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ABSTRACT
Process intensification has become an important strategy to lower production costs and increase manufacturing capacities for

biopharmaceutical products. In particular for the production of viral vectors like lentiviruses (LVs), the transition from (fed‐)
batch to perfusion processes is a key strategy to meet the increasing demands for cell and gene therapy applications. However,

perfusion processes are associated with higher medium consumption. Therefore, it is necessary to develop appropriate small‐
scale models to reduce development costs. In this work, we present the use of the acoustic wave separation technology in

combination with the Ambr 250 high throughput bioreactor system for intensified perfusion process development using stable

LV producer cells. The intensified perfusion process developed in the Ambr 250 model, performed at a harvest rate of 3 vessel

volumes per day (VVD) and high cell densities, resulted in a 1.4‐fold higher cell‐specific functional virus yield and 2.8‐fold
higher volumetric virus yield compared to the control process at a harvest rate of 1 VVD. The findings were verified at bench

scale after optimizing the bioreactor set‐up, resulting in a 1.4‐fold higher cell‐specific functional virus yield and 3.1‐fold higher

volumetric virus yield.

1 | Introduction

Continuous biomanufacturing becomes increasingly important
in the pharmaceutical industry (Bielser et al. 2018; MacDonald
et al. 2021; Matanguihan and Wu 2022). The development of
cell culture perfusion processes for the production of recombi-
nant molecules offers several advantages over (fed‐)batch pro-
cesses, such as reduced product heterogeneity and increased
volumetric productivity by increasing biomass concentration,
which allows for a reduction in the footprint of production
facilities (Bielser et al. 2018; Karst et al. 2017; Karst, Steinebach,
and Morbidelli 2018; Walther et al. 2018). More recently, per-
fusion processing has become an important method to

maximize production yields of vector‐based vaccines or viral
vectors used for gene and cell therapy applications, such as
vesicular stomatitis viruses, influenza A virus, modified vac-
cinia virus Ankara, adenoviruses, adeno‐associated viruses and
lentiviruses (LV) (Ansorge et al. 2009; Brühlmann and Göbel
2024; Coronel, Gränicher, et al. 2020; Coronel et al. 2021; Göbel
et al. 2023; Gränicher et al. 2021; Karst, Steinebach, and
Morbidelli 2018; Klimpel et al. 2023; Manceur et al. 2017;
Matanguihan and Wu 2022; Mendes et al. 2022; Nie et al. 2022;
Silva, Kamen, and Henry 2023; Todesco et al. 2024; Tona
et al. 2023; Tran and Kamen 2022; Vázquez‐Ramírez et al. 2019;
Wu et al. 2021). This is particularly important as the cost of
producing these vectors is relatively high, due to the production
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technologies used and low process yields. Process intensifica-
tion through vector production in perfusion mode can reduce
the manufacturing cost per dose, ultimately lowering the cost of
cell and gene therapies and enabling better accessibility to these
treatments (Comisel et al. 2021; van der Loo and Wright 2016;
Milone and O'Doherty 2018).

The increasing importance of continuous biomanufacturing
requires the development of suitable scale‐down models to
accelerate process development and reduce the development
costs, especially in view of the significantly higher media con-
sumption per run (Bareither and Pollard 2010; Bielser
et al. 2018). Most of the available scale‐down models are based
on different types of well plates, shake tubes, shake flasks or
microbioreactor systems such as the Ambr 15 and Mobius Breez
(Dorn, Klottrup‐Rees, et al. 2024; Dorn, Lucas, et al. 2024;
Gagliardi et al. 2019; Gomez et al. 2017; Janoschek et al. 2018;
Jin et al. 2020; Kreye et al. 2019; Mayrhofer, Castan, and
Kunert 2021; Schwarz et al. 2023; Tregidgo, Lucas, Dorn,
et al. 2023; Villiger‐Oberbek et al. 2015). Well plates, shake
tubes, and shake flasks are inexpensive options for implemen-
tation. However, cultivation in semi‐perfusion mode requires
manual manipulation steps, such as centrifugation and repla-
cing the supernatant with fresh medium, making the process
labor intensive. In contrast, the use of the microbioreactor
system Ambr 15 enables a certain degree of automation, and
process parameters such as dissolved oxygen (DO) and pH can
be monitored and controlled. However, cell separation for
medium exchange is achieved through cell sedimentation or
manual centrifugation of the microbioreactors (Gagliardi
et al. 2019; Janoschek et al. 2018; Kreye et al. 2019), which may
impact the metabolism of the cell culture due to the absence of
process controls during the cell separation process. Addition-
ally, the medium exchange is only carried out in semi‐
continuous mode. The Mobius Breez microbioreactor system
allows bubble‐free cell cultivation at 2 mL working volume in
perfusion mode mediated by a 1.2 µm membrane for cell sep-
aration, while process relevant parameters can be monitored
(Schwarz et al. 2023). A drawback is that the stirring and
sparging mechanism of a stirred‐tank bioreactor isn't mimicked.

Therefore, recent developments to establish perfusion scale‐
down models have focused on the use of mini‐bioreactors to
mimic stirred‐tank bioreactor‐specific properties and cell
retention methods commonly used at larger scales. A novel
250mL perfusion reactor system has been recently described,
allowing tangential flow filtration (TFF) mediated perfusion
processing at high viable cell densities (VCDs) (Tregidgo, Dorn,
Lucas, et al. 2023). The Ambr 250 high throughput bioreactor
system is a widely used tool for process development and clone
screening, allowing the parallel, automated cultivation of up to
24 vessels at a working volume of up to 250mL (Bareither
et al. 2013; Manahan et al. 2019; Xu et al. 2017). Sartorius has
recently launched a perfusion‐ready version of the Ambr 250
system, in which perfusion can be mediated using TFF or
alternating tangential flow filtration (ATF). Joe et al. (2023)
have demonstrated the use of the Ambr 250 ATF perfusion
system for accelerated manufacturing of an adenovirus‐vectored
vaccine. However, the small pore size of most available ATF
membranes can lead to a retention of larger molecules such as
viruses during the production, which can reduce virus yields in

the case of unstable products such as influenza A virus or LVs
(Genzel et al. 2014; Gränicher et al. 2020; Tona et al. 2023). A
few cell retention technologies have been described that allow
continuous harvesting of larger virus‐associated products. These
include the use of alternative ATF membranes with larger
cutoffs (Hein et al. 2021), the tangential flow depth filtration
(TFDF) technology (Göbel et al. 2024; Silva, Kamen, and
Henry 2023; Tona et al. 2023; Tran and Kamen 2022; Williams
et al. 2020), and the membrane‐free acoustic wave‐mediated cell
separation technology (Ansorge et al. 2009; Gränicher
et al. 2020; Klimpel et al. 2023; Klimpel et al. 2024; Manceur
et al. 2017). However, none of these technologies have been
translated into suitable perfusion scale‐down models.

In this manuscript, we have evaluated the acoustic wave‐
mediated cell separation technology for LV perfusion process
development in the Ambr 250 high throughput bioreactor sys-
tem. We have used a stable inducible LV producer cell pool as a
model, expressing LVs pseudotyped with the vesicular stoma-
titis virus envelope glycoprotein (VSV‐G) upon induction,
which is widely used for gene and cell therapies due to its broad
tropism (Finkelshtein et al. 2013). We have evaluated the scale‐
down model to investigate the effect of higher perfusion rates
and cell densities on process yield compared to a previously
established production process (Klimpel et al. 2023). The opti-
mized process was then scaled up to bench‐top bioreactor scale.
After refining the technical set‐up and media composition, the
intensified process resulted in a 3.1‐fold higher functional vec-
tor yield per bioreactor volume.

2 | Results and Discussion

To increase the LV process yield of our previously developed
perfusion process (Klimpel et al. 2023), we aimed to increase
the viable cell density (VCD) during virus production. This is
commonly achieved by applying higher perfusion rates to pro-
vide sufficient nutrient supply and removal of cellular metab-
olites. For the production of instable products like LVs,
increased perfusion rates may also impact process yields and
product quality by reducing the residence time at bioreactor
conditions.

VSV‐G pseudotyped LVs have a temperature‐dependent finite
half‐life, measurable by gradual loss of infectivity over time,
that can be approximated using an exponential decay function.
Different LV half‐lives have been previously described with a
range of 34–200 h at 4°C (Higashikawa and Chang 2001; Jiang
et al. 2015; Rahman et al. 2013), and 3–35 h at 37°C
(Ansorge, Henry, and Kamen 2010; Dautzenberg, Rabelink, and
Hoeben 2020; Higashikawa and Chang 2001). The exact
mechanism for the loss of infectivity is unknown, but the en-
velope protein appears to play a major role, as the type of en-
velope affects the stability of the vector (Dautzenberg, Rabelink,
and Hoeben 2020). In addition, VSV‐G variants with a superior
thermostability profile have been developed through directed
evolution (Hwang and Schaffer 2013). Furthermore, the reverse
transcription process has been described as thermosensitive,
which may be influenced by the envelope used (Carmo
et al. 2009). The stability of retroviruses including lentiviruses is

345 of 452



also affected by physical parameters like osmolarity, ionic
strength and the pH (Holic et al. 2014; Moreira et al. 2020;
Rodrigues et al. 2007; de las Mercedes Segura et al. 2005). Thus,
the wide range of half‐lives described for VSV‐G pseudotyped
LVs is most likely due to differences in the producer cell line,
genetic constructs, VSV‐G variants, media, supplements, and
buffers used in the production process. Therefore, the LV sta-
bility profile should be characterized for each individual ex-
pression system and production process. For LVs carrying a
WAS‐T2A‐GFP construct produced using GPRTGs‐derived sta-
ble producer cells in stirred‐tank perfusion bioreactors (Klimpel
et al. 2023), we found a half‐life of 153 h at 4°C and a half‐life of
6 h at 37°C in the unprocessed cell‐free harvest matrix
(Figure 1), which is in the range that was previously described
by other groups. The current established production process is
applying a harvest rate of 1 VVD with a variable cell bleed of up
to 0.33 VVD, resulting in a maximum perfusion rate of 1.33
VVD. It should be noted that in a perfusion bioreactor operated
with acoustic wave‐mediated cell separation, the virus‐
containing supernatant is continuously diluted out of the vessel,
which can be approximated by assuming that a perfusion bio-
reactor behaves as an ideally mixed continuous stirred‐tank
reactor (Equation 5). For example, for virus produced at a given
time at a perfusion rate of 1 VVD, approximately 37% of the
virus remains in the bioreactor after 24 h. As the infectious titer
in the cell‐free cell culture supernatant was dropping below the
quantifiable assay limit after an incubation for 21 h at 37°C
(Figure 1), we hypothesized that higher perfusion rates would
increase LV yields by reducing the average residence time of
produced vector under bioreactor conditions and a faster vector
delivery to the 4°C environment.

A further potential mechanism that we previously investigated
was a temperature reduction during the vector production
process, with the aim of slowing down LV inactivation, given
that LV inactivation is temperature dependent. A reduction in
temperature may also enhance productivity by reducing the
activity or secretion of proteolytic enzymes, a reduced cell
proliferation and changes in cellular pathways. A mild reduc-
tion in temperature has been shown to be beneficial to produce

different viruses like influenza A viruses (Petiot et al. 2011; Wu
et al. 2021), recombinant adenoviruses (Cortin et al. 2004;
Jardon and Garnier 2003) and herpes‐based viral vectors
(Wechuck et al. 2002) as well as recombinant proteins
(Furukawa and Ohsuye 2006, Kumar et al. 2008; Yoon
et al. 2004). However, for GPRTGs‐derived producer cell lines,
LV titers were significantly reduced when the temperature was
lowered from 37.0°C to 35.5°C (p= 0.0004) (Supporting Infor-
mation: Figure 1 C). The data indicate that a lower production
temperature negatively affects the cellular metabolism for
GPRTGs‐derived cell lines in terms of viral productivity. The
finding was also verified with an adherent GPRTG‐derived
producer cell line (data not shown) and is likely transferable to
all GPRTG‐derived producer cell lines. Contrary to the results
obtained for a decrease in temperature, an increase in temper-
ature from 37.0°C to 38.5°C did not result in a significant
change in LV titers (Supporting Information: Figure 1 C). It is
worth noting that cell‐specific productivity at 38.5°C was even
higher, although not significantly (p= 0.0506), due to lower
average VCDs during production (Supporting Information:
Figure 1 A). This finding is surprising as higher temperatures
result in faster inactivation of LVs, which may indicate an even
higher cellular productivity. As no significant increase in LV
titers was observed at the temperatures investigated, all subse-
quent experiments were performed at 37.0°C. Further investi-
gation is required to understand the effect of different
production temperatures on virus quality.

To develop an intensified perfusion process, a novel small‐scale
perfusion system was used, consisting of an acoustic separation
chamber (ASC) for cell separation that can be connected to the
Ambr 250 high throughput bioreactor system (Figure 2).
Although the use of the Ambr 250 system has been previously
described for intensified ATF‐mediated perfusion process
development to produce an adenovirus‐vectored vaccine (Joe
et al. 2023), this is the first work that shows the use of the
acoustic wave separation mediated perfusion in a high
throughput bioreactor system. All bioreactor productions were
performed with stable GPRTGs WAS‐T2A‐GFP producer cells
based on a Tet‐off inducible expression system, and LV pro-
duction was initiated by a previously developed dilution method
(Klimpel et al. 2023).

Six Ambr 250 bioreactors were inoculated at a VCD of
1.50 ± 0.09 × 106 cells mL−1 and perfusion was initiated after a
3‐day batch phase for all vessels (Figure 3A). The previously
established standard LV production process (Klimpel
et al. 2023) applies a harvest rate of 1 VVD with a variable cell
bleed to maintain a VCD of approximately 2 × 107 cells mL−1

(Figure 3A,B). To increase cell densities during LV production,
the harvest rate was gradually increased to 3 VVD at 6 days post
induction (dpi) for three bioreactors and cells were grown to an
average VCD of 3.99 ± 0.34 × 107 cells mL−1 at 7 dpi before cell
bleeding was initiated (Figure 3A,B). We found that a VCD of
4–5 × 107 cells mL−1 seems to be the limiting cell density that
can be applied with the used technical set‐up to maintain a
separation efficiency of > 90%. A similar cell viability profile
was found between a process with a harvest rate of 1 VVD and 3
VVD, with average cell viabilities of 80.5 ± 2.8% and 79.0 ± 2.1%
at 11 dpi, respectively (Figure 3C). A similar profile of infectious
titers was found for both processes, reaching maximum values

FIGURE 1 | Temperature‐ and time‐dependent inactivation of

WAS‐T2A‐GFP lentivirus. The cell‐free vector harvest, produced using

stable GPRTGs producer cells in perfusion bioreactors, was incubated at

both 4°C in a fridge and at 37°C in an incubator at a 5% CO2 atmo-

sphere, and subsequently frozen at −80°C at different time points.

A half‐life of 6 h at 37°C and 153 h at 4°C was determined by a non-

linear regression using a one phase decay equation with a robust fit.
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of 7.27 ± 1.74 × 107 TU mL−1 at a harvest rate of 1 VVD and
8.47 ± 5.26 × 107 TUmL−1 at a harvest rate of 3 VVD, both at 10
dpi (Figure 3D). As the flow rates in the harvest line are rather
low due to the small bioreactor volume of the Ambr vessels, the
increased residence time of the virus in the harvest line at room
temperature may lead to increased virus degradation. The dif-
ferent flow rates for an operation at different harvest rates may
distort the results for a comparison due to different average
residence times in the harvest line, which is not temperature
controlled. Thus, infectious titers determined in the bioreactors
were used to compare the processes in terms of volumetric and
cell‐specific vector productivities and yields. The cumulative
virus yield per bioreactor volume was found to be significantly
higher at a harvest rate of 3 VVD at 11 dpi (2.27 ± 0.28 × 108 TU
mLBioreactor

−1 vs. 6.91 ± 2.54 × 108 TU mLBioreactor
−1; p= 0.0396)

(Figure 3E). To investigate the effect of higher perfusion rates
on virus recovery, the virus productivity is normalized per cell.
Figure 3F shows that the mean cell‐specific virus productivity
increased for the 3 VVD process at 6 dpi, which is the first
sampling timepoint after the perfusion rate was higher

compared to the standard process (Figure 3A). We determined
significant differences when comparing cumulative cell‐specific
virus yields at 6–9 dpi (all p values < 0.002), supporting the
hypothesis that increased perfusion rates are increasing func-
tional LV recoveries. The cumulative cell‐specific yield at the
end of the process was 17.1 ± 1.2 TU cell−1 at a harvest rate of 1
VVD and 24.2 ± 5.0 TU cell−1 at a harvest rate of 3VVD
(p= 0.0745; Figure 3G). It should be noted that we observed
increasing volume fluctuations in the bioreactors starting from
9 dpi, particularly at a harvest rate of 3 VVD, which required
daily readjustment of the pump speed to control the working
volume. This can explain the increasing standard deviation for
the VCD and titer‐related parameters at later process times. The
main reason is an increasing blockage of the inlet of the inte-
grated dip tube, which has an inner diameter of < 1mm. Glu-
cose concentrations of > 9mmol L−1 were maintained for both
processes, suggesting that no glucose limitation occurred
(Supporting Information: Figure 3). Similar glucose consump-
tion and lactate production rates were determined for both
processes after reaching the target VCD, indicating a

FIGURE 2 | Schematic drawing of the acoustic wave‐mediated perfusion set‐up for bench‐top bioreactors and for Ambr 250 bioreactors. In the

harvest mode, the acoustic field in the cell separation chamber allows to continuously collect cell‐free cell culture supernatant. In the backflush

mode, the acoustic field is switched off and the flow direction of the harvest pump is reversed to return the separated cells into the bioreactor. For the

operation in the Ambr 250 system, six vessels were equipped individually with an acoustic separation chamber (ASC).
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comparable cellular metabolic state between the processes
(Supporting Information: Figure 4).

To verify the findings from the small‐scale model, the effect of
higher perfusion rates was tested at bench‐top bioreactor scale.
Higher perfusion rates require higher recirculation rates, which

result in higher chamber turbulence and decreased cell sepa-
ration efficiencies (Gorenflo et al. 2002, 2003). In addition, the
flow rates applied may influence the heat dissipation in the
ASC, which can affect the cellular metabolism and virus sta-
bility (Drouin et al. 2007; Gränicher et al. 2020). Therefore, the
bioreactor was proportionally scaled down from 4.5 L working

FIGURE 3 | Investigation of an intensified perfusion process for stable lentivirus production using acoustic wave cell separation in the Ambr 250

high throughput bioreactor system. The standard production process applying a harvest rate of 1 VVD was compared with an intensified perfusion

process at a harvest rate of 3 VVD and higher viable cell densities. The data were generated using three vessels per condition (n= 3). All six vessels

were inoculated using the same preculture. Values are shown as mean for A and as mean ± SD for B–G. BR= bleed rate, HR = harvest rate, VVD=

vessel volumes per day. (A) Harvest rate and bleed rate. (B) Viable cell density. (C) Cell viability. (D) Infectious virus titer. (E) Yield of infectious titer

per reactor volume or volumetric yield. p= 0.0396 by an unpaired t‐test. (F) Cell‐specific productivity of infectious virus. (G) Cell‐specific infectious
virus yield.
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volume for a harvest rate of 1 VVD to 1.5L working volume for a
harvest rate of 3 VVD. The set‐up allows to use the same
technical settings and flow rates for the acoustic perfusion
system between both processes, which reduces the impact of
technical differences and facilitates the investigation of different
harvest rates on viral productivity. For LV production at higher
perfusion rates, a similar process strategy like in the Ambr 250
was applied by gradually increasing the perfusion rate after an
initial batch phase (Figure 4A). For the process at 1 VVD, a
continuous cell bleed was applied to control the cell density
after reaching a VCD of 2.27 × 107 cells mL−1 at 6 dpi
(Figure 4A,B). For the process at 3 VVD, the cell bleed was
initiated after reaching a VCD of 4.29 × 107 cells mL−1 at 7 dpi.
As the cell growth was slowing down at the end of both pro-
cesses, the cell bleed was turned off at 16 dpi for the 1 VVD
process and at 15 dpi for the 3 VVD process. A similar viability
profile was obtained between a harvest rate of 1 VVD and 3
VVD. A viability decline occurred at the end of the process,
reaching 71.4% for 1 VVD at 17 dpi and 57.7% for 3 VVD at 16
dpi (Figure 4C). At the same time, a turbidity increase of the
cell free harvest was observed (data not shown). This may be
due to the persistent expression of cytostatic and cytotoxic
vector components like VSV‐G and the viral protease (Ferreira,
Cabral, and Coroadinha 2020; Hoffmann et al. 2010), and may
be specific for individual producer clones (Klimpel et al. 2024).
We observed a similar infectious titer profile between a harvest
rate of 1 VVD and 3 VVD, with slightly higher titers for the
process at 3 VVD (Figure 4D). The highest infectious titer
determined was 1.24 × 108 TU mL−1 at 12 dpi at 1 VVD and
1.74 × 108 TU mL−1 at 14 dpi at 3 VVD. The final cumulative
yield at 3 VVD was 3.1‐fold higher, reaching a value of
3.31 × 109 TU mLBioreactor

−1 compared to 1.08 × 109 TU mLBior-
eactor

−1 at 1 VVD (Figure 4E). The higher functional virus yields
obtained by the higher perfusion rate were also verified by de-
termining the titers in the collected harvest. It should be noted
that titers in the final harvest collected at 4°C were on average
25% lower compared to the average functional titers determined
in the bioreactor (Supporting Information: Figure 5), as the
virus degradation is only slowed down but not prevented at 4°C
(Figure 1). Cell‐specific productivities were higher at a harvest
rate of 3 VVD, except for the last day of the cultivation
(Figure 4F). Highest cell‐specific productivities were obtained at
14 dpi in both bioreactors, showing values of 7.7TU cell−1 day−1

at 1 VVD and 11.1 TU cell−1 day−1 at 3 VVD. The final
cumulative cell‐specific virus yield was 61.9 TU cell−1 at 1 VVD
and 89.1 TU cell−1 at 3 VVD (Figure 4G). Higher cell‐specific
physical vector RNA productivities were obtained at 3 VVD
throughout the process (Figure 4H), resulting in a 3.0‐fold
higher final cumulative yield of 5.02 × 1012 RNA copies
mLBioreactor

−1 compared to 1.66 × 1012 RNAcopies mLBioreactor
−1

at 1 VVD. DNA concentrations in the supernatant were
increasing over process time, reaching a peak concentration of
9452 ngmL−1 at 12 dpi for the 1 VVD process and 9522 ngmL−1

at 16 dpi for the 3 VVD process (Figure 5A), indicating a similar
impurity profile between both processes.

Productivities and yields of infectious virus seem higher for
a production in bench‐top bioreactors when comparing
values for the same process duration in the Ambr 250
(Table 1). These results are unexpected as the shear stress
introduced by recirculation pumps is described to negatively

affect cellular transcription and lower cell‐specific produc-
tivities (Merten 2000; Nie et al. 2022; Zhan et al. 2020),
which is only part of the bench‐scale set‐up (Figure 2).
However, Gränicher et al. (2020) compared different re-
circulation strategies for influenza virus A production in
perfusion mode using acoustic wave separation. The authors
reported higher cellular productivity for a pump‐based re-
circulation with higher mechanical shear stress but lower
maximum temperatures in the chamber compared to a
valve‐based recirculation. The effect of higher chamber
temperatures might be the underlying mechanism for lower
productivities in the Ambr 250, as it can affect the cellular
metabolism and viral inactivation kinetics. The recircula-
tion at bench scale may contribute to a more efficient heat
dissipation in the ASC and reduced DO fluctuations in the
chamber. In addition, ASCs connected to the Ambr 250
system are only cooled by the air flow of the safety cabinet,
while ASCs at bench‐scale are cooled by compressed air.
Although the power input of the small‐scale ASC is
approximately 10 times lower (Table 1) and the surface to
volume ratio is higher than that of the bench‐scale ASC,
which facilitates heat dissipation, potential differences in
temperature distribution and dissipation between the scales
must be taken into account. However, the fold increase of
cell‐specific and volumetric infectious vector yields was
demonstrated across both scales. The intensified perfusion
process at a harvest rate of 3 VVD resulted in a 1.4‐fold
higher cell‐specific virus yield in both the Ambr 250 and the
bench‐top scale. The volumetric yield was increased by 2.8‐
fold in the Ambr 250 and by 3.1‐fold in the bench‐top bio-
reactor scale.

Higher volumetric LV yields obtained by the newly developed
process demonstrate the importance of perfusion process intensifi-
cation for LV production. The process allows to increase the
cumulative LV yields per bioreactor volume in the same process
time (Figure 4E), resulting in tripled space‐time yields. This allows
the footprint of the manufacturing facility to be reduced for the
same output, or the output to be increased for the same footprint,
ultimately reducing manufacturing costs. An important factor for
increased space‐time yields is the application of higher cell densities.
Even higher LV yields can potentially be obtained by further
increasing target VCDs, which might also reduce the product loss
by reducing the overall cell bleed. However, it is possible that the
application of even higher VCDs could have an impact on process
robustness. As the acoustic wave separation technology does not
have a physical cell barrier, uncontrolled increases in cell density
can affect separation efficiency and result in cell loss through the
harvest stream when the technical limits of the cell retention device
are reached. This can affect the harvest characteristics and may
affect subsequent downstream processing steps. Therefore, the use
of a cell bleed may be beneficial to control for a specific target VCD.

Another factor contributing to the increased space‐time yields
from the enhanced perfusion process is the increased cell‐
specific LV yields achieved (Figures 3G and 4G). The results
obtained at higher harvest rates support the hypothesis of
increasing LV recovery by decreasing the LV residence time in
the bioreactor due to a low vector half‐life of 6 h at 37°C
(Figure 1). Similar findings were previously reported for the
production of retroviral vectors pseudotyped with the GALV
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FIGURE 4 | Bench‐top bioreactor perfusion processes for stable lentivirus production using acoustic wave cell separation with optimized set‐up.
The standard process at a harvest rate of 1 VVD was performed in a 5 L bioreactor. The intensified process was performed at a harvest rate of 3 VVD

in a 2 L bioreactor. A PharmaPure low spallation pump tubing size 17 was used to recirculate the cell suspension for operation in perfusion mode.

The medium was supplemented with 0.5% poloxamer 188 and 0.4% cholesterol lipid concentrate. The run was performed with one vessel per

condition. BR = bleed rate, HR = harvest rate, VVD= vessel volumes per day. (A) Harvest rate and bleed rate. (B) Viable cell density. (C) Cell

viability. (D) Infectious virus titer. (E) Yield of infectious titer per reactor volume or volumetric yield. (F) Cell‐specific productivity of infectious virus.
(G) Cell‐specific infectious virus yield. (H) Cell‐specific productivity of vector RNA genome. (I) Cell‐specific yield of vector RNA genome.
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envelope due to a low vector half‐life of 2–8 h at 37°C (Kotani
et al. 1994; Le Doux et al. 1999; G. M. Lee et al. 1998; S.‐G. Lee
et al. 1996), suggesting that a perfusion rate of three to four
volume exchanges might be optimal for cell growth and vector
production (Merten et al. 2001, 2004). As a half‐life range of
3–35 h at 37°C is described for LVs pseudotyped with VSV‐G
(Ansorge, Henry, and Kamen 2010; Dautzenberg, Rabelink, and

Hoeben 2020; Higashikawa and Chang 2001), the optimal
applied perfusion rate may need to be determined for each
individual production system. The reduction in virus degrada-
tion due to higher harvest rates could affect not only the yield of
the LV process but also the quality of the LV produced. The
number of infectious particles per ng capsid protein p24 was
determined at selected time points as an indicator for LV quality

FIGURE 5 | DNA concentration and number of infectious particles per ng p24 capsid protein determined for cell culture supernatant sampled

from bench‐top bioreactors with optimized set‐up. (A) DNA concentration. (B) Number of infectious particles per ng p24 capsid protein.

TABLE 1 | Comparison of bioreactor conditions, settings for the acoustic separation chamber (ASC) and process results for production in AMBR

250 and bench‐top bioreactors. Italic font for the bench‐top bioreactor process results shows values obtained after a process duration of 11 days to

allow a better comparison to the results obtained in the AMBR 250.

AMBR 250 with 1mL ASC
Bench‐top bioreactor with

30mL ASC

Bioreactor
conditions

Harvest rate (d−1) 1 3 1 3

Working volume (mL) 200 200 4500 1500

Max. stirring speed (rpm) 250 250 140 160

Dissolved oxygen (%) 50 50 50 50

pH 6.95 ± 0.15 6.95 ± 0.15 6.95 ± 0.15 6.95 ± 0.15

Settings ASC Power (W) 0.3 0.4 3.0 3.0

Forward time (min) 5 2 5 5

Settling time (s) 3 3 3 3

Reverse time (s) 7 12 10 10

Process results Process duration (d) 11 11 17 (11) 16 (11)

Total media consumption per
vessel (L)

2.0 4.1 78.3 (49.3) 61.1 (38.2)

Max. volume flow
recirculation (L d−1)

n/a n/a 10 (10) 10 (10)

Max. viable cell density
(cells mL−1)

2.48 ± 0.18 × 107 3.99 ± 0.34 × 107 2.39 × 107

(2.39 × 107)
5.48 × 107

(4.59 × 107)

Max. infectious titer
(TU mL−1)

7.27 ± 1.74 × 107 8.47 ± 5.26 × 107 1.24 × 108

(9.27 × 107)
1.74 × 108

(1.21 × 108)

Max. cell‐specific productivity
(TU cell−1 day−1)

4.3 ± 0.7 6.0 ± 2.7 7.7 (5.6) 11.1 (9.0)

Volumetric yield (TU
mLBioreactor

−1)
2.27 ± 0.28 × 108 6.91 ± 2.54 × 108 1.08 × 109

(3.66 × 108)
3.31 × 109

(1.34 × 109)

Cell‐specific yield (TU cell−1) 17.1 ± 1.2 24.2 ± 5.0 61.9 (25.9) 89.1 (44.4)

Abbreviation: n/a = not applicable.
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(Figure 5B). When comparing the values at 10 dpi and 14 dpi, at
which each respective target harvest rate was reached, higher
values of 2.23 × 104 TU ngp24

−1 and 3.41 × 104 TU ngp24
−1 were

obtained at 3 VVD compared to 1.13 × 104 TU ngp24
−1 and

2.25 × 104 TU ngp24
−1 at 1 VVD. The results indicate that higher

perfusion rates result in higher LV quality. Although the
reduced LV inactivation by reducing the bioreactor residence
time is the most likely reason for increased cell‐specific pro-
ductivities, other contributing factors should be considered. The
average cell‐specific perfusion rate for the intensified process is
slightly higher. No significant differences in glucose consump-
tion rates were found in the Ambr 250 model between both
processes and only slightly higher consumption rates at bench‐
top scale after reaching steady‐state conditions (Figure 4A,E).
However, it is possible that the availability and cellular con-
sumption rate of other media components may impact cellular
productivity, as well as an improved removal of potential cel-
lular metabolites by higher perfusion rates. Another potential
factor for increased cell‐specific productivities by the intensified
process could be improved cooling of the ASC by higher flow
rates. Other groups have reported increased temperatures up to
40°C in the top part of the chamber (Drouin et al. 2007;
Gränicher et al. 2020), which could affect the cell culture
metabolism and virus stability. Higher flow rates in the ASC can
improve heat dissipation and reduce the time of exposure to
higher temperatures. However, for the bench‐scale comparison,
the bioreactor working volume for production at the higher
perfusion rate of 3 VVD was proportionally reduced to 1.5 L
compared to the standard process at 1 VVD with 4.5 L working
volume. In fact, the flow rates between the processes and also
the heat dissipation is comparable.

It is important to mention that the perfusion bench‐top bio-
reactor set‐up was previously optimized to support lentivirus
production at higher perfusion rates. When a non‐optimized
set‐up was used at a harvest rate of 3 VVD, the cell‐specific and
volumetric cumulative functional vector yield showed an
increasing trend at the beginning of the process compared
to the control process at 1 VVD (Supporting Information:
Figure 2E,G). However, the recirculation pump, as a specific
part of the bench‐scale setup (Figure 2), introduced cellular
shear stress at higher harvest rates, resulting in stagnation of
cell growth followed by a decrease in VCD (Supporting Infor-
mation: Figure 2B). The negative effect of the cell recirculation
was reduced to a tolerable level by using a specific low spall-
ation pump tubing with a smooth inner surface and a larger
inner diameter to lower the pump speed at the same flow rate.
Similar findings were reported by other groups for the pro-
duction of recombinant proteins in perfusion mode using Chi-
nese hamster ovary (CHO) or HEK293‐derived cell lines (Wang
et al. 2017; Zhan et al. 2020). It should be noted that the LV
producer cells are expressing some vector components, like
VSV‐G and the human immunodeficiency virus 1 protease en-
coded by the gag‐pol gene, which are described to have cytostatic
or cytotoxic effects (Ferreira, Cabral, and Coroadinha 2020;
Hoffmann et al. 2010). This may be a factor contributing to an
increased shear sensitivity of the cell line used in this study.
Therefore, we increased the poloxamer 188 concentration in the
medium from 0.1% to 0.5%. Poloxamer 188 is a widely used
nonionic surfactant to protect cell cultures from hydrodynamic
and bubble‐induced shear in bioreactors (Guzniczak et al. 2018;

Tharmalingam et al. 2008; Tharmalingam and Goudar 2014; Wei
et al. 2023; Xu et al. 2017; Zhang, Al‐Rubeai, and Thomas 1992).
An increased poloxamer 188 concentration is also described to
protect HEK293 cells against shear forces generated by peristaltic
pumps for the production of adenoviruses in perfusion processes
(Nie et al. 2022).

In this context, it should be noted that the production of
infectious enveloped viruses like LVs relies on a budding pro-
cess from the cells surface, in which the viral envelope is
formed (Welsch, Müller, and Kräusslich 2007). The organiza-
tion and composition of the cellular membrane is a crucial
factor for the production of functional HIV particles, which are
budding selectively from cholesterol‐rich lipid rafts with a
specific composition (Aloia, Tian, and Jensen 1993; Nguyen and
Hildreth 2000; Ono and Freed 2001). On the same note, the
presence of cholesterol is a critical factor for productivity and
infectivity of retroviral vectors, including HIV‐1‐derived LVs
pseudotyped with VSV‐G (Chen et al. 2009; Liu, Huang, and
Yu 2021; Nieto‐Garai et al. 2020; Ono and Freed 2001;
Rodrigues et al. 2009). However, some cell models have shown
that shear stress increases the cell membrane fluidity and
decreases the membrane lipid order (Espina et al. 2023;
Haidekker, L'Heureux, and Frangos 2000; Yamamoto and
Ando 2015). Furthermore, high shear stress in perfusion pro-
cesses using HEK293 cells downregulated lipid biosynthetic
processes (Zhan et al. 2020). Zhan et al. (2020) also described
increased lactate production rates induced by shear stress,
which correlates with our findings (Supporting Information:
Figure 4D). In consequence, increased shear stress may impact
the infectivity of produced enveloped viruses. Although we did
not find a significant effect of cholesterol‐lipid supplementation
on LV productivity in shake flask experiments (data not
shown), supplementation under shear stress conditions may be
useful, as it has been described to block the negative effects,
such as reduced plasma membrane cholesterol levels
(Yamamoto et al. 2020).

Our developed intensified perfusion process at 3 VVD resulted in a
cumulative functional yield of 3.31× 1012 TU LBioreactor

−1 calculated
using infectious titers determined in the bioreactor. Considering a
recovery of 75% in the collected bulk harvest (Supporting Infor-
mation: Figure 5), it can be assumed that a cumulative functional
yield of 2.48× 1012 TU LBioreactor

−1 can be obtained with the per-
formed harvest strategy. We have previously reported a cumulative
functional yield of 2.4 × 1011 TU LBioreactor

−1 in a bioreactor pro-
duction process for a WAS‐T2A‐GFP LV (Klimpel et al. 2023) like
produced in the present study, indicating that the cumulative
functional yield was improved by more than 10‐fold. Other groups
have previously reported intensified perfusion processing for LV
production using the TFDF technology (Tona et al. 2023; Tran and
Kamen 2022; Williams et al. 2020). Tran and Kamen (2022) re-
ported a cumulative functional yield of up to 3.9 × 1011 transducing
units at a working volume of 2 L, which corresponds to a volumetric
yield of 1.95× 1011 TU LBioreactor

−1. Tona et al. (2023) reported an
average cumulative functional yield of 122× 1011 transducing units
per batch by three perfusion runs performed at 2 L working volume,
which corresponds to a volumetric yield of 6.10× 1012 TU LBior-
eactor

−1. Although the results cannot be directly compared since
different packaging constructs, stable producer cells and methods
for titer quantification were used, the data indicate that comparable
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functional vector yields can be obtained by our developed process.
Tran and Kamen (2022) have also reported cell‐specific productiv-
ities using the TFDF technology, reaching peak values of 7 TU
cell−1. Manceur et al. (2017) reported peak values of 11.5 TU cell−1

using the same cell line like Tran and Kamen, but acoustic wave‐
mediated cell separation for operation in perfusion. We obtained
comparable peak cell‐specific productivities of up to 11.1 TU cell−1

for the process using a harvest rate of 3 VVD. Tran and Kamen also
determined residual DNA concentrations in the harvest and re-
ported values of approximately 5000–8000 ngmL−1 up to 72 h post
induction and up to 20,000–30,000 ngmL−1 at 96 h post induction,
whereas our maximum DNA concentration determined was
9522 ngmL−1, with lower concentrations at earlier process times.

The most suitable perfusion technologies for the production of
larger enveloped viruses include ATF using membranes with
larger cutoffs (Genzel et al. 2014; Hein et al. 2021), TFDF (Göbel
et al. 2024; Silva, Kamen, and Henry 2023; Tona et al. 2023;
Tran and Kamen 2022; Williams et al. 2020) and acoustic wave‐
mediated cell separation as used in the present work (Ansorge
et al. 2009; Gränicher et al. 2020; Klimpel et al. 2023; Klimpel
et al. 2024; Manceur et al. 2017). Membrane based methods
facilitate harvest pre‐clarification, particularly the TFDF tech-
nology due to the integrated depth filtration function. In addi-
tion, ATF and TFDF technology are considered to be scalable to
industrial scale. A drawback of membrane‐based cell retention
technologies is filter fouling and clogging that can occur with
increased process times, which can affect virus recovery and
limit the overall process time. Tona et al. (2023) reported
noticeably lower LV recoveries at later harvest time points using
TFDF along with increasing transmembrane pressure after
3.5 days of operation. Given that GPRTGs‐derived cell lines are
capable of producing infectious virus at high titer for up to
several weeks (Klimpel et al. 2023, 2024), the acoustic wave
separation technology is advantageous as no membrane clog-
ging can occur, allowing process time and ultimately process
yields to be increased. One disadvantage of the acoustic wave
separation technology is the generation and dissipation of heat
during the process of scale‐up. Nevertheless, the technology can
be scaled up to a volumetric perfusion rate of 200–1000 L d−1

(Gorenflo et al. 2002; Gränicher et al. 2020), indicating that the
developed process can be scaled up to industrial‐scale bior-
eactors. Moreover, the manufacturer introduced a novel multi‐
chamber configuration with the objective of circumventing is-
sues associated with heat dissipation. However, this configu-
ration has yet to be demonstrated at a scale exceeding that
described in earlier studies.

The intensified process of this work was initially developed
using the acoustic wave separation technology in combination
with the Ambr 250 high throughput bioreactor system. The
development of small‐scale models is critical to reducing
development costs, particularly for perfusion processes, which
typically have higher media consumption and longer process
times compared to batch or fed‐batch processes. The small‐scale
model allowed media consumption to be reduced by at least
tenfold compared to an operation of an equivalent number of
bench‐top bioreactors (Table 1). While only six Ambr 250 ves-
sels were operated in parallel in this study, the system can be
expanded to use of up to 24 vessels in parallel, with
the potential to accelerate perfusion process development.

In addition, the ASC can potentially be used in combination
with the Ambr 250 modular, which may be a more affordable
alternative for studies in academic settings. Our data show that
the small‐scale model can predict the effect of increased per-
fusion rate on cumulative functional and cell‐specific LV yields.
The cumulative LV yield per bioreactor volume increased 2.8‐
fold and the cell‐specific LV yield 1.4‐fold at a harvest rate of 3
VVD compared to a harvest rate of 1 VVD using the Ambr 250
small‐scale model. A 3.1‐fold increase of the cumulative LV
yield per bioreactor volume and a 1.4‐fold increase of cell‐
specific LV yields was found after successfully implementing
higher harvest rates at bench‐top bioreactor scale. The obtained
data demonstrate the function of the model as a predictive
small‐scale model.

One limitation of the technical set‐up used is the small inlet
diameter of the pre‐integrated dip tube. This can cause volume
fluctuations over prolonged cultivation periods, particularly in
processes that use high perfusion rates and HEK293T cells,
which tend to aggregate in suspension. This limitation could be
circumvented by using a different Ambr 250 vessel design with
a larger inner diameter of the line connected to the ASC.
Alternatively, a higher concentration of anticlumping reagent
might be beneficial to reduce cell aggregate formation. For the
implementation of higher perfusion rates at bench‐top scale, the
shear stress induced by the recirculation pump must be con-
sidered. We found that the HEK293T‐based LV producer cells
used in this work show a much lower tolerance for higher
pump rates compared to CHO‐derived cell lines used for the
production of recombinant proteins (unpublished data). Our
introduced optimizations for the cell recirculation reduced the
shear stress for the producer cells used to a tolerable level,
which allowed to successfully scale up the intensified perfusion
process at bench scale.

3 | Conclusion

Here, we described a novel small‐scale perfusion system based
on acoustic wave‐mediated cell separation that can be used in
combination with high‐throughput bioreactor systems. The
system is a useful tool for perfusion process development to
reduce media costs and was used to develop an intensified LV
production process using stable producer cells. A higher per-
fusion rate and higher cell densities resulted in a 1.4‐fold
increased cell‐specific LV yield and a 2.8‐fold higher volumetric
LV yield. The findings from the small‐scale model were suc-
cessfully verified at bench‐scale using an optimized technical
set‐up. Our data demonstrate the importance of process inten-
sification to maximize LV yields and potentially optimize LV
quality.

4 | Material and Methods

4.1 | Cell Culture

A Tet‐off inducible polyclonal GPRTGs suspension producer
cell line expressing a WAS‐T2A‐GFP LV upon induction
(Klimpel et al. 2023) was cultivated in TransFx‐H medium
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(Cytiva) supplemented with 6mM GlutaMAX (Thermo Fisher),
0.1% poloxamer 188 (Merck), 5% Cell Boost 5 (Cytiva) and 0.01%
Anticlumping Agent (Thermo Fisher), hereafter called com-
plete TransFx‐H medium. The cell line originates from the
stable adherent packaging cell line GPRTG, which was deve-
loped based on the HEK293T/17 clone (Bonner et al. 2015;
Throm et al. 2009). Cell cultivation was performed in plain
shake flasks (Corning) at a maximum relative working volume
of 32% using a shaker incubator (Infors HT, Multitron) set at
37°C, 5% CO2 and 70% relative humidity. Cell counts were
performed using Nucleocounter NC‐200 (Chemometec). Before
counting, a cell dissociation step was performed by incubating
100 µL of cell suspension with 300 µL TrypleLE (Thermo
Fisher) for 15min at 37°C.

For seed expansion, cells were seeded at a VCD of 4 × 105 cells
mL−1 for a 3‐day split and at 3 × 105 cells mL−1 for a 4‐day split in
complete TransFx‐H medium supplemented with 2.5 ngmL−1

doxycycline (MP Biomedicals) to suppress the virus expression by
Tet‐controlled constructs like the vector genomic RNA expression
cassette, tat, rev, and VSV‐G (Bonner et al. 2015; Throm et al. 2009).
Four days before inoculation for virus production, cells were seeded
at a VCD of 1× 106 cells mL−1 at a doxycycline concentration of
1 ngmL−1. 24 h before inoculation for virus production, a medium
exchange was performed after centrifuging the cell suspension at
100g for 10min and replacing 66% of the spent medium with
complete TransFx‐H medium supplemented with 1 ngmL−1 doxy-
cycline. Induction of LV production in all bioreactors was per-
formed by direct inoculation into doxycycline‐free medium
according to a previously developed dilution method (Klimpel
et al. 2023). The method consists of an N‐1 perfusion seed expan-
sion to grow cells to high VCD at a reduced doxycycline concen-
tration, which allows efficient induction of virus production by
reaching an approximately sevenfold dilution after inoculation in
the production reactor.

4.2 | Comparison of Different Medium Exchange
Rates in Ambr 250 Bioreactors

A 24‐way Ambr 250 high throughput bioreactor system (Sartorius)
was used to investigate the effect of higher perfusion rates on LV
production. Cultivation was performed in six mammalian vessels
with a dual pitch‐blade impeller. Each vessel was equipped with an
APS‐2402 system (SonoSep Technologies) consisting of a 1mL
acoustic separation chamber (ASC) (part number: SS‐01) and a
controller (part number: SC‐2402), enabling LV production in per-
fusion mode by acoustic wave‐mediated cell separation (Figure 2).
The ASC has a tubing connection at the bottom part and at the top
part, respectively. The bottom tubing connection is connected to the
Ambr vessel via one of the four feed lines, which are linked to the
integrated dip tube of the vessel. The top tubing connection is
connected to a harvest line, enabling to pump cells into the ASC
using a separate peristaltic harvest pump for each vessel. The
peristaltic pumps are connected to the APS controllers, allowing to
control the power, pump speeds and time intervals for the cell
separation.

The bioreactors were operated at a stirring speed of 250 rotations
per minute (rpm), a temperature of 37°C, a DO level of 50% and a
pH of 6.95 ± 0.15 for cell cultivation. CO2 was sparged to control

the upper pH limit. The overlay was set to a fixed air volume flow
of 10mLmin−1. On the day before inoculation, the vessels were
preconditioned with complete doxycycline‐free TransFx‐H
medium. Six vessels were inoculated at a VCD of 1.5 × 106 cells
mL−1 at a final working volume of 200mL using cells from the
same preculture. 200 µL of EX‐CELL antifoam (Sigma‐Aldrich)
were added per vessel after inoculation using the liquid handler.
After a 3‐day batch cultivation, perfusion was initiated at a
harvest rate of 1 VVD for all vessels and 200 µL of antifoam was
regularly added in an interval of 6 h. The liquid levels were
controlled manually by adjusting the flow rates of the harvest
pumps. For the investigation of a higher perfusion rate, the
harvest rate was increased to 2 VVD at 5 dpi and to 3 VVD at 6
dpi for three of the six vessels (Figure 3A). As the volume of
concentrated cell culture in the ASC is continuously increasing
during every harvest cycle, the set‐up requires a repetitive back
flush into the bioreactor to avoid cell loss into the harvest stream.
The capacity of the system is mainly determined by (1) the cell
density in the bioreactor and (2) the target harvest rate. If the cell
densities or harvest rates are increasing, the volume of concen-
trated cell suspension in the ASC is increasing more quickly,
requiring more frequent back‐flush cycles. Detailed settings for
the acoustic separation system are summarized in Table 1. Cell
densities were controlled by variable removal of cell suspension
at 6 h intervals using the liquid handler and subsequent bolus
addition of media to reach the initial working volume. All bior-
eactors were sampled at 0 dpi and daily starting from 3 dpi by
removing 7mL of cell suspension using the liquid handler and
subsequent addition of 7mL fresh medium to reach the
initial working volume. 100 µL of the cell suspension were used
to perform a cell count. The remaining volume was centrifuged
for 5min at 336 g and the supernatant frozen at ‐80°C in
1mL aliquots for quantification of infectious titers and
metabolites. Lactate and glucose concentrations in the super-
natant were determined using EPOC Blood Analysis System
(Siemens Healthcare).

4.3 | Scale‐Up in Bench‐Top Bioreactors

A Biostat B‐DCU system (Sartorius) was used for LV produc-
tions at bench‐top bioreactor scale. All cultivations were per-
formed at a temperature of 37°C, a DO level of 50% and a pH of
6.95 ± 0.15. CO2 was sparged to control the upper pH limit. The
bioreactors were equipped with an APS‐107 system (SonoSep
Technologies) consisting of a controller (part number: SC‐107)
and a 30mL ASC (part number: SS‐30), enabling LV production
in perfusion mode by acoustic wave‐mediated cell separation.
The investigation of a harvest rate of 1 VVD was performed in a
5 L glass bioreactor (Sartorius) at a final working volume of
4.5 L. Cultivation was performed at a stirring speed of
100–140 rpm, and the overlay was set to a fixed air volume flow
of 0.2 Lmin−1. The investigation of a harvest rate of 3 VVD was
performed in a 2 L glass bioreactor (Sartorius) at a final working
volume of 1.5 L. Cultivation was performed at a stirring speed of
114–160 rpm, and the overlay was set to a fixed air volume flow
of 0.08 Lmin−1.

Complete TransFx‐H medium was supplemented with 0.4%
cholesterol lipid concentrate (Thermo Fisher) and 0.5% polox-
amer 188. A size 17 PharmaPure low spallation pump tubing
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(Saint‐Gobain) was used for cell recirculation. The bioreactors
were preconditioned with doxycycline‐free medium and inoc-
ulated at a VCD of 1.5 × 106 cells mL−1. After cultivation in
batch mode for 2 days, perfusion was initiated at a harvest rate
of approximately 1 VVD and the harvest was continuously
collected at 4°C. For the 2 L bioreactor, the harvest rate was
gradually increased to 3 VVD (Figure 4A). The VCD was con-
trolled by a continuous cell bleed based on the daily determined
VCD. The volume of cell culture removed for bleeding was
replaced by adding the same volume of fresh medium. EX‐
CELL antifoam was added manually on demand. The bior-
eactors were sampled daily. 100 µL of the sampled cell sus-
pension was used to perform a cell count. The remaining cell
suspension was centrifuged for 5 min at 336 g. The supernatant
was separated from the cell pellet and frozen at −80°C in 1mL
aliquots for quantification of infectious titers and metabolites.
Lactate and glucose concentrations in the supernatant were
determined using EPOC Blood Analysis System (Siemens
Healthcare).

4.4 | LV Stability Study

LV containing cell suspension was collected from stirred‐tank per-
fusion bioreactors by sampling using a syringe. The samples were
centrifuged for 5min at 336g for cell separation. The supernatants
were aliquoted into 1.5mL screwed‐cap sample tubes (VWR) and
incubated at 4°C in a fridge or at 37°C in a 5% CO2 atmosphere in
an incubator. The samples were frozen at ‐80°C at different time
points for infectious titer determination. Aliquots that were incu-
bated at 4°C were frozen after 0, 6, 21, 70, and 142 h, respectively.
Aliquots that were incubated at 37°C were frozen after 0, 2, 4, 6, and
21 h, respectively. For representation, all determined titers which
originated from the same sampled supernatant were normalized to
the respective titer determined at 0 h.

4.5 | Infectious Titer Determination

Adherent HEK293T/17 cells (ATCC) were cultivated in Dul-
becco's modified Eagle's medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% Penicillin‐Streptomycin
(all Thermo Fisher) at 5% CO2 using a static incubator (Thermo
HERAcell 250i). For the quantification of transducing units
(TU), 2 × 104 cells per well were seeded in 96‐well plates in a
volume of 80 µL per well using DMEM medium supplemented
with 10% FBS and 10 µgmL−1 polybrene (Merck), hereafter
called transduction medium. Virus containing supernatants
were thawed quickly and fivefold serial dilutions were per-
formed in duplicates using transduction medium, starting from
a 50‐fold dilution. 20 µL of each dilution was added to seeded
cells, resulting in a final volume of 100 µL per well. Tracking
controls were included by diluting a GFP LV preparation with a
known virus concentration 25,000‐fold using transduction
medium. Negative controls were included by adding 20 µL
DMEM medium with 10% FBS instead of virus containing su-
pernatants. Cells were trypsinized 4 days post transduction,
washed with PBS (Thermo Fisher) and resuspended in 100 µL
cold MilliQ water supplemented with 0.1% Fixation/Permeabi-
lization solution (BD Biosciences), hereafter called fixation

solution. The samples were incubated for 20 min at 4°C, and
100 µL cold fixation solution were added. Samples were cen-
trifuged for 2 min at 800 g, the supernatant discarded, and wa-
shed with 200 µL cold fixation solution. Samples were
centrifuged for 2 min at 800g, and the cell pellet resuspended in
200 µL autoMACS Running Buffer (Miltenyi Biotec). The per-
centage of GFP+ cells was determined by analyzing 10,000
events using MACSQuant Analyzer 16 Flow Cytometer
(Miltenyi Biotec). Infectious titers were calculated in TU mL−1

using dilutions that led to a proportion of 5% to 30% GFP+ cells
in the sample.

4.6 | Digital Droplet PCR for Determination of
Vector RNA Concentration

For the determination of the WAS‐T2A‐GFP LV RNA concen-
tration, all samples were spiked with a β‐globin LV with a
known vector concentration before the extraction process.
Samples were then treated with DNAse (Qiagen) and incubated
for 10 min at room temperature to digest host cell DNA. Vector
RNA extraction was performed using QIAamp Viral RNA Mini
Kit and QIAcube connect (Qiagen) according to manufacturer's
instructions. The RT‐PCR step was done using the High‐
Capacity cDNA Reverse Transcription Kit (Thermo Scientific).
LV RNA concentration was determined by ddPCR using
QX200™ Droplet Digital PCR (Bio‐Rad Laboratories) according
to manufacturer's instructions. In brief, 20 µL of the reaction
mixture containing 50 ng template DNA, 1x ddPCR Supermix
for Probes (No dUTPs) (Bio‐Rad), 50 units μL−1 of HaeIII
restriction enzyme (New England Biolabs), 900 nM of each
primer, and 250 nM of each probe (Bio‐Rad) was loaded into the
sample wells in the QX100 Droplet Generator (Bio‐Rad). A total
of 40 μL of oil‐water emulsion, containing approximately 20,000
droplets, was generated with the droplet generator, and trans-
ferred into a separate well of a 96‐well PCR plate. PCR was
performed under the following thermocycling conditions: en-
zyme activation at 95°C for 10 min, 40 cycles of denaturation at
94°C for 30 s and annealing/extension at 60°C for 1 min, and
final enzyme deactivation at 98°C for 10min. After PCR
amplification, positive and negative droplets were counted
using QX200™ Droplet Reader and QuantaSoft software (Bio‐
Rad). The calculated WAS‐T2A‐GFP LV copy number was
corrected using the normalization factor calculated by the cal-
culated β‐globin LV copy number.

The following primer‐probe sets were used to amplify the GFP gene
and the β‐globin gene (rGbG) as a control for normalization (GFP:
fwd 5′‐CTGCTGCCCGACAACCA‐3′, rev 5′‐TGTGATCGCGCTTC
TCGTT‐3′ and probe 5′‐HEX‐TACCTGAGC ACCCAGTCCGCCC
T‐3′; rGbG: fwd 5′ CCCCATACCATCAGTACAAATTGCT‐3′, rev
5′‐TGTTAGAGGACACATGCTCACATACAT‐3′ and probe 5′‐
FAM‐CCTCCTTTGCAAGTGTATTTACGACGGT‐3′).

4.7 | Lentivirus‐Associated HIV p24 ELISA

Determination of lentivirus‐associated HIV p24 core protein was
performed using the commercially available QuickTiter™ Lentivi-
rus Titer Kit (Cell Biolabs) according to manufacturer's instructions.
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4.8 | Quantification of Total DNA Concentration

Total DNA was determined using the Qubit™ double‐stranded
(ds) DNA Assay‐Kit (Thermo Fisher). Samples and controls
were diluted under light protection using the HS buffer and
reagent dilutions supplied with the kit. Samples were incubated
for a maximum of 15min and read using a SPARK microplate
reader (Tecan) at 485 nm excitation and 530 nm emission.

4.9 | Equations for Process Comparison

The perfusion rate is defined as the sum of the harvest and bleed
rate:

P = H + B, (1)

P = perfusion rate [d−1]; H = harvest rate [d−1]; B = bleed rate
[d−1].

The equation for the cell‐specific virus productivity qv was
adapted from Coronel, Heinrich, et al. (2020). The calculation at
a timepoint ti was estimated by using determined infectious
titers in the bioreactor:

≅










 




q
c c

t t

c c( − )

( − )
+ P ×

( + )

2

×
(X + X )

2
,

v,i
v,i v,i−1

i i−1

v,i v,i−1

i i−1
−1

(2)

qv = cell‐specific virus productivity [TU cell−1 d],
cv

−1 = infectious titer [TU mL−1], t = time post induction [h],
X = cells density [cells mL−1]

The cell‐specific virus yield Qv,k is defined as the total lentivirus
amount produced per cell at a given time point tk:
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Qv = cell‐specific virus yield [TU cell−1].

The total virus yield produced was normalized per reactor
volume to allow a comparison between different bioreactor si-
zes. The arithmetic mean of infectious titers measured in the
bioreactor was used for an approximation:
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VYv = volumetric yield or yield per reactor volume [TU
mLBioreactor

−1], VBioreactor = working volume bioreactor [mL].

The following equation was used to describe the continuous
dilution of a substance in an ideally mixed continuous stirred‐
tank reactor:

c c e= × ,i
P t

0
− × i (5)

ci = relative concentration at ti [%], c0 = relative concentration
at t0 [%], ti = time after t0 [d], P = perfusion rate [d−1].

4.10 | Statistical Analysis

Statistical analysis was performed using GraphPad Prism 10.
The LV half‐life was determined by a nonlinear regression using
a one phase decay equation with a robust fit. Multiple unpaired
t‐tests were performed to compare virus production using the
Ambr 250 between a harvest rate of 1 VVD and 3 VVD with
respect to cell‐specific yields and volumetric yields. Differences
were considered significant when *p< 0.05.
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