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Abstract 
Cell culture-based production of vector-based vaccines and virotherapeutics is of increasing interest. The vectors used not 
only retain their ability to infect cells but also induce robust immune responses. Using two recombinant vesicular stomatitis 
virus (rVSV)-based constructs, we performed a proof-of-concept study regarding an integrated closed single-use perfusion 
system that allows continuous virus harvesting and clarification.
Using suspension BHK-21 cells and a fusogenic oncolytic hybrid of vesicular stomatitis virus and Newcastle disease virus 
(rVSV-NDV), a modified alternating tangential flow device (mATF) or tangential flow depth filtration (TFDF) systems 
were used for cell retention. As the hollow fibers of the former are characterized by a large internal lumen (0.75 mm; pore 
size 0.65 μm), membrane blocking by the multi-nucleated syncytia formed during infection could be prevented. However, 
virus particles were completely retained. In contrast, the TFDF filter unit (lumen 3.15 mm, pore size 2–5 μm) allowed not 
only to achieve high viable cell concentrations (VCC, 16.4–20.6×106 cells/mL) but also continuous vector harvesting and 
clarification. Compared to an optimized batch process, 11-fold higher infectious virus titers were obtained in the clarified 
permeate (maximum 7.5×109  TCID50/mL).
Using HEK293-SF cells and a rVSV vector expressing a green fluorescent protein, perfusion cultivations resulted in a maxi-
mum VCC of 11.3×106 cells/mL and infectious virus titers up to 7.1×1010  TCID50/mL in the permeate. Not only continuous 
harvesting but also clarification was possible. Although the cell-specific virus yield decreased relative to a batch process 
established as a control, an increased space-time yield was obtained.

Key points
• Viral vector production using a TFDF perfusion system resulted in a 460% increase in space-time yield
• Use of a TFDF system allowed continuous virus harvesting and clarification
• TFDF perfusion system has great potential towards the establishment of an intensified vector production

Keywords Tangential flow depth filtration · Alternating tangential flow filtration · Bioreactor · Perfusion · Recombinant 
VSV-based vectors · Oncolytics · Vaccines
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Introduction

In the relentless pursuit to combat infectious diseases, 
recombinant vector-based vaccines produced in cell culture 
have gained popularity during the last decade. Compared to 
other vaccine platforms, viral vector-based vaccines retain 
their ability to infect cells, thereby inducing robust immune 
responses by increasing both humoral and cellular immu-
nity (Ura et al. 2014). Successful large-scale applications 
of adenoviral-based vectors against SARS-CoV-2 (Men-
donça et al. 2021) combined with their potential applica-
tion against a wide array of infectious diseases, resulted in 
tremendous research efforts to develop new recombinant 
vector-based vaccines (accounting for 14% of global R&D 
vaccine landscape in 2023 (Yue et al. 2023)) and to improve 
current manufacturing processes. One such vector is based 
on the recombinant vesicular stomatitis virus (rVSV). Due 
to its broad tropism, fast replication kinetics to high titers, 
low viral pathogenicity, rare pre-existing anti-vector immu-
nity in humans, and ease of genetic manipulation, rVSV 
has gained popularity for both vaccine and oncolytic appli-
cations (Ura et al. 2021). Replacing the native glycoprotein 
of rVSV to any glycoprotein of interest allows delivery 
of foreign antigens to elicit robust humoral and cellular 
immunity for vaccine applications, while simultaneously 
reducing the manufacturing-associated biosafety standards 
(e.g., for highly pathogenic viruses) (Zhang and Nagalo 
2022). Various vaccine candidates manufactured using a 
rVSV production platform have shown prophylactic effects 
against Ebola (Suder et al. 2018), SARS-CoV-2 (Ura et al. 
2021), Marburg virus (Jones et  al. 2005), Lassa virus 
(Geisbert et al. 2005), Andes virus (Brown et al. 2011), 
hepatitis B virus (Cobleigh et al. 2010), Yersinia pestis 
(Palin et al. 2007), respiratory syncytical virus (Kahn et al. 
2001), dengue virus (Lauretti et al. 2016), chikungunya 
virus (van den Pol et al. 2017), Nipah virus (DeBuysscher 
et al. 2016), Zika virus (Emanuel et al. 2018), human papil-
lomavirus (Liao et al. 2008), and influenza virus (Roberts 
et al. 1998) in animal models; and some are being tested 
in clinical trials. Despite the well-demonstrated prophylac-
tic efficacy, currently only one VSV-based vaccine against 
Zaire ebolavirus (rVSV-ZEBOV) gained FDA and EMA 
approval in 2019 (EMA 2019; FDA 2019). Usage of rVSV 
as oncolytic agents is particularly interesting, as its high 
cytopathogenicity, fast replication cycle, non-integration 
into the host genome, IFN-sensitivity, selective infection, 
and potent induction of apoptosis in cancer cells fulfill all 
critical features for virotherapy (Zhang and Nagalo 2022). 
Further genetic modification approaches such as pseudo-
typing innate glycoproteins with heterologous fusion gly-
coproteins, generating chimeric constructs that can convey 
fusogenic-based viral propagation, further enhance the 

oncolytic abilities of rVSV-based constructs (Abdullahi 
et al. 2018). One such novel rVSV-based construct con-
tains the fusogenic mutant proteins of Newcastle disease 
virus (NDV) and has shown promising pre-clinical efficacy 
in various cancer models (Abdullahi et al. 2018; Krabbe 
et al. 2021).

To address the unprecedented demand, as well as the high 
input doses required for many rVSV-based therapies, current 
batch-based manufacturing strategies need to be intensified. 
Usage of suspension cell lines in chemically defined media 
allows for the design of processes that are easier to scale-
up, for higher cell concentrations and for smaller footprints 
compared to traditional adherent-based manufacturing (Pelz 
et al. 2022). By the establishment of perfusion cultures, 
where depleted medium is continuously exchanged with 
fresh medium, while the cells are retained in the bioreac-
tor by the use of a cell retention device, even higher cell 
concentrations can be achieved. Process intensification in 
perfusion mode to increase virus titers, cell-specific virus 
yields (CSVYs), space-time yield (STY), and volumetric 
virus productivity (VVP) have already been elaborated for 
different viruses and vectors such as for Zika virus (Nikolay 
et al. 2018), influenza A virus (IAV) (Wu et al. 2021), lenti-
viral vectors (LV) (Tran and Kamen 2022; Tona et al. 2023), 
adeno-associated virus (AAV) (Mendes et al. 2022), rVSV-
COV-2 (Yang et al. 2023), rVSV-NDV (Göbel et al. 2023a), 
and modified vaccinia virus Ankara (Gränicher et al. 2021a; 
Gränicher et al. 2021b). However, by targeting higher cell 
concentrations, the CSVY might be decreased (high-cell 
density effect) thus lowering the STY and VVP (Bock et al. 
2011; Nadeau and Kamen 2003).

For high-cell concentration cultivations, membrane-based 
systems, i.e., alternating tangential flow (ATF) and tangen-
tial flow filtration (TFF) modules are widely employed. One 
major drawback of these systems is the risk of filter fouling 
(despite the self-cleaning backflush of the ATF) and reten-
tion of virus particles, which leads to unwanted accumula-
tion of virus inside the bioreactor within the cell environ-
ment until full harvest of the bioreactor broth is possible 
(Genzel et al. 2014; Hadpe et al. 2017; Nikolay et al. 2020; 
Nikolay et al. 2018; Tona et al. 2023; Vázquez-Ramírez 
et al. 2019). As virus release typically leads to cell lysis, 
cell debris and DNA increase over time, equally increas-
ing viscosity of the culture broth and further increasing the 
risk of membrane clogging. Prolonged retention inside the 
bioreactor can have a negative impact on virus infectivity 
due to a release of cellular proteases, adsorption of virions 
to cellular debris, and viral temperature sensitivity (Aunins 
2003; Eccles 2021; Genzel et al. 2010; Göbel et al. 2023a; 
Gränicher et al. 2020; Wu et al. 2021). Additionally, fuso-
genic oncolytic constructs such as rVSV-NDV that lead to 
the formation of large multi-nucleated syncytia (>100 μm) 
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in perfusion cultures are likely to block the small lumen 
sizes of commonly used hollow-fiber membranes (Göbel 
et al. 2023a). One approach to overcome this issue is the 
use of non-membrane-based systems such as an acoustic 
filter (Göbel et al. 2023a; Gränicher et al. 2020; Manceur 
et al. 2017) or an inclined settler (Coronel et al. 2020); how-
ever, these systems are often complex or not compatible with 
industrial size bioreactors and have a lower cell retention 
efficiency. Alternatively, membranes that allow virus parti-
cles to pass through could be used. This has been recently 
demonstrated for the production of IAV defective interfering 
particles utilizing a tubular membrane (VHU, pore size ~10 
μm) coupled to an ATF system (Hein et al. 2021). Using 
tangential flow depth filtration (TFDF) perfusion modules 
(pore size 2–5 μm), continuous harvest of LV as well as 
AAV has been already shown (Mendes et al. 2022; Tona 
et al. 2023; Tran and Kamen 2022). This allows for shorter 
residence times of infectious virus particles and the pos-
sibility to immediately store harvested material in cooled 
tanks to increase virus stability and, thus, virus yields and 
productivity. For instance, continuous virus harvest using 
an acoustic settler for IAV production enhanced CSVY and 
VVP by a factor of 1.5 relative to a perfusion run with a hol-
low fiber membrane with PES (0.2 μm cut-off) (Gränicher 
et al. 2020). Moreover, the TFDF module can combine con-
tinuous virus harvest and clarification in a single step, reduc-
ing the number of unit operations and therefore saving time 
and money (Mendes et al. 2022). All in all, this could allow 
for a direct integration of upstream (virus production) and 
downstream processing (virus purification), further reducing 
costs while increasing flexibility and productivity (Gränicher 
et al. 2021a; Moleirinho et al. 2020).

In this study, we evaluated the applicability of the TFDF 
perfusion system as a novel cell retention device and virus 
transmission away for the host cell environment for both 
perfusion cultivation and continuous harvest filtration with 
clarification (turbidity reduction) in a single operation. The 
process intensification of the production of two different 
rVSV-based vectors, one which induces classical cytopathic 
effects and one that mediates cell fusion reactions, was com-
pared to optimized batch processes.

Materials and methods

Cell lines, media, and viral seed stock

Baby hamster kidney (BHK-21) cells (CEVA Animal 
Health) were cultivated in protein expression medium (PEM) 
(Gibco, USA) supplemented with 4-mM pyruvate and 8 mM 
L-glutamine (Sigma-Aldrich, USA). Cells were sub-cultured 
to 0.5 ×  106 cells/mL twice a week using vented, baffled 
125-mL shake flasks (50 mL working volume (WV)) at 37 

°C and 5%  CO2 with controlled agitation (185 rpm, shaken 
diameter of 50 mm, Infors HT, Switzerland). Human embry-
onic kidney (HEK293-SF) cells were kindly provided by 
National Research Council of Canada (NRC, Montreal, Can-
ada) and grown in vented, non-baffled 125-mL shake flasks 
(TriForest Enterprises, USA) in HyClone HyCell TransFx-H 
medium (Cytiva, USA) supplemented with 6 mM glutamine 
and 0.1% Koliphor P188 (Merck, USA). HEK293-SF cells 
were passaged three times a week at 0.2×106 or 0.5×106 
cells/mL and grew in a humified Multitron orbital shaker 
(shaking diameter of 25 mm, Infors HT, Switzerland) at 
135 rpm, 37 °C, and 5%  CO2. Adherent Huh7 cells were 
cultivated at 37 °C and 5%  CO2 in T75 flasks in high glu-
cose Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 
USA), supplemented with 1 mM sodium pyruvate (Gibco, 
USA), 1× non-essential amino acids (Gibco, USA), and 10% 
FCS. Adherent HEK293 cells were maintained in T75 or 
T175 flasks in DMEM (Wisent Bioproducts, Canada) sup-
plemented with 10% FCS (Wisent Bioproducts, Canada) 
at 37 °C and 5%  CO2 in a humidified incubator and sub-
cultured twice a week by using TrypLE Express (Thermo 
Fisher Scientific, USA). Adherent AGE1.CR.pIX cells were 
maintained at 37 °C, 5%  CO2 in T75 flasks in DMEM-F12 
medium (Gibco, USA).

For infections, the previously described BHK-21-derived 
virus seed (rVSV-NDV) with a titer of 1.33×109 50% tissue 
culture infectious dose  (TCID50)/mL was used (Göbel et al. 
2023a). Moreover, we used rVSV-green fluorescent protein 
(GFP) virus seed with a titer of 2.12×109  TCID50/mL, which 
was derived from suspension HEK293 cells and kindly pro-
vided by NRC. Aliquots of the stocks and clarified samples 
were stored at −80 °C and were used once for each experi-
ment or assay to prevent loss of infectivity due to repeated 
freeze-thaw cycles.

Perfusion mode production of rVSV‑NDV 
in an orbitally shaken bioreactor

To evaluate applicability of membrane-based cell retention 
for production of fusogenic oncolytic viruses, a perfusion 
run employing a modified alternating tangential flow filtra-
tion device (mATF) as a cell retention device was carried 
out. Here, a SB10-X orbital shaken bioreactor (OSB) (Adolf 
Kühner AG) was used with the novel 3 L modular adapter 
and standard 3-L single-use bags. BHK-21 cells were inoc-
ulated at 0.9×106 cells/mL with 2.4 L WV at 37 °C and 
shaken at 100 rpm (50-mm shaking diameter). Aeration was 
solely carried out through headspace gassing using 300 mL/
min air/O2. By automatic adjustments of the gas composition 
in the output flow, dissolved oxygen (DO) and pH were con-
trolled at 80% and 7.20, respectively. Perfusion was initiated 
once viable cell concentration (VCC) reached 4−106 cells/
mL. The perfusion rate was manually increased over time 



 Applied Microbiology and Biotechnology         (2024) 108:240   240  Page 4 of 18

to maintain a cell-specific perfusion rate (CSPR) of 115 pL/
cell/day. For virus production, temperature was decreased 
to 34 °C, and the perfusion rate was set to 1.8 RV/day. Cou-
pling of the 3-L single-use bag to a hollow fiber membrane 
(0.65-μm modified polyethersulfone (mPES), 1075  cm2, 
Repligen, USA) connected to the mATF (Repligen, USA) 
was carried out as described previously (Coronel et  al. 
2019). Exchange flow rates of the diaphragm pump were 
set to 1.5 L/min. As the ATF2 module was placed below the 
SB10-X, a height differential of 40 cm was set, while other 
parameters were kept as given by the supplier.

Perfusion mode production of rVSV‑NDV in a STR

Bioreactor perfusion cultivations were performed using a 
3-L stirred tank bioreactor (STR) (DASGIP, Eppendorf AG, 
Germany) equipped with two pitched blade impellers (50-
mm diameter; 180 rpm) and a L-drilled hole sparger, as well 
as a microsparger for gas supply. The DO setpoint of 50% 
was maintained by varying the gas flow rates (3–9 L/h) and 
the percentage of  O2 in the gas mixture (21–100%). pH was 
controlled at 7.20 by sparging  CO2. Temperature was set 
to 37 °C for the growth phase and 34 °C for the infection 
phase. BHK-21 cells were inoculated at 0.8×106 cells/mL 
at 1.3 L WV, and the cells were grown in batch mode until 
a VCC of 4.0×106 cells/mL was reached. Then, perfusion 
was started, and medium was exchanged with a CSPR of 130 
pL/cell/day for BHK-21 cells. For cell retention, a 30-cm2 
TFDF cartridge (polypropylene and polyethylene terephtha-
late, pore size 2–5 μm, Repligen) connected to a Krosflo 
TFDF system (Repligen) was used. Using the KrosFlo’s inte-
grated flow sensor and weight control system, the recircula-
tion rate and WV were maintained at 0.9 L/min and 1.3 L, 
respectively. Permeate flow rates were either updated daily 
based on VCC and the CSPR or controlled automatically 
through a capacitance probe and pre-amplifier connected 
to the ArcView controller 265 (Incyte Hamilton, USA), as 
described previously (Göbel et al. 2023a). A “cell factor” of 
0.25 was used to set the cell volume-specific perfusion rate 
(CVSPR) of 0.06 pL/μm3/day. At time of infection (TOI), 
an RV was exchanged by temporarily increasing the perme-
ate flow rate to 8–10 mL/min, and cells were subsequently 
infected with a multiplicity of infection (MOI) of 1E-4. 
After infection, permeate flow was paused for up to 2 h and 
then fixed to 1.8 RV/day (1.7 mL/min). The clarified per-
meate was collected continuously into sterile polyethylene 
terephthalate bottles, previously filled with sucrose equal 
to 5% final concentration, at room temperature. The final 
one-step bioreactor harvest was carried out using a modi-
fied concentration-diafiltration-concentration (C1/DF/C2) 
process (Table S1), where the permeate flow was paused 
during the diafiltration step. Furthermore, either sterile PBS 
(TFDF1) or supplemented medium (TFDF2) was used for 

diafiltration. The overall setup including devices for control 
of perfusion is shown in Fig. 1.

Other analytics for rVSV‑NDV experiments

VCC and viability were quantified using the automated cell 
counter ViCell (Coulter Beckman, USA). A pH7110 poten-
tiometer (Inolab, USA) was used to measure off-line pH, 
and metabolite concentrations (glucose, lactate, glutamine, 
glutamate, ammonium) were determined by a Cedex Bio 
Analyzer (Roche, Switzerland). Titration of rVSV-NDV 
was carried out using adherent AGE1.CR.pIX cells and 
the previously described  TCID50 assay (Göbel et al. 2022a, 
2022b). Oncolytic viral potency was confirmed using the 
previously described half maximal inhibitory concentration 
(IC50) potency assay in Huh7 cells (Göbel et al. 2023a; 
Göbel et al. 2022a). Taking into account only the error of 
the  TCID50 assay (−50%/+100% on a linear scale), the 
CSVY was calculated as previously described by Gränicher 
et al. 2020. Total DNA and protein were quantified using 
the Quant-iT™ PicoGreen dsDNA assay kit (Thermo Fisher 
Scientific, USA) and with Pierce™ BCA assay kit (Thermo 
Fisher Scientific, USA), respectively, according to the manu-
facturer’s instructions. The solution turbidity of bioreactor 
and permeate samples was measured using a turbidimeter 
(2100 Qis Portable, HACH).

Production of rVSV‑GFP in shake flasks

For production of rVSV-GFP in batch mode using shake 
flasks, HEK293-SF cells growing in exponential growth phase 
were centrifuged (300×g, 5 min, room temperature (RT)), 
supernatant was discarded, and cells were resuspended in 
penicillin/streptomycin (Pen/Strep)-containing fresh medium. 
Subsequently, cells were seeded at 0.4×106 cells/mL into 
a shake flask and grown to 1.1×106 cells/mL. Cells were 
infected at an MOI of 1E-3, and temperature was reduced 
from 37 to 34 °C. Supernatant samples were centrifuged 
(1200×g, 5 min, 4 °C) and stored at −80 °C for analytics.

Batch mode production of rVSV‑GFP in a STR

Production of rVSV-GFP in batch mode was conducted in 
a 3 L (2100 mL WV) or 1 L (700 mL WV) STR (Applikon 
Biotechnology, Netherlands), which was equipped with two 
(3 L STR) or one (1 L STR) marine impeller(s) (100 rpm). 
Continuous surface aeration (12.5 mL/min), with sparging 
of  O2 (microsparger) when necessary, was used to control 
dissolved oxygen above 40% DO. The pH set point of 7.15 
was controlled by  CO2 injection into the headspace of the 
bioreactor or addition of 9%  NaHCO3. HEK293-SF cells 
cultured in shake flasks were centrifuged (300×g, 5 min, 
RT), resuspended in fresh Pen/Strep-containing medium 
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and inoculated at about 0.3×106 cells/mL into the STR. 
HEK293-SF cells were grown at 37 °C up to 1.2–1.3×106 
cells/mL. Prior to infection, the temperature was reduced to 
34 °C, and cells were infected at an MOI of 1E-3.

Perfusion mode production of rVSV‑GFP in a STR

For perfusion mode production of rVSV-GFP, a 3 L STR was 
used at 2100 mL WV. Standard bioreactor setup and process 
parameters are similar to those described in the previous 
chapter. Before inoculation, recirculation was started with a 
recirculation rate of 1.0 L/min. HEK293-SF cells growing in 
shake flasks in the exponential growth phase were centrifuged 
(300×g, 5 min, RT), resuspended in fresh Pen/Strep-containing 
medium, and seeded at 0.8×106 cells/mL. After a cell growth 
phase in batch mode for 24 h, perfusion was initiated with a 
permeate flow rate of 0.9 mL/min (0.6 RV/d). In the follow-
ing, the permeate flow rate was adjusted manually based on 
a CSPR of 115 pL/cell/day. The bioreactor weight was used 
to control the feed flow rate. Prior to infection, one RV with 
medium was exchanged by temporarily increasing the perme-
ate flow rate to 20–33 mL/min. Temperature was reduced to 
34 °C, and HEK293-SF cells (10×106 cells/mL) were infected 

at an MOI of 1E-3. Following infection, the permeate flow 
was stopped for 1 h, and then set at a constant rate of 2.2 mL/
min (1.5 RV/day). Supernatant samples were taken from the 
bioreactor and permeate line. After infection, the accumulated 
clarified permeate in the permeate bottle was stored on ice and 
transferred to a storage bottle (stored at 4 °C) at each sample 
taking. Lastly, a final “pool sample” was taken from the stor-
age bottle containing the entire volume of collected permeate, 
without the final harvest step. For final one-step harvest at 31-h 
post infection (hpi), the recirculation rate was increased to 2.1 
L/min to prevent filter fouling and promote self-cleaning. In 
more detail, a C1/DF/C2 process was conducted (Table S2). 
In the first step, 980 mL cell broth was pumped (31.3 mL/min) 
from the bioreactor through the TFDF filter into the harvest 
bottle. Next, 1049 mL medium was pumped (31.3 mL/min) 
into the bioreactor for washing, while harvest continued. In the 
last step, feeding of medium was stopped, while another 491 
mL of suspension was pumped from the bioreactor through 
the TFDF filter into the harvest bottle. Supernatant samples 
were centrifuged (1200×g, 5 min, 4 °C) and stored at −80 
°C until further analysis. For metabolite measurements, virus 
was removed using a Vivaspin 500 (Cytiva, USA, molecular 
weight cut-off of 100 kDa, 10,000×rpm, 5 min).

Fig. 1  Scheme of the TFDF setup for perfusion cultivations with 
manual adjustment (I) or automated (II) perfusion control (adapted 
from (Göbel et al. 2022b)). BHK-21 cells were continuously pumped 
through a 30-cm2 TFDF cartridge (pore size 2–5.0 μm) by a levitro-
nix impeller pump in unidirectional flow. Flow rates for feed and inlet 
were controlled using balances and KrosFlo’s integrated flow sensor, 

respectively. For the cell growth phase, the permeate flow was either 
manually adjusted (I, using the KrosFlo controller) or controlled (II, 
using a capacitance probe). Larger orange circles indicate cells, black 
ellipses indicate virus particles, and dashed lines indicate different 
types of signal transmission
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Other analytics for rVSV‑GFP experiments

Quantification of VCC, viability, and cell diameter was 
performed using a cell counter (Vi-CellTM XR, Beckman 
Coulter, USA). Metabolite concentrations were quantified 
by  Bioprofile® FLEX 2 (Nova Biomedical, USA). A  TCID50 
assay was used to quantify infectious virus titer of rVSV-
GFP samples. In brief, adherent HEK293 cells were seeded 
at a concentration of 0.2×105 cells/well (100 μL per well) 
in 96-well plates using DMEM (10% FCS, 1% Pen/Strep), 
followed by incubation for 24 h at 37 °C. Prior to infection, 
medium was gently removed from wells by a vacuum 
aspirator (8-channel adaptor). Cells were infected (infection 
medium: 2% FCS, 1% Pen/Strep) with eight replicates (100 
μL/well) per dilution (serial dilution of 1:10) and incubated 
for 7 days at 34 °C. Wells containing cytopathic effect under 
standard light microscope were considered as positive. 
Spearman/Kärber method was used to calculate  TCID50 
titer. Each sample was quantified twice in independent 
 TCID50 assays.

Calculations

Metabolite consumption/production rates (qs), CSVY 
 (TCID50/cell), volumetric virus productivity (VVP;  TCID50/L/
day), space-time yield (STY,  TCID50/L/day), and cell retention 
efficiency (CRE) were calculated as follows:

 where μ is the cell-specific growth rate (1/h), Yx/s is the bio-
mass yield, x is the VCC (cells/mL) at the cultivation time n 
(tn), and cs the metabolite concentration (mM).

viracc is the accumulated number of infectious virus par-
ticles  (TCID50) and was calculated for different production 
modes as follows:

Cvir, BR is the infectious virus concentration  (TCID50/mL) 
in the bioreactor. VBR (mL) is the working volume of the cul-
tivation vessel.

Cvir, P, n and Cvir, P, n − 1 are the infectious virus concentra-
tions in the permeate between tn and tn−1, respectively. VH 
represents the harvest volume collected between tn and tn−1.

(1)qs =
�

Y
x∕s

(2)Yx∕s =
x
(

tn
)

− x
(

tn−1
)

cs
(

tn−1
)

− cs
(

tn
)

(3)Batch ∶ viracc = Cvir,BR × VBR

(4)
ATF,AS ∶ viracc = Cvir,BR × VBR +

∑

(

Cvir,P,n + Cvir,P,n−1

)

2
× VH

Cvir, FH is the infectious virus concentrations of the final 
harvest step. VFH represents the volume of the final harvest 
step. Cvir, B, n and Cvir, B, n − 1 are the infectious virus con-
centrations in the harvest bottles, which were exchanged 
every sample time point for rVSV-NDV. VB,n represents the 
volume in the harvest bottle. For the TFDF run with rVSV-
GFP, the collected permeate (stored at 4 °C) was sampled 
combined, and final harvest step was sampled individually. 
For the TFDF run with rVSV-NDV, all harvest bottles were 
sampled individually and not combined.

xmax (cells/mL) is the maximum viable cell concentration 
reached post-infection in the cultivation vessel. Vacc (mL) is 
the accumulated medium spent during the entire process, and 
ttot (h) is the total process time until maximum virtot is reached.

Percentage of infectious virus (PPerm) passing through the 
membrane was calculated as follows:

Cell retention efficiency (CRE), shear rate (γ), and perme-
ate flux (J) were calculated as follows:

 where xH and xBR are the measured VCC in the permeate line 
and in the bioreactor, respectively. Q represents the volumetric 
recirculation rate  (m3/s, based on the exchange flow rate of 
the ATF system or recirculation rates of the TFDF system), 
R the internal radius of the fiber (m), and z the number of 
hollow-fibers of the ATF/TFDF membrane. The permeate flux 
is calculated as the ratio of the permeate flow rate V̇p(L/h) to 
the total filtration area of the hollow-fiber membrane A  (m2).

(5)TFDF ∶ viracc = Cvir,FH × VFH +
∑

Cvir,B,n × VB,n

(6)CSVY =
viracc

x
max

× V
BR

(7)VVP =
viracc

V
acc

× t
tot

(8)STY =
viracc

V
BR

× t
tot

(9)PPerm =
1

n

∑

(

Cvir,P,n

Cvir,BR,n

)

× 100%

(10)CRE =

(

1 −
x
H

x
Br

)

× 100

(11)� =
4 × Q

z × � × R3

(12)J =
V̇p

A
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Results

rVSV‑NDV production using mATF

To evaluate the virus retention of commonly used hollow-
fiber membranes and the applicability for fusogenic onco-
lytic viruses forming large multi-nucleated syncytia, an ini-
tial perfusion run using the novel 3-L modular adapter on a 
SBX-10 OSB with a 0.65-μm mPES membrane connected to 
a mATF was carried out. Previously, it has been shown that 
OSB and STR bioreactors perform similarly for cell growth 
and, therefore, to demonstrate all possible applications, an 
OSB was chosen (Coronel et al. 2019; Göbel et al. 2023b) 
for this study. To prevent potential syncytia from blocking 
the hollow fibers, a membrane with fiber lumen larger than 
previously observed syncytia (120–140 μm) was chosen 
(0.75-mm internal fiber lumen). Following inoculation at 
0.8×106 cells/mL at 2.4 L WV, perfusion was initiated once 

VCC reached 4×106 cells/mL. Manual adjustment of the 
perfusion rate allowed growth to 44.5×106 cells/mL with 
viabilities above 98% (Fig. 2A) without any limitations 
in glucose and glutamine (data not shown); however, the 
CSPR could not be controlled stably (Figure 2B). In order 
to conserve medium, no medium exchange prior to infection 
was carried out for this run. Cells were directly infected 
at an MOI of 1E-4 once cells reached a VCC of 44.5×106 
cells/mL, temperature was reduced to 34 °C, and perfusion 
was paused for 4 h. Following re-initiation of perfusion, 
VCC stagnated until 36 hpi, after which viability and VCC 
slowly declined (Fig. 2A). Maximum infectious virus titers 
of 3.2×109  TCID50/mL were reached at 42 hpi in the bio-
reactor, corresponding to a CSVY of 67  TCID50/cell and a 
VVP of 4.0×1010  TCID50/L/day (Table 1).

To assess the virus retention by the 0.65-μm hollow fiber 
membrane, samples were taken from the bioreactor and the 
permeate line, respectively. Already at 18 hpi, infectious 
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Fig. 2  rVSV-NDV production in BHK-21 cells in perfusion mode 
using a SB10-X equipped with a 3-L modular adapter and connected 
to a mATF. BHK-21 cells were inoculated at 0.9×106 cells/mL, and 
perfusion was started 56 h after batch growth phase. The perfusion 
rate was adjusted manually over time. For cell retention, a 0.65-μm 
mPES hollow fiber membrane was used. Infection was carried out 
once a VCC of 44.5×106 cells/mL was reached (MOI of 1E-4), tem-

perature was reduced to 34 °C, and perfusion was paused for 4 h. A 
VCC (full symbols) and viability (hollow symbols). B Cell-specific 
perfusion rate (full symbols) and perfusion rate (dashed lined, weight 
of collected permeate divided by WV). C Infectious virus titer meas-
ured inside the bioreactor (full symbols) and the permeate line (hol-
low symbols)
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virus titers in the permeate were significantly reduced com-
pared to the bioreactor (>2 log), corresponding to 97.0% 
retention. With increasing process time, virus retention 
further increased to up to 5 log or nearly 100% (Fig. 2C). 
Surprisingly, the high flow rate through the hollow fiber 
membrane of 1.5 L/min and the resulting high shear stress 
of 5490 1/s neither impacted cell growth (Fig. 2A) nor virus 
replication (Fig. 2C) and did not prevent the formation of 
large multi-nucleated syncytia (50–75 μm, Figure S4).

rVSV‑NDV production using TFDF

In a next step, we carried out two rVSV-NDV production 
runs in a 3 L STR using TFDF as the cell retention device 
for perfusion as a proof of concept for continuous virus 
harvesting with clarification, targeting a VCC at TOI of 
14×106 cells/mL. For both TFDF runs, BHK-21 cells were 
inoculated at 0.8×106 cells/mL in 1.3 L WV and grown in 
batch mode until a VCC of 4×106 cells/mL was reached. 
In a next step, after initiation of perfusion, cell broth was 
recirculated with a constant recirculation rate of 0.9 L/min, 
corresponding to a shear rate of 1650 1/s. The perfusion rate 
was either manually adjusted (TFDF1) or controlled based 
on capacitance (TFDF2), where the signal was correlated 
to the biovolume. Both control strategies, enabled cells to 
grow up to 14×106 cells/mL with viabilities above 97%, but 
with a slightly reduced cell-specific growth rate compared 
to the initial batch phase (μ=0.026 1/h to μ=0.035±0.005 

1/h). A linear correlation of the permittivity signal with the 
VCC was obtained during the growth phase for both runs, 
enabling the monitoring of cell growth throughout the cul-
tivation and the accurate control of the perfusion rate at the 
pre-defined CSPR of 130±5 pL/cell/day for TFDF2 (Figure 
S1, Fig. 3B). As the perfusion rate for TFDF1 was adjusted 
manually in a step-wise manner (Fig. 3B), the CSPR did not 
stay stable and varied around 168±36 pL/cell/day during cell 
growth (Fig. 3B). This resulted in a 15% lower total medium 
consumption for the growth phase for the capacitance-based 
control compared to the manual adjustment (Table 1). Inter-
estingly, the glucose uptake rate of TFDF2 was 1.9-fold 
higher compared to TFDF1 (Table 1) resulting in an increase 
in lactate concentration up to 20 mM compared to 10 mM 
for TFDF1 (Figure S2B). However, all measured metabo-
lite concentrations were still in the expected range with no 
notable limitations (Figure S2), and substrate uptake rates of 
TFDF 1 were comparable to both acoustic settler and ATF 
cultivations (Table 1, Göbel et al. 2023a, 2023b). For both 
runs, high cell retention rates of >99.9% and turbidity reduc-
tions >95% were achieved over the entire cultivation period 
(Fig. 3C). Transmembrane pressure (TMP) remained low 
(<0.1 psi) throughout the entire run, only showing a slight 
increase to 0.3 psi at 60 hpi for TFDF1 (Fig. 3D).

Prior to infection of cells with rVSV-NDV at an MOI of 
1E-4, the medium was completely exchanged using a flow 
rate of 10 mL/min, and the temperature was reduced to 34 
°C. Compared to the mATF perfusion, the permeate flow was 

Table 1  Comparison of rVSV-NDV production in BHK-21 cells for different production modes. Cell growth parameters were determined before 
infection.

qGlc, cell-specific glucose consumption rate; qGln, cell-specific glutamine consumption rate; max., maximum; VCC, viable cell concentration; 
p.i., post infection; n.d., not determined. Optimal harvest time point was defined as time point when the maximum infectious virus titer was 
reached in the supernatant. a: Values taken from Göbel et al. 2023a, 2023b carried out as biological replicates with n=2

Batcha Perfusion  ASa ATF Perfusion TFDF

TFDF1 TFDF2

Bioreactor vessel STR (1 L) STR (1 L) OSB (3 L) STR (3 L) STR (3 L)
Cell-specific growth rate (1/h) 0.033 0.019±0.003 0.031 0.027 0.030
Doubling time (h) 21.0 36.1±6.5 22.1 25.9 23.0
qGlc
(10−11 ×mmol/(cell/h))

5.1±0.9 6.5±2.1 8.25 8.06 15.2

qGln
(10−11 ×mmol/(cell/h))

3.0±0.7 3.1±2.0 2.42 2.21 3.21

Max. VCC p.i.
(106 cells/mL)

3.2±0.3 29.7±2.4 44.5 20.6 16.4

Max. infectious virus titer  (108  TCID50/mL) 5.0±0.9 15.8±11.7 31.6 75.0 56.2
CSVY  (TCID50/cell) 161±40 118±11 67 365 342
VVP  (1010  TCID50/L/d) 9.4±2.6 3.9±0.6 4.0 8.8 11.5
STY  (1010  TCID50/d) 13.4±3.7 29.0±5.2 43.0 75.5 95.4
Used medium (L) 0.7 6.9±1.9 25.1 11.0 9.3
dsDNA level at optimal harvest time point (μg/mL) n.d. 14.0±0.5 n.d. 7.5 13.9
Protein level at optimal harvest time point (mg/ml) n.d. 0.5 n.d. 2.0 2.5
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only paused for 1–2 h (compared to 4 h) before setting the 
perfusion rate to a constant rate of 1.8 RV/day, as no loss 
of infectious virus particles into the permeate was observed. 
For both runs, cells continued to grow for 24–36 hpi up to a 
VCC of 20.5×106 cells/mL and 16.4×106 cells/mL displaying 
high viabilities above 96%. By sampling the bioreactor and 
permeate line, virus retention by the TFDF membrane can be 
assessed. For both runs, maximum titers of 7.5×109  TCID50/
mL and 5.6×109  TCID50/mL were reached in the permeate 
at 29–34 hpi, respectively (Fig. 4A). Overall, infectious titers 
were very similar between the bioreactor and permeate line, 
indicating that rVSV-NDV was not retained by the TFDF 
membrane. On average, the percentage of infectious virus 
passing through the membrane was calculated as 124% and 
118% for TFDF1 and TFDF2, respectively. Determination of 
the actual recovery was made by integration of the perme-
ate line samples over the collected volume, considering the 

changing concentrations within the permeate line and col-
lected volume (Figure S3). Here, the area under the curve 
represents the maximum available amount of infectious virus 
particles that can be recovered. Maximum theoretical values 
were compared to the sum of the actual empirical values for 
the collected fractions (“Accumulated” Fig. 4B). For both 
runs, recoveries of 78% were obtained, most likely due to the 
partial loss of functionality while storing at RT. As expected 
due to the large pore sizes, impurity concentrations were very 
similar between the bioreactor and permeate line (Fig. 4C 
and E) and gradually increased during the infection, reaching 
maximum values at the time of final harvest, when viabilities 
were reaching 90% (Fig. 4D and F).

Interestingly, monitoring the bioreactor samples by bright 
field microscopy showed limited syncytia formation, reach-
ing sizes of 25–38 μm in diameter, for 29 hpi onwards for 
TFDF1. In contrast, more pronounced syncytia formation 
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Fig. 3  Critical process parameters of rVSV-NDV production in 
BHK-21 cells in perfusion mode using a 3-L STR coupled to a TFDF 
system. BHK-21 cells were inoculated at 0.8×106 cells/mL, and 
perfusion was started 46–51 h after batch growth phase by utilizing 
a TFDF cartridge (pore size 2–5 μm). The first TFDF run (TFDF1, 
purple squares) was adjusted manually, while the second TFDF run 
(TFDF2, pink circles) was controlled based on the biovolume meas-
ured by a capacitance probe. Infection was carried out once a VCC 

of 14×106 cells/mL was reached (MOI of 1E-4), temperature was 
reduced to 34 °C, and perfusion was paused for 1–2 h. A Viable cell 
concentration (full) and viability (empty). B Cell-specific perfusion 
rate (full) and perfusion rate (dashed lined, weight of collected per-
meate divided by WV). C Cell retention efficiency (full) and turbidity 
reduction (empty) of TFDF membrane during growth and infection. 
D Transmembrane pressure (TMP) during cell growth and infection 
phase. The dashed line indicates the time of infection
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was found for TFDF2, where scattered clusters of fused 
cells appeared between 18 and 33 hpi, reaching sizes of 
50–100 μm in diameter (Figure S4). For the final one-step 

harvest, a modified C1-DF-C2 process was utilized using 
the same TFDF membrane as for cell growth and infection. 
For TFDF1, filter fouling was observed for the harvest at 60 
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Fig. 4  rVSV-NDV production in BHK-21 cells in perfusion mode for 
TFDF1 (purple squares) and TFDF2 (pink circles). Time course of 
A infectious virus titer  (TCID50/mL), C double-stranded DNA (μg/
mL), and E total protein (mg/mL) measured both in the reactor (full 
symbols) and permeate line (empty symbols). The TFDF membrane 
allowed a continuous harvesting of rVSV-NDV via the permeate. 
B, D, F The permeate was collected in multiple fractions (“Harvest 

bottle 1-4”), which were exchanged every 12–24 h to prevent loss of 
virus infectivity. Bottle 1 refers to permeate collected from 0 to 24 
hpi, Bottle 2 24–36 hpi, Bottle 3 36–48 hpi, and bottle 4 48–60 hpi. 
“Final harvest” refers to material recovered in the final harvest step 
(concentration 1, diafiltration; final concentration, 2). “Accumulated” 
refers to the accumulated yields from all bottles and the final harvest
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hpi, using sterile PBS for diafiltration, and the membrane 
was completely blocked during the second concentration 
step after removal of 1100 mL (Figure S5). By carrying 
out the harvest 12 h earlier at 48 hpi, further increasing the 
recirculation rate to promote self-cleaning of the membrane 
while simultaneously reducing the permeate flow, and using 
medium for diafiltration, filter fouling was prevented, and the 
TMP was kept below 2 psi for the majority of the harvest for 
TFDF2 (Figure S5).

Finally, the TFDF production was compared with the ATF 
perfusion run using the mATF and a previously described opti-
mized batch process and perfusion process using an acoustic 
settler (AS) as the cell retention device (Table 1). All perfusion 
systems achieved a higher infectious virus concentration com-
pared to an optimized batch process infected at 2×106 cells/
mL, with both TFDF runs being more than ten times higher 
compared to batch and more than 3.5 times higher compared to 
AS (Table 1). CSVY’s of 342–365  TCID50/cell were obtained 
in TFDF cultures, corresponding to a >twofold improvement 
compared to ATF and previous batch and AS cultivations. As 
both ATF and AS perfusion systems were infected at higher 
VCC’s, this might indicate the presence of a cell density effect. 
In terms of VVP, TFDF cultures were comparable to batch 
cultivations; however, all perfusion systems had an increased 
STYs, with TFDF cultures showing an increase of >460% com-
pared to batch cultivations.

In a final step, we evaluated whether sporadic formation 
of syncytia in TFDF mode (Figure S4) had an impact on 
the oncolytic properties in target Huh7 cells. Crude samples 
for both TFDF runs were compared to previously produced 
STR samples using optimized batch processes and AS perfu-
sions. As expected, all samples displayed a similar oncolytic 
potential in Huh7 cells (Fig. 5). Regardless of the production 
mode or production system, the produced virus still main-
tained the ability to induce adequate oncolysis.

Production of rVSV‑GFP in batch mode

Initially, a high-yield production process for rVSV-GFP in 
batch mode in shake flasks (SF) was developed (Fig. 6). 
Next, the process was transferred to two STRs of different 
sizes (STR 1, 700 mL WV; STR 2, 2100 mL WV). For this, 
HEK293-SF cells were inoculated at about 0.3×106 cells/mL 
and grown to 1.3×106 cells/mL (STR 1 and 2) or 1.1×106 
cells/mL (SF) with viabilities above 95% (Fig. 6A). For the 
three cultivations, very similar cell growth and viability 
patterns were observed. Cell-specific growth rates ranged 
between 0.026 and 0.034 1/h (Table 2). As optimized in two 
recent studies for rVSV-based constructs, cells were infected 
at an MOI of 1E-3 after a temperature reduction to 34 °C. 
(Elahi et al. 2019; Gélinas et al. 2019). Maximum VCCs of 
1.9×106 cells/mL were reached at 11 hpi for SF and STR 1 
cultures, before virus-induced cell death occurred (Fig. 6A, 
for STR 2 data are not available). Virus production dynam-
ics were very comparable between the three productions 
(Fig. 6B). Slightly higher maximum infectious virus titers 
were achieved for production in SF (8.8×1010  TCID50/mL, 
24 hpi) relative to STR 1 (3.2×1010  TCID50/mL, 33 hpi) and 
STR 2 (5.3×1010  TCID50/mL, 31 hpi). Thus, higher CSVY 
and STY/VVP were obtained for SF production (Table 2). 
Both STR runs showed high infectious virus titers for more 
than 36 h indicating a high stability of the virus.

Production of rVSV‑GFP in perfusion mode using 
a TFDF system

To further support our proof-of-concept study of a TFDF 
system, we evaluated the production process for rVSV-GFP 
cultivating HEK293-SF cells in perfusion mode to reach 
higher VCC and infectious virus titers (Fig. 7). For this, as 
for the TFDF runs for rVSV-NDV, a 30-cm2 TFDF cartridge 

Fig. 5  Comparison of oncolytic 
viral potency values for rVSV-
NDV using different production 
modes and processes. Viabili-
ties of Huh7 cancer cells were 
determined 48 hpi for crude 
rVSV-NDV samples generated 
in batch mode (red triangle), 
acoustic settler perfusions (AS1, 
blue full triangle; AS2, hollow 
blue triangle), and TFDF perfu-
sions (TFDF1, purple square; 
TFDF2, pink circle). Following 
non-linear regression analysis, 
 IC50 and log  IC50 values were 
determined from dose-response 
curves. All values are reported 
as the mean of technical tripli-
cates with n=3
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(pore size 2–5 μm), connected to a Krosflo TFDF system 
(Repligen), was coupled to the 3 L STR. Recirculation was 
already started before cell inoculation with a recirculation 
rate of 1.0 L/min corresponding to a shear rate of 1830 1/s. 
HEK293-SF cells were inoculated at 0.8×106 cells/mL into 
the 3 L STR (2100 mL WV) (Fig. 7A). After a batch growth 
phase for 24 h, perfusion mode was started (Fig. 7B). Cells 
grew at a slightly lower cell-specific growth rate of 0.022 
1/h relative to the batch cultivation in STR 2 (0.028 to 0.034 
1/h) (Table 2) during the total cell growth phase, while via-
bilities remained above 95% (Fig. 7A). The perfusion rate 
was manually adjusted based on a CSPR of 115 pL/cell/day 
(Fig. 7B). Due to an initial permeate flow rate of 0.9 mL/min 
(0.6 RV/day) (Fig. 7B), the actual CSPR was higher at the 
beginning of the cultivation. Before infection, one RV with 

fresh medium was exchanged (10–33 mL/min) (Fig. 7B), 
and temperature was lowered from 37 to 34 °C. Cells were 
infected at 10.3×106 cells/mL at an MOI of 1E-3. After 
infection, perfusion was stopped for 1 h and, subsequently, 
the perfusion rate was kept constant at 1.4 RV/day (Fig. 7B). 
During the perfusion cultivation, no glucose or glutamine 
limitation was observed (Figure S6). Moreover, no toxic 
maximum levels of lactate (22.4 mM) or ammonium (1.4 
mM) were found. After infection, cells continued to grow 
slightly until 11.3×106 cells/mL (12 hpi) with viabilities 
above 94% (Fig. 7A). Throughout the whole cultivation, the 
cell retention efficiency of the membrane was maintained 
above 99.6% (Fig. 7C). A maximum infectious virus titer of 
7.1×1010  TCID50/mL at 18 hpi was detected in the perme-
ate line relative to 10.4×1010  TCID50/mL at 24 hpi in the 

Fig. 6  rVSV-GFP production in HEK293-SF cells in batch mode. 
Three batch production runs were conducted using one shake flask 
(SF 1, 50 mL WV, red circles), one 1 L STR (STR 1, 700 mL WV, 
light green squares), and one 3 L STR (STR 2, 2100 mL, dark green 
squares). Cells were inoculated at 0.3–0.4×106 cells/mL and culti-

vated to 1.1–1.3×106 cells/mL. Prior to infection, temperature was 
lowered from 37 to 34 °C. Cells were infected at an MOI of 1E-3. 
A VCC (full symbols) and viability (hollow symbols). B Infectious 
virus titer  (TCID50/mL)

Table 2  Comparison of rVSV-
GFP production in HEK293-SF 
cells for different production 
modes. Cell growth parameters 
were determined before 
infection.

max., maximum; VCC, viable cell concentration; p.i., post infection; n.d., not determined. Optimal harvest 
time point was defined as time point when the maximum infectious virus titer was reached in the superna-
tant. For the perfusion run, the calculations were based on infectious virus particles of the collected perme-
ate in the harvest (stored at 4 °C) and final harvest

Batch Perfusion

STR 1 (1 L) STR 2 (3 L) SF TFDF STR (3 L)

Cell-specific growth rate (1/h) 0.028 0.034 0.026 0.022
Doubling time (h) 24.6 20.7 26.6 31.0
Max. VCC p.i.  (106 cells/mL) 1.9 n.d. 1.9 11.3
Max. infectious virus titer  (1010 

 TCID50/mL)
3.2 5.3 8.8 7.1

CSVY  (TCID50/cell) 16,865 n.d. 45,948 10,338
STY  (1013  TCID50/L/d) 1.0 1.7 2.8 1.9
VVP  (1013  TCID50/L/d) 1.0 1.7 2.8 0.2
Used medium (L) 0.67 2.10 4.60 13.93
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bioreactor vessel. Very similar infectious virus titers were 
observed by comparing the bioreactor vessel and permeate 
line during the virus production phase (Fig. 7D). On average, 
the percentage of infectious virus passing through the TFDF 
membrane was calculated to be 112%. In addition, the infec-
tious virus titer of the final harvest step (4.0×1010  TCID50/
mL) starting at 31 hpi using the same TFDF membrane was 
similar to the last permeate sample time point of the produc-
tion phase (4.9×1010  TCID50/mL, 30 hpi), confirming that 
all infectious virus particles passed through the membrane 
even in the final harvest step with a significantly higher 
permeate flow rate that could cause membrane clogging. 
Comparing the theoretical maximum values of the amount 
of infectious virus particles in the permeate line (Figure S7) 
with the empirical values of the virus in the harvest bulk 
(collected permeate stored at 4 °C and final harvest, sampled 

individually) resulted in a recovery of 103.5%, indicating 
no loss of virus infectivity during storage in the virus pro-
duction phase. Next, we compared important production 
coefficients of the batch and perfusion run (Table 2). The 
perfusion process showed increased STY (1.9-fold (STR 1) 
and 1.1-fold (STR 2)); however, VVP and CSVY were lower.

Discussion

The first vaccine based on rVSV, the Ebola virus vaccine 
 Ervebo®, has been approved in 2019 (EMA 2019; FDA 
2019). Moreover, multiple rVSV-based constructs for vac-
cine and oncolytic applications are currently undergoing 
clinical trials. Therefore, the development of a high-yield 
production platform is essential to meet clinical trial and 
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Fig. 7  rVSV-GFP production in HEK293-SF cells in perfusion 
mode using a 3-L STR coupled to a TFDF system. Recirculation 
was started prior to inoculation. HEK293-SF cells were inoculated 
at 0.8×106 cells/mL, and perfusion was started after 24 h of batch 
growth by utilizing a TFDF cartridge (pore size 2–5 μm). The perfu-
sion rate was adjusted manually over time. Prior to infection, temper-
ature was reduced to 34 °C. Cells (10×106 cells/mL) were infected at 
an MOI of 1E-3, and perfusion was paused for 1 h. A Viable cell con-

centration (full) and viability (empty). B Cell-specific perfusion rate 
(full) and perfusion rate (dashed lined, weight of collected permeate 
divided by WV). C Cell retention efficiency (full) of TFDF mem-
brane during growth and infection. D Infectious virus titer  (TCID50/
mL) in the reactor (full symbols) and permeate line (empty symbols) 
are plotted against the time post infection (h). Last time point shown 
for the permeate line (31 hpi) refers to the final harvest step
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market demand regardless of the intended use. Compared 
to traditional vector platforms, induction of syncytia by 
rVSV-NDV introduces additional challenges to manufactur-
ing processes. In this proof-of-concept study, we evaluated 
the versatility of the TFDF system for intensified high-cell 
density production for two different rVSV-based constructs 
(rVSV-NDV and rVSV-GFP) to allow continuous virus har-
vest and clarification.

rVSV‑NDV production using mATF

Product retention of hollow-fiber membranes is a well-
known challenge of ATF-based cell culture productions, pre-
venting continuous harvest of, e.g., viral particles (Genzel 
et al. 2014; Hadpe et al. 2017; Nikolay et al. 2020; Nikolay 
et al. 2018; Tona et al. 2023; Vázquez-Ramírez et al. 2019). 
To evaluate the applicability of hollow-fiber membranes for 
the production of fusogenic oncolytic viruses forming large 
muti-nucleated syncytia, a commercially available 0.65-μm 
mPES membrane with a lumen size bigger than previously 
observed syncytia (120–140 μm) was selected, connected 
to a mATF, and characterized for virus retention. Impact of 
the membrane material on product retention is still not fully 
elaborated. While some studies found a more pronounced 
retention rate of antibodies using polysulfone (PS) mem-
branes compared to polyethersulfone (PES) and mPES due 
to the higher negative charge densities (Su et al. 2021), oth-
ers reported more favorable physiochemical and structural 
properties (open pore structure, high porosity) of PS mem-
branes enabling virus harvest of yellow fever virus particles 
(~50 nm) even at low cut-offs of 0.34 μm (Nikolay et al. 
2020). Beside membrane material, pore size plays a critical 
role regarding product retention. Surprisingly, membranes 
with higher cut-offs, e.g., 0.65 μm often display higher prod-
uct retention rates compared to lower cut-offs, e.g., 0.2 μm 
(Nikolay et al. 2020; Su et al. 2021; Vázquez-Ramírez et al. 
2019). More pronounced heterogeneous pore distributions 
for larger cut-offs can increase the susceptibility of foul-
ing as variation in filtrate flux along the membrane makes 
larger pores prone to deposition of particles and concentra-
tion polarization (Nikolay et al. 2020). Moreover small-size 
cell debris (0.2–0.5 μm), caused by virus induced cell lysis, 
can enter larger pores causing membrane clogging and prod-
uct retention, but can be rejected by smaller pores (Su et al. 
2021). Usage of a 0.2-μm PES hollow fiber membrane for 
a rVSV-NDV ATF production using HEK293 cells resulted 
in a complete membrane blocking at 18 hpi, after first syn-
cytia formation was observed (data not shown). Therefore, 
the choice of membrane was primarily based on internal 
fiber lumen rather than pore size or material. A higher flow 
rate inside the hollow fibers (1.5 L/min) was chosen com-
pared to the initial ATF run using a 0.2-μm PES membrane 
(0.8 L/min) to increase the backflush over the membrane 

and prevent or hamper the formation of syncytia due to 
increased shear stress. Surprisingly, the resulting shear rate 
of 5490 1/s neither impacted cell growth, as high VCCs of 
44.5×106 cells/mL with high cell-specific growth rates of 
0.031 1/h (Table 1) were reached, nor did it prevent the for-
mation of syncytia (Figure S4). However, formed syncytia 
were smaller (up to 75-μm diameter) as previously observed 
with an acoustic settler (up to 140 μm (Göbel et al. 2023a)), 
allowing entrance into the larger fibers, which likely pre-
vented complete blockage. Nevertheless, combination of 
high hollow fiber flow rates with low permeate flux rates 
of 1.91 L/h/m2 did not prevent rVSV-NDV retention by the 
membrane. Already at 18 hpi, 97% of all infectious virus was 
retained, further underlining the challenge of using hollow 
fiber membranes for continuous harvest of viral particles.

rVSV‑NDV production using TFDF

As a proof-of-concept, we set out to utilize the TFDF sys-
tem as a cell retention device for perfusion and subsequent 
continuous harvest filtration. Performance was characterized 
by cell growth, TMP, and quantification of bioreactor and 
permeate turbidities, as well as virus permeability. The use 
of the TFDF system allowed BHK-21 cells to achieve high 
VCCs, with similar growth behavior compared to the mATF 
system despite the drastically lower shear stress there. Due 
to the lower CSVY obtained at very high VCCs in the pre-
vious experiment, the targeted cell concentration for infec-
tion was lowered drastically. The metabolic uptake rates 
for all perfusion cultures were slightly increased compared 
to those previously reported for batch cultivations ((Göbel 
et al. 2023a), Table 1). Increased shear stress, particularly in 
ATF and TFF systems, has been identified as one cause of 
increased substrate uptake rates (Zhan et al. 2020). Control 
of the perfusion rate via a capacitance probe did not improve 
overall process performance, but robustly maintained stable 
CSPR values over the entire growth phase (Fig. 3), reducing 
medium consumption by 15%. Compared to the manual per-
fusion control for TFDF1, where CSPR values were higher 
due to partial overfeeding, glucose levels were not stably 
maintained and fell below 5 mM prior to infection (Fig-
ure S2). The slightly increased growth rate of TFDF2 most 
likely resulted in an increased uptake of glucose and thus 
increased lactate formation. To support even higher VCCs, 
the set point of the CSPR should be increased for future 
capacitance-controlled runs.

The combination of DF with tangential cross filtration 
provides several benefits such as shearing of the membrane 
surface, minimizing deposition of particles within the filter, 
while simultaneously allowing some particles to be captured 
within channels of the DF without blocking the liquid flow 
through that same channel (Williams et al. 2020). Low TMP 
values (below 0.3 psi) for both TFDF runs, even after virus 
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infection, high cell retention efficiencies (>99%), and a 
low turbidity in the permeate (>95% reduction) indicated 
minimal particle breakthrough. Previous studies already 
demonstrated the applicability of the TFDF system for 
continuous harvest of AAV and LV (Mendes et al. 2022; 
Tona et al. 2023; Tran and Kamen 2022). As expected, we 
also achieved equal concentrations of infectious virus in 
both the bioreactor and permeate sample, taken at the same 
time. Calculated percentages of infectious virus passing 
through the membrane above 100% for both runs are not 
possible and were only achieved as the measured titer in 
the permeate sample was higher than the bioreactor sample. 
While comparison to theoretical yields only resulted in a 
total recovery of 78%, this is most likely due to partial losses 
of functionality while storing the harvest bulks at RT, as 
well as the quite large error of the  TCID50 assay itself (±0.3 
log (Göbel et al. 2022b)). Stabilizing effects of sucrose on 
proteins and enveloped viral vectors are well known (Croyle 
et al. 2001; Cruz et al. 2006; Evans et al. 2004); however, 
it acts mainly as a cryoprotectant or is only a small part 
of a complex storage formulation. Therefore, premature 
addition of sucrose was probably not sufficient to prevent 
degradation, and direct cooling of the harvest bulk at 4 °C 
should be preferred.

In terms of virus production, our intensified TFDF pro-
cesses achieved the highest reported infectious virus titers 
of 5.6–7.5x×109  TCID50/mL in the permeate so far. Com-
pared to optimized batch processes, VCCs were increased by 
five- to six-fold, but infectious virus titers were even more 
than 11-fold higher. Moreover, CSVYs were improved by 
twofold, STY by 460% (5.6-fold), and similar VVPs were 
reached. Lastly, the TFDF runs were compared to other 
perfusion cultivations using the same cell line but different 
cell retention devices. Compared to AS and ATF perfusions, 
maximum titers reached in TFDF systems were >threefold 
and >1.5-fold higher. This was also reflected in terms of 
VVP and STY, which were always more than twofold higher 
for TFDF runs. Surprisingly, CSVYs strongly decreased 
with increasing VCCs for the respective systems. For the 
ATF cultivation, where the highest VCC of 44.5×106 cells/
mL was reached, the lowest CSVY was obtained, clearly 
indicating the presence of a “high cell density effect” (Bock 
et al. 2011; Nadeau and Kamen 2003). One major reason 
for this effect is typically the scarcity in nutrients or the 
accumulation of inhibitory ammonium and glucose. One 
study showed that ammonium and lactate concentrations at 
2–3 mM and above 20–30 mM, respectively, can have nega-
tive effects on virus productivity and cell growth (Schnei-
der et al. 1996). However, neither a nutrient limitation nor 
an accumulation of lactate and ammonium to excessively 
high concentrations was observed for any run ((Göbel et al. 
2023a), Figure S2, data not shown for ATF). This suggests 
that other reasons, including the limitation or accumulation 

of non-monitored metabolites or unknown cellular factors 
may play a role and are subject to further investigation. 
Another reason could be the formation of syncytia, which 
was observed to occur to differential extends, depending on 
the system used (Figure S4). Virus replication is possibly 
more efficient if the cells do not fuse, as we have observed 
the production of higher titers in oncolytic applications when 
a non-fusogenic VSV is used, despite similar levels of onco-
lysis (Abdullahi et al. 2018); however, whether or not this is 
also true in suspension culture systems which is not entirely 
clear and would warrant further investigation. Regardless, 
the direct comparison of the three perfusion systems should 
be considered very carefully, as various production param-
eters were different. For a fair comparison, re-evaluation 
should include the same bioreactor set-up and similar infec-
tion cell concentrations. For our proof-of-concept study this 
was, however, out of scope.

Fusogenic oncolytic viruses and the formation of syn-
cytia introduce novel challenges for process controls and 
scale-up of manufacturing processes. We hypothesize that 
fusion of cells is dependent on three factors: high VCC, low 
shear stress, and long cell-to-cell contact time. Combination 
of all three factors most likely facilitates the formation of 
large multi-nucleated syncytia. Production in batch mode 
is associated with low VCC (up to 3.2×106 cells/mL), low 
shear stress, and short cell-to-cell contact times and does not 
lead to the formation of syncytia. Productions using ATF or 
TFDF systems allow for high VCCs (up to 44.5×106 cells/
mL); however, shear rates are drastically increased (up to 
5490 1/s), and cell-to-cell contact times are short, leading 
to the formation of small sized syncytia. Retention systems 
such as AS, combine high VCCs (up to 29.7×106 cells/mL), 
low shear rates (~340 1/s (Gränicher et al. 2020)), and long 
cell-to-cell contact times within the acoustic field and recir-
culation loop (3–12 min (Gränicher et al. 2020)), facilitating 
the formation of large multi-nucleated syncytia. Increased 
cell-to-cell contact by induction of aggregation by  CaCl2 
supplementation at low VCC in batch mode did not result 
in the formation of syncytia, highlighting the complex inter-
play of all three factors (Göbel et al. 2022a). Future studies 
investigating the actual cause of syncytia formation in sus-
pension cultures could be considered to better control their 
formation. However, whether or not syncytia are formed in 
suspension cultures during production is independent of 
the inherent fusogenicity of the virus, as the fusion proteins 
are encoded within its genome and need to be expressed in 
order to carry out an infection (Abdullahi et al. 2018). None-
theless, a potency assay was carried out to assess potential 
effects of mode of production, as well as formation or non-
formation of syncytia during production, on the ability of the 
virus to induce oncolysis. As expected, oncolytic potency 
was not affected by production mode or occurrence of syn-
cytia (Fig. 5).
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rVSV‑GFP production in batch and perfusion mode

To take our proof-of-concept study one step further, we also 
wanted to evaluate the TFDF performance for a high-yield 
virus production process for rVSV-based vectors for a pos-
sible application as vaccine using the model vector rVSV-
GFP. Process intensification using perfusion mode and the 
TFDF module led to a sixfold higher VCC of 11.3×106 cells/
mL with an up to 1.9-fold higher STY compared to the STR 
1 process in batch mode, allowing for a smaller footprint of 
the bioreactor. However, a more than 3.3-fold lower VVP 
and 1.6-fold reduced CSVY were observed compared to the 
STR batch process. As described before, this decline is most 
likely due to the “high cell density effect.” As neither limita-
tion of monitored nutrients, nor accumulation of inhibitory 
byproducts was observed, it is clear that there is certainly 
room for optimization for this perfusion process, hopefully 
targeting even higher VCCs. For now, this perfusion run was 
a proof-of-concept run only to evaluate the TFDF system. 
Testing different feeding schemes (Vázquez-Ramírez et al. 
2019), media compositions (Göbel et al. 2023a), or additives 
could be envisaged as next steps.

Using the TFDF module, we were able to directly har-
vest rVSV-GFP particles with a simultaneous clarification 
by depth filtration with a full recovery. Our proof-of-concept 
study together with the data on LV (Tona et al. 2023; Tran 
and Kamen 2022) and AAV (Mendes et al. 2022) seems to 
indicate that TFDF for continuous virus harvest in perfu-
sion will play a big role in next generation processes and 
might be applicable for other viruses as well. Moreover, all 
HEK293-SF cells were retained inside the bioreactor ena-
bling full production capacity. Perfusion cultivation with the 
TFDF module showed a slightly lower cell-specific growth 
rate (0.022 1/h) relative to the batch production (0.034 to 
0.028 1/h), indicating that there is also room for improve-
ment here and a need for further optimization. As previously 
discussed, cooling the harvest bulk to 4 °C increases virus 
stability. Indeed, we found a recovery of 103.5% in the final 
harvest bulk.

Overall, the TFDF module showed very good perfor-
mance as a perfusion system for our tested rVSV-based 
vectors and cell lines. In addition, the continuous virus 
harvest, together with the clarification through the TFDF 
module in one step can simplify process operations and 
help to develop an integrated, scalable (up to 2000 L), and 
economical process for the future.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00253- 024- 13078-6.
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