accumulated TCID50 titer. ATF4 ( ), ATF5 ( ).
Vertical dashed lines indicate time of infection. The error bars represent the
standard deviation of duplicate measurements
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Similar metabolic profiles for the main extracellular metab-
olites and amino acids were obtained in both runs. During the
cell growth phase using a CSPR of 40 pL/cell/day, main me-
tabolite concentrations slightly decreased but showed no lim-
itation (glucose > 15 mM, glutamine > 1 mM) before infec-
tion. Stable profiles and no obvious limitations of measured
amino acids were also observed for the cell growth phase, with
the exception of isoleucine, methionine, and leucine (Fig. 6).
The concentrations of these three amino acids were below the
limit of quantification (0.25 mM) of HPLC method. A partial
medium exchange was conducted by increasing the perfusion
rate for 2 h in both runs at 121 h before infection to avoid
potential substrate limitation and inhibitor accumulation. This
resulted in an increase in the concentrations of glucose, gluta-
mine, and amino acids, and a decrease of lactate and ammo-
nium at TOI. Nevertheless, in the infection phase, a steep
decrease in glucose concentration (< 5 mM) and a significant
accumulation of lactate concentration (> 45 mM) were ob-
served (Fig. 6b). A similar pattern was not found, however,
at the same stage for the ATF3 run with a CSPR of 60 pL/cell/
day (Fig. S2). Thus, during the infection phase (22–34 hpi), it
was decided to do a CSPR adjustment for sufficient supply of
metabolites in the infection phase. The situation was improved
by a temporary manual operation of increasing CSPR to 60

pL/cell/day for 12 h. As a result, the glucose limitation was
resolved and the lactate concentration was reduced (Fig. 6a
and b). Ammonium, a critical factor for virus yield, was main-
tained at around 3 mM in the infection phase, which is a
common concentration reported in literature (Fig. 6c and d)
(Glacken et al. 1986; Coronel et al. 2019). Therefore, no inhi-
bition of viral replication was expected.

Discussion

For timely manufacturing of influenza vaccines guarantieeing
a sufficient supply, particularly in the case of a pandemic
outbreak, process intensification by means of high cell density
cultivation has several advantages. First, it significantly im-
proves virus yields. Second, based on a suitable cell line with
high growth and production performance, production capacity
can be enhanced. Thus, in this work, we developed an effi-
cient and competitive ATF-based perfusion process using a
previously developed MDCK suspension cell line that grows
in CDM for IAV production.

Concentrations over 40 × 106 viable cells/mL were achieved
in small-scale experiments using SFs with a CSPR-based strate-
gy.With a further increase inmedium exchange steps, higher cell

Fig. 6 Extracellular metabolites of the optimized perfusion processes
ATF4 and ATF5 for IAV production. (a) Glucose ( ), glutamine ( ),
lactate ( ), and ammonium ( ) concentration of (a) ATF4 and (b)
ATF5; amino acids (threonine ( ), lysine ( ), methionine ( ),

valine ( ), isoleucine ( ), leucine ( ), phenylalanine ( ),
tryptophan (▲)) concentration of (c) ATF4 and (d) ATF5. Vertical
dashed lines indicate time of infection. Horizontal dashed lines indicate
the limit of detection for amino acids
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concentrations might be possible but this may lead to process
instability (lower specific growth rate, cell damage, and loss). In
addition, manual medium exchanges are limited to time intervals
that still allow for centrifugation and medium renewal (Bissinger
et al. 2019). As one of the critical factors for virus infection at
HCD, theMOI needs to be selected carefully (Merten et al. 1999;
Wang et al. 2017). In preliminary scale-down experiments (MOI
0.1 vs. 0.001, data not shown) comparable virus titers were ob-
tained. Considering that it can be advantageous to shorten prep-
aration time for the seed virus stock in large-scale production and
to reduce the risk of accumulation of defective interfering parti-
cles, the lowerMOI was used here (Isken et al. 2012; Youil et al.
2004). This HCD process with a HA titer of 4.25 log10(HAU/
100 μL) in SFs clearly outperformed MDCK-based IAV pro-
duction processes described before, and showed one of the
highest HA titers ever reported (Chu et al. 2009; Huang et al.
2015; Peschel et al. 2013; Tapia et al. 2014; Wang et al. 2017).

Regarding the temperature shift, the suppression of cell
growth at reduced temperature appears to be a well-known phe-
nomenon in antibody and some other virus production processes;
and its impact was thus confirmed again for IAV production at
HCD in this work (Andersen et al. 2000; Jardon and Garnier
2003; Yoon et al. 2005). The reduction of temperature in the
infection phase (ATF3–5) improved virus titers (HA titer over
4.37 log10(HAU/100 μL)) compared to the initial bioreactor
runs. Lower level of extracellular toxic by-products lactate and
ammonia during the infection phase can be one possible

explanation for the higher overall virus yield in the temperature
shift run (Fig. S2). In addition, continuous removal of virus par-
ticles via the ATF membrane most likely also reduced the un-
specific virion degradation by enzymes released from lysing cells
in the bioreactor. Finally, a reduction of the temperaturemay also
affect the antigenic conformation of HA epitopes and therefore
have an impact on vaccine quality as reported before for dengue
virus (Boigard et al. 2018). Clearly, further investigations on IAV
antigenicity and immunogenicity in animal models should be
performed to support this hypothesis.

An ATF membrane of 0.2 μm cut-off was used for cell re-
tention in this work and has been also applied successfully for
other processes including yellow fever virus and Zika virus pro-
duction (Nikolay et al. 2018). IAV particles have a mean diam-
eter of only about 100 nm and should theoretically be able to pass
0.2-μm pore size membranes. However, HA titer in the harvest
in ATF1 and ATF2 runs was very low, which was consistent
with results reported previously (Genzel et al. 2014).
Surprisingly, with the temperature shift to 33 °C during virus
production, about half of the virus particles released (45%)
crossed the membrane and were collected in the harvest vessel.
Despite the observed lower virus retention using lower process
temperature, membrane fouling was observed during the virus
production phase which decreased membrane permeability over
time (Fig. S1). This needs further investigation regarding the
contaminant (host DNA and protein) levels and membrane foul-
ing in the cultivations.

Fig. 7 Process parameters of the
optimized perfusion processes
ATF4 and ATF5 for IAV
production. (a) Perfusion rate, (b)
cell-specific perfusion rate, (c) pH
value, (d) temperature (ATF4 ( ),
ATF5 ( ). Vertical dashed lines
indicate time of infection.
Horizontal dashed lines indicate set
points of process parameters for
both runs
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The use of a capacitance probe for viable cell monitoring
allowed to control the perfusion rate and therefore contributed
significantly to establish the ATF-based stragegy in bioreactors.
However, trypsin addition at TOI resulted in a decrease in per-
mittivity signal and interfered with measurements. This was also
described previously in a HEK293 cell–based IAV production
process but with a temporary increase in permittivity (Petiot et al.
2017). In the early infection phase of our cultivations, the lower
VCC estimated resulted in a reduction of the perfusion rate,
which might have been one of the reasons for the temporary
substrate limitation (e.g., glucose) in the ATF5 run (Fig. 6b).
Overall, the adaptation of the on-line CSPR control is necessary
for the infection phase due to the alteration of the cell factor and
to provide enough substrates for virus replication.

Overall, an optimized and fully automatized perfusion process
was established with a capacitance sensor-based process control,
high virus yields (HA titer: over 4.37 log10(HAU/100 μL),
TCID50 titer: 2.0 × 10

10 virions/mL) and high process economy.
High virus yields can be attributed to the combination of the high
cell concentration during the infection phase, the high CSVY
obtained after process optimization, and the reduction of unspe-
cific virus degradation via continuous permeate removal. To our
knowledge, the presented process is the first scalable ATF-based
perfusion process for cultivation of MDCK suspension cells in
CDM. Furthermore, the obtained virus titers are the highest re-
ported for bioreactor processes both for MDCK cells and other
cell lines, so far (Coronel et al. 2019; Genzel et al. 2014;
Granicher et al. 2019; Vazquez-Ramirez et al. 2019).
Additionally, the CSVY was comparable and the STVY was
about 5-fold higher than for the established conventional batch
process (Table 3), which clearly demonstrates the high process
performance of intensified HCD processes for H1N1 virus pro-
duction. Further process improvements could focus on medium
optimization with respect to potential limiting amino acids or a
designed feed medium for virus production to allow for a more
efficient substrate utilization (Aucoin et al. 2007; Xie et al. 2019).
Additionally, other human IAV A and B strains could be tested
with this platform for the potential manufacturing of polyvalent
vaccine candidates. Clearly, in line with current needs to develop
newvaccines for emerging diseases very fast, our approach could
serve as a model for the development of intensified platform
processes in the cell culture–based vaccine manufacturing.
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