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Abstract

We present a proof‐of‐concept study for production of a recombinant vesicular stomatitis

virus (rVSV)‐based fusogenic oncolytic virus (OV), rVSV‐Newcastle disease virus (NDV), at

high cell densities (HCD). Based on comprehensive experiments in 1 L stirred tank

reactors (STRs) in batch mode, first optimization studies at HCD were carried out in semi‐

perfusion in small‐scale cultivations using shake flasks. Further, a perfusion process was

established using an acoustic settler for cell retention. Growth, production yields, and

process‐related impurities were evaluated for three candidate cell lines (AGE1.CR, BHK‐

21, HEK293SF)infected at densities ranging from 15 to 30 × 106 cells/mL. The acoustic

settler allowed continuous harvesting of rVSV‐NDV with high cell retention efficiencies

(above 97%) and infectious virus titers (up to 2.4 × 109 TCID50/mL), more than

4–100 times higher than for optimized batch processes. No decrease in cell‐specific

virus yield (CSVY) was observed at HCD, regardless of the cell substrate. Taking into

account the accumulated number of virions both from the harvest and bioreactor, a

15–30 fold increased volumetric virus productivity for AGE1.CR and HEK293SF was

obtained compared to batch processes performed at the same scale. In contrast to all

previous findings, formation of syncytia was observed at HCD for the suspension cells

BHK 21 and HEK293SF. Oncolytic potency was not affected compared to production in

batch mode. Overall, our study describes promising options for the establishment of

perfusion processes for efficient large‐scale manufacturing of fusogenic rVSV‐NDV at

HCD for all three candidate cell lines.
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1 | INTRODUCTION

Cancer poses a high burden on worldwide societal and health care

systems, both epidemiologically and financially. Due to a globally

aging and still growing human population, cancer is projected to

have a significant impact in the coming decades. Cancer

immunotherapy is revolutionizing clinical oncology as an exciting

paradigm shift by recruiting the patients' immune system against

tumors. Originally developed as direct cytotoxic agents, oncolytic

viruses (OVs), as therapeutic vaccines, offer an elegant approach

to cancer therapy. On the one side, they have the ability to cause

direct tumor cell lysis, while on the other side, they can stimulate

immune responses directed against the tumor (Cook & Chauhan,

2020; Krabbe & Altomonte, 2018). By expressing endogenous or

heterologous fusion glycoproteins, an enhanced intratumoral

spread of OVs via syncytia formation can be achieved. The novel

engineered recombinant vesicular stomatitis virus‐Newcastle

disease virus (rVSV‐NDV), a recombinant vesicular stomatitis

virus (VSV) backbone with fusogenic mutant glycoproteins of

NDV, demonstrated preclinical efficacy in various cancer models

(Abdullahi et al., 2018; Krabbe et al., 2021).

Manufacturing methods for several oncolytic viruses (herpes

simplex virus, vaccinia virus, reovirus, and adenovirus) for clinical

trials, but also for rVSV‐NDV, are mainly performed in anchorage‐

dependent cell lines (Abdullahi et al., 2018; Ungerechts et al.,

2016). The use of adherent cells can be beneficial due to

established and automated production facilities, years of experi-

ence with regulatory approval, and high cell‐specific virus yields

(CSVY) (Pelz et al., 2022). However, for fusogenic OVs that cause

formation of large multinucleated syncytia that die rapidly after

induction only relatively low virus yields were achieved in several

tested adherent cell lines (Abdullahi et al., 2018). This property

presents unique challenges for large‐scale clinical‐grade manu-

facturing, further compounded as scaling‐up of processes for

adherent cells is mainly achieved by scaling‐out (e.g., increasing

the surface area by multiplying the number of culture vessels) or

the use of microcarrier systems. In static culture systems, there

are also only limited options for monitoring and control of

cultivation parameters such as pH values, dissolved oxygen con-

centration, feeding rates (Gallo–Ramírez et al., 2015; Pelz et al.,

2022). Moreover, media for most adherent cells are supplemen-

ted with animal‐derived components such as fetal calf serum,

which can lead to batch‐to‐batch variations, increased production

and purification costs, and elevated contamination risks.

To overcome such limitations, manufacturing can be shifted

toward suspension cells using chemically defined media. Suspension

cells allow for easy scale‐up and passaging while maintaining rapid

cell growth. Cultivation in stirred tank bioreactors (STR) can achieve

high cell concentration in a small footprint, decreasing labor

expenditures (Pelz et al., 2022). Moreover, suspension cultures allow

the use of advanced process monitoring methods, enable process

automation, and tight control of culture conditions.

As a first step, suitable suspension cell substrates were identified

for the development of an efficient and scalable OV production

process using a green fluorescent protein (GFP)‐expressing variant of

rVSV‐NDV (rVSV‐NDV‐GFP). Infection at cell concentrations of about

2 × 106 cells/mL yielded titers in the order of 108 TCID50/mL in BHK‐

21, HEK293SF, and AGE1.CR suspension cells (Göbel, Kortum et al.,

2022). However, clinical treatment with OVs will require manufactur-

ing processes that consistently achieve even higher virus titers.

Because dose‐limiting effects of rVSV‐NDV have not been observed

in preclinical investigations, processes enabling the production of

≥109–1010 virions/injection are desired. To further increase virus titers

in bioreactor harvests, intensification strategies commonly applied in

manufacturing of viral vaccines and viral vectors can be adopted. In

particular, a switch from batch to perfusion mode and the implemen-

tation of high cell density (HCD) processes have been shown as a

successful strategy for various virus‐host cell systems (Genzel et al.,

2014; Gränicher et al., 2021; Lavado‐García et al., 2020; Nikolay et al.,

2018; Pihl et al., 2018; Vázquez‐Ramírez et al., 2018; Wu et al., 2021).

Moreover, by adapting feeding schemes after infection (e.g., “hybrid

fed‐batch/perfusion” [Vázquez‐Ramírez et al., 2019]) both CSVY and

volumetric virus productivity (VVP) can be further increased compared

to perfusion‐only strategies. Cell retention devices used to keep cells

inside the bioreactor can also influence the performance of production

processes (Gränicher et al., 2020). While membrane clogging and

accumulation of viruses inside bioreactors are well known drawbacks

of membrane‐based cell retention (Genzel et al., 2014; Hadpe et al.,

2017; Hein, Chawla et al., 2021; Nikolay, Grooth, et al., 2020), both

tangential flow filtration (Coronel et al., 2019; Nikolay et al., 2018) and

alternating tangential flow filtration (ATF) (Genzel et al., 2014;

Gränicher et al., 2020; Gränicher et al., 2021; Hein, Chawla et al.,

2021; Vázquez‐Ramírez et al., 2019) have been applied successfully in

academic research. Effective continuous harvesting of lytic viruses has

been demonstrated with devices such as acoustic settlers (Coronel

et al., 2020; Gränicher et al., 2020; Gränicher et al., 2021; Henry et al.,

2004; Manceur et al., 2017; Petiot & Kamen, 2013). Using an acoustic

settler, Gränicher et al. demonstrated an increase of CSVY of at least

1.5‐fold through continuous removal of an influenza A virus (IAV)

compared to an ATF system (Gränicher et al., 2020). Moreover, by pre‐

clarifying the virus‐containing harvest for subsequent in‐line purifica-

tion steps, fully integrated virus production processes can be

established (Gränicher et al., 2021).

In this study, we investigated process intensification strategies

for further improvement of the production of rVSV‐NDV in three

candidate suspension cell lines. Shake flasks were used as a small‐

scale screening model in semi‐perfusion mode and optimized culture

conditions were subsequently transferred to STRs. Acoustic settler

perfusion processes in bioreactors using manual and automated

perfusion control were established to increase virus titers. Results

demonstrate the applicability of perfusion HCD processes for the

production of fusogenic oncolytic viruses in suspension cell culture to

achieve higher virus titers as well as improved VVP compared to

conventional batch production for all candidate cell lines.
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2 | MATERIALS AND METHODS

2.1 | Cell lines, media, and viral seed stock

Three different suspension cell lines (Supporting Information:

Table S1) were cultured and screened to identify a suitable cell

substrate for the HCD production of rVSV‐NDV. AGE1.CR cells were

cultivated in chemically defined medium CD‐U7 (Xell), supplemented

with 2mM alanine, 2 mM glutamine (Sigma Aldrich), and 10 ng/mL

recombinant insulin‐growth factor (LONG‐R3, Sigma‐Aldrich). BHK‐

21 and HEK293SF cells were cultivated in Protein Expression

Medium (PEM) (Gibco) supplemented with 8mM L‐glutamine and

4mM pyruvate (Sigma‐Aldrich). All three cell lines were cultivated in

baffled 125mL shake flasks with vent caps (Corning) with a working

volume (Vw) of 50mL, and incubated in a Multitron orbitally shaken

incubator (Infors AG) with 50mm shaking diameter. BHK‐21 and

AGE1.CR cells were incubated at 185 rpm, 37°C, and 5% CO2.

HEK293SF cells were incubated at 130 rpm, 37°C, and 8% CO2.

Adherent Huh7 cells were cultivated in T75 flasks (Greiner Bio‐one)

in high glucose DMEM (Gibco) supplemented with 10% fetal calf

serum, 1x nonessential amino acids (Gibco) and 1mM sodium

pyruvate (Gibco) and incubated at 37°C and 5% CO2.

For infections, the non‐GFP‐expressing construct (VSV‐NDV) of

the previously described rVSV‐NDV‐GFP (Abdullahi et al., 2018;

Göbel, Kortum et al., 2022) was used. Virus stocks were generated

from the first passage of rVSV‐NDV produced in adherent AGE1.CR.-

pIX cells (ProBioGen AG) with a titer of 2.47 × 107 TCID50/mL (rVSV‐

NDV(pIX)). After subsequent expansion in either AGE1.CR (rVSV‐NDV

(CR)) or BHK‐21 (rVSV‐NDV(BHK)) suspension cells, titers of

5.92 × 105 TCID50/mL and 1.33 × 109 TCID50/mL, respectively, were

achieved. Aliquots of the stocks were stored at −80°C and were used

once for each experiment to prevent loss of infectivity due to repeated

freeze‐thaw cycles. Both preparations were used in experiments.

Although enveloped viruses may adapt to a cellular substrate also by

incorporation of host cell proteins in their viral envelope we do not

expect an impact on production of VSV‐NDV: We have not observed

significant changes in infectious titers for any cell line and passaging

cycle in earlier experiments (Göbel, Kortum et al., 2022), and infection

of AGE1.CR, HEK293SF or BHK‐21 cells with virus material produced

in the respective other cell lines did not significantly affect maximum

infectious virus titers (data not shown).

2.2 | Small‐scale infection studies

For a multiplicity of infection (MOI) screening, HEK293SF cells were

inoculated at 2 × 106 cells/mL (centrifugation of the appropriate

volume at 300g for 5 min; resuspension in 75mL fresh PEM medium

supplemented with 4mM pyruvate and 8mM glutamine) in single use

125mL baffled shake flasks with vent caps (Thermo Fisher Scientific)

at 37°C, 8% CO2 and 130 rpm orbital shaking. Cells were

subsequently infected at MOIs of 1E−2–1E−4 at time of infection

with rVSV‐NDV(CR).

Semi‐perfusion was performed by manually exchanging the

medium to maintain sufficient metabolite concentrations. For cell

growth, a cell‐specific perfusion rate (CSPR)‐based strategy was used

and switched to a strategy based on fixed‐reactor volume (RV) after

infection as the lytic nature of rVSV‐NDV complicated cell count‐

based feeding strategies. The required exchange volume was

calculated according to Vázquez‐Ramírez et al. (2018). Cultures were

started with a viable cell concentration (VCC) of 2 × 106 cells/mL in

50mL supplemented CD‐U7 or PEM medium in single‐use 250mL

baffled shake flasks with vented cap (Thermo Fisher Scientific) at the

respective cultivation conditions. To avoid potential nutrient limita-

tions, the medium was partially exchanged every 24 h at a CSPR of

50 pL/cell/d for AGE1.CR cells and 83 pL/cell/d for HEK293SF cells

targeting for a minimum glucose concentration of 10mM, respec-

tively, starting at 24 h post inoculation. The calculated cell culture

volume was transferred from the shake flasks to 50mL centrifuge

tubes (Greiner Bio One) and centrifuged at 300g for 5 min at room

temperature. After removing the supernatant, cells were recovered in

an equal volume of fresh medium and transferred back to the shake

flasks.

AGE1.CR cells were infected with rVSV‐NDV(pIX) in 125mL

baffled shake flasks at a VCC of 20.0 × 106 cells/mL following a

complete medium exchange. After infection, the manual exchange

was paused, and the Vw was increased from 25 to 50mL at 12 h post

infection (hpi) similar to the process described by Vazquez‐Ramírez

et al. (2019) and Gränicher et al. (2021) (“Hybrid fed‐batch

perfusion”). Starting from 24 hpi, a constant perfusion rate of

1.6 RV/d was maintained. A total of six different conditions were

investigated as outlined in Table 1.

HEK293SF cells were infected at VCCs of 10.0 × 106 and

20.0 × 106 cells/mL at a MOI of 1E‐3 with rVSV‐NDV(CR). Upon

infection, medium was exchanged at a fixed perfusion rate of

1.8 RV/d. Medium was further supplemented to yield 35mM glucose

after 96 h, and 35mM glucose and 12mM glutamine 144 h post

inoculation with the aim to maintain glutamine and glucose

concentrations above 4 and 10mM, respectively.

2.3 | Batch cultivations in STR

Bioreactor cultivations were carried out in a 1 L STR (DASGIP,

Eppendorf AG). The bioreactors were instrumented with pH

(Hamilton) and polarographic pO2 (Hamilton) probes. Additionally,

permittivity probes were used for on‐line monitoring of VCC.

Cultures were stirred using a pitched blade impeller at 180 rpm

(AGE1.CR), 250 rpm (HEK293SF), and 350 rpm (BHK‐21). Aeration

was carried out through a submerged L‐drilled holes sparger at a rate

of 3 sL/h. pH value was controlled at 7.2 (AGE1.CR and BHK‐21) or

7.0 (HEK293SF) by either sparging CO2 up to 10% volume or by the

addition of 7.5% NaHCO3 solution. pO2 was kept equal or above 50%

air saturation for the growth phase by sparging O2 and either 5% air

saturation in hypoxic cultivations or equal or above 50% air

saturation for the infection phase. Temperature was set at 37°C for
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the growth phase and either 34 or 37°C for the infection phase, and

was controlled by means of an electrical heating blanket.

Bioreactors were inoculated at a VCC of 0.8 × 106 cells/mL for

AGE1.CR and 0.5 × 106 cells/mL for BHK‐21 and HEK293SF cells,

from pre‐cultures expanded in 250mL baffled shake flasks with

vented cap (Corning,). For the infection phase, an equal Vw of

prewarmed fresh media containing the rVSV‐NDV(CR) was trans-

ferred to the bioreactor. For the nutrient supplementation (NS)

experiments, the infection medium for BHK‐21 and HEK293SF cells

consisted of PEM supplemented with 60mM glucose, 17.4mM

glutamine and 8mM pyruvate. For AGE1.CR cells, CD‐U7 medium

supplemented as described above was used for infection.

2.4 | Perfusion cultivations in STR

Bioreactor perfusion cultivations were carried out in a 1 L STR

(DASGIP, Eppendorf AG) (AGE1.CR and BHK‐21) and in a 1 L STR

Biostat B Plus (Sartorius) (HEK293SF). Cells grew initially in batch

mode at 37°C. Cultures were stirred using a pitched blade impeller at

180 rpm. Once they reached a threshold concentration of glucose

(5–15mM), perfusion was started at a rate of 1 RV/d. Subsequently,

medium was exchanged on a CSPR basis of 55 pL/cell/d for

AGE1.CR, 197 pL/cell/d for HEK293SF, and 110 pL/cell/d for BHK‐

21 cells. At the STR outlet, cells were retained in a Sono Sep APS‐10

acoustic settler (SonoSep Technologies) operated in pump‐mode at

3W and 2.1Mhz, with backflush every 3min for 30 s. The feed pump

was integrated to the bioreactor weight control system, which

comprised a ICS425 scale (Mettler‐Toledo) (AGE1.CR and BHK‐21)

or Midrics 1 (Sartorius) (HEK293SF) to keep a constant weight in the

bioreactor during the continuous harvesting performed by a

peristaltic pump. For AGE1.CR cells, the permeate flow rate was

controlled automatically through a multi‐frequency capacitance

probe and pre‐amplifier (Incyte Hamilton), both connected with a

M12 cable to the ArcView controller 265 (Hamilton). The controller

was connected to a peristaltic pump (120U, Watson Marlow) by a

4–20mA output box (Hamilton), with an open‐end AUX M12 to the

output port of the ArcView and an open‐end cable with a 15‐pin

D‐SUB male connector to the pump (Gränicher et al., 2021;

Hein, Kollmus et al., 2021; Nikolay, 2020). The cell culture in the

bioreactor was monitored in real‐time by measuring the permittivity

every 12min in the range of 0.1–10MHz. Linear regression between

the permittivity signal and the VCC was used to determine a “cell

factor” of 0.67 which was stored in the ArcView controller to set the

cell volume‐specific perfusion rate (CVSPR) of 0.04 pL/µm3/d for

AGE1.CR cells. For BHK‐21 and HEK293SF cells, the CSPR was

adjusted manually by increasing the pump once a day based on off‐

line VCC and metabolite measurements.

Cells were recirculated by a peristaltic pump (Watson Marlow

120U, UK) through a 5mm inner diameter silicon tubing, operated at

3–5 RV/d. For the infection phase, a volume of medium of 50mL

containing the rVSV‐NDV was transferred to the bioreactor.

HEK293SF cells were infected with rVSV‐NDV(BHK) with a MOI of

1E‐3, BHK‐21 cells with rVSV‐NDV(BHK) with a MOI of 1E‐4, and

AGE1.CR cells with rVSV‐NDV(BHK) with a MOI of 1E‐5. After

infection, the temperature was shifted to 34°C, the recirculation rate

was increased to 5 RV/d for all cell lines, and the perfusion rate was

set at 3 RV/d for HEK293SF cells. For AGE1.CR and BHK‐21 cells, the

previously described “hybrid fed‐batch” strategy was pursued, which

consisted of a 1:1.8 dilution by addition of fresh medium at 12 hpi and

subsequent exchange with 2 RV/d starting 24 hpi. All the cultures

were performed in a Vw of 400–600mL at pH 7.2 and at pO2 equal or

above 50% air saturation during the entire cultivation time. The overall

setup including devices for control of perfusion is shown in Figure 1.

2.5 | Oncolytic viral potency assay

The half maximal inhibitory concentration (IC50) potency assay

determines the MOI of VSV‐NDV, which results in 50% cell killing at

a defined time point, as a quantitative parameter to compare the

relative potency of VSV‐NDV‐mediated cytotoxicity derived from the

different production cell lines. Huh7 cells were seeded one day before

infection at a density of 1.0 × 104 cells/well in an opaque‐walled flat‐

bottom 96‐well plate in DMEM. After overnight incubation, cells were

infected in half‐log steps from MOI 1E1 to MOI 1E‐4 with VSV‐NDV

produced in perfusion cultures from BHK‐21, AGE1.CR or HEK293SF

cells. At 48 hpi, cell viability was measured using the CellTiter‐Glo

Assay (Promega) according to the manufacturer's instructions, and

luminescence was measured using the Promega GloMax Plate Reader

(Promega). For the analysis of IC50 values, GraphPad PRISM software

(GraphPad Software Inc) was used. Briefly, viability data was

TABLE 1 Conditions for the hybrid fed‐batch perfusion strategy with AGE1.CR cells infected with rVSV‐NDV.

Condition 1 2 3 4 5 6

MOI 1E−3 1E−4 1E−5 1E−4 1E−4 1E−4

Temperature pi 37 37 37 34 37 37

Medium CD‐U7 CD‐U7 CD‐U7 CD‐U7 CD‐U7/PEM (75:25) CD‐U7 + 1/6 F12

Note: Cells were grown until they reached a density of 20.0 × 106 cells/mL (VW= 50mL). At time of infection (TOI) a complete medium exchange was

performed, and the VW was set to 25mL. Twenty‐five milliliter of fresh medium was added once at 12 hpi. Starting at 24 hpi, a constant perfusion rate of
1.6 RV/d was maintained. F12: Ham's Nutrient Mixture F12 (Sigma Aldrich). Temperature in °C.

Abbreviations: MOI, multiplicity of infection; NDV, Newcastle disease virus; pi, post infection; rVSV, recombinant vesicular stomatitis virus.
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normalized to untreated controls and data was transformed. Then,

IC50 values were calculated by nonlinear regression curve fitting using

a log (agonist) versus normalized response (variable slope) curve fit.

2.6 | Other analytics

Samples from cultures were collected every 24h during growth phase

and every 12 h during the infection phase. Samples of 1mL were used for

pH and osmolality measurements, and cell counting to determine the

VCC, cell viability and cell diameter in a ViCell‐XR (Beckman Coulter). Off‐

line pH was measured in a pH7110 potentiometer (Inolab). Osmolality

was measured in a vapor pressure osmometer VAPRO 5600 (Wescor,

Inc). Samples of 1mL for virus titration, metabolite and impurity

measurements were centrifuged at 1100g for 5min. The supernatant

was recovered and distributed in 500µL aliquots in 2mL cryovials stored

at −80°C until further analysis. Metabolite concentrations (glucose,

lactate, glutamine, glutamate, and ammonium) were determined using a

Bioprofile 100 (Nova Biomedical). For titration of VSV‐NDV, the

previously described TCID50 assay (Göbel, Kortum et al., 2022) was

performed using adherent AGE1.CR. pIX cells. The CSVY was calculated

as previously described by Gränicher et al. (2020) taking into account only

the error of the TCID50 assay (−50%/+100% on a linear scale).

To determine the amount of impurities (protein and DNA), the

methodology of Marichal‐Gallardo et al. (2017) was used. Supernatant

samples were dialyzed in PBS buffer at 2–8°C for at least 16 h, using

14 kDa MWCO cellulose acetate membranes (Spectrum). Protein

concentrations were quantified using the colorimetric BCA assay

according to the manufacturer's instructions (Thermo Fischer Scientific).

After incubation at 37°C for 30min, the absorbance was measured in an

Infinite M200 plate reader (Tecan) at 562 nm. Protein concentrations

were obtained after relating absorbance measurements from the standard

calibration curve. A pico‐green fluorescence‐based assay was used to

quantify the concentration of double stranded host cell DNA (dsDNA).

Briefly, 200µL of the blank (PBS), lambda DNA standards and dialyzed

samples were loaded in duplicate in a 96‐flat bottom black multi‐well

plate. After addition of 50µL of 1:60 pico‐green solution, the plate was

incubated and shaken at room temperature and 1000 rpm for 5min in a

Thermomixer Comfort (Eppendorf). The fluorescence was read in a

Tecan M200 Pro (Tecan) at 480nm (excitation)/520 nm (emission). DNA

concentrations were obtained after relating fluorescence measurements

from a standard calibration curve.

Purification of virus was performed using ultracentrifugation and a

sucrose gradient. Briefly, medium containing viral particles was

obtained and virus was pelleted by ultracentrifugation at 65,000 rcf

for 1 h at 4°C. Viral particles were purified via ultracentrifugation over

a sucrose gradient and the pellet was resuspended in phosphate‐

buffered saline (PBS) after an additional ultracentrifugation step.

Computation of the TCID50 was carried out according to the Reed

and Muench method (Rammankhrisnan 2016). The stoichiometric lactate

to glucose yield (YLac/Glc), the total number of accumulated virus particles

(virtot), the CSVY, the VVP and the accumulated mass of dsDNA and

protein (Prot) were calculated as described by Gränicher et al. (2020); as

follows:

F IGURE 1 Scheme of the acoustic settler setup for perfusion cultivations (adapted from [Göbel, Pelz et al., 2022]). Cell retention was
achieved by generation of a standing wave field in the APS‐10 acoustic settler (AC) chamber. For AGE1.CR cell cultivations, viable cell volume
was monitored on‐line using a capacitance probe und used to maintain the cell volume‐specific perfusion rate at a steady state during the cell
growth phase. Permeate flow rates were confirmed by using balance 2. As separation depended strongly on the cell diameter, viable cells were
retained while dead cells were washed out into the permeate. Virus particles, not effected by the generated wave field, were collected in the
permeate vessel. Orange circles indicate cells, orange dots indicate cell debris, black ellipses indicate virus particles, and dashed lines indicate
different types of signal transmissions.
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where CLac,n is the lactate concentration at time n (tn) (mM), VP is the

perfused volume between tn and tn‐1, and CGlc,0 and CGlc,n is the glucose

concentration at time 0 and n, respectively. virtotal is the total number

of accumulated infectious viral particles (TCID50), Cvir,STR, C H nvir, , , and

C H nvir, , −1 (TCID50/mL) are the infectious virus concentrations in

the bioreactor and the harvests at tn and tn‐1, respectively. VH is the

volume harvested between tn and tn−1 (mL). XvSTR,max (cells/mL) is the

maximum viable cell concentration upon infection in the bioreactor,

Vtot is the total medium spent including cell growth phase, ttot is the

total process time from inoculation until the time point of maximum

virtot. CdsDNA,STR, C H ndsDNA, , , and C H ndsDNA, , −1 (µg/mL) are the concen-

trations of double stranded DNA in the bioreactor and the harvests

at tn and tn−1, respectively. Finally, CProt,STR, C H nProt, , , and C H nProt, , −1

(µg/mL) are the concentrations of protein in the bioreactor and the

harvests at tn and tn−1, respectively.

The cell retention efficiency of the acoustic settler (CRE) (%) was

calculated as follows:









X

X
CRE = 1 − × 100,

v H

v Br

,

,

(7)

Where Xv H, and Xv,STR are the viable cell concentrations in the harvest

and in the bioreactor, respectively.

3 | RESULTS

We previously identified three promising suspension cell lines

(AGE1.CR, HEK293SF, BHK‐21) for the batch production of rVSV‐

NDV‐GFP in shake flasks and STRs (Göbel, Kortum et al., 2022). To

confirm that the reported process parameters would still be

applicable for the production of rVSV‐NDV (same construct but

without the GFP reporter gene for use in clinical studies) shake flask

experiments were performed. This included infections using the

optimal MOIs identified. Here, no significant differences were found

(data not shown).

3.1 | rVSV‐NDV production in STR in batch mode

Previously, the use of a STR resulted in slightly lower TCID50/mL

titers for BHK‐21 cells and drastically reduced titers for HEK293SF

cells (Göbel, Kortum et al., 2022). Therefore, the impact of nutrient

supplementation (NS) on the rVSV‐NDV production was now

additionally evaluated for BHK‐21 and HEK293SF cells, respec-

tively. Moreover, the effect of a temperature shift (34°C) (BHK‐21),

hypoxia (pO2 5%) and trypsin addition (5 U/mL) (HEK293SF) on the

infection phase were investigated (Figure 2).

During the growth phase, AGE1.CR cells grew exponentially at a

specific rate of 0.018 1/h with a viability above 90%. Once a VCC of

about 4.0 × 106 cells/mL was reached, a Vw of freshly supplemented

CD‐U7 medium containing the rVSV‐NDV(pIX) virus was added to the

bioreactor to infect the cells at a MOI of 1E−5. At 36 hpi, cell viability

was below 90% and a maximum infectious virus titer of

7.50 × 105 TCID50/mL (Figure 2d) and CSVY of 0.3 TCID50/cell were

reached. Addition of nutrient‐enriched medium at time of infection

(TOI) for BHK‐21 cells maintained glucose and glutamine concentra-

tions above 15 and 2mM, respectively (Supporting Information:

Figure S1). This did not influence the cell growth (Figure 2b), but

resulted in a two‐fold increase in the maximum infectious virus titer

(Figure 2e) and the CSVY. Shifting the temperature to 34°C after

infection, neither affected cell growth nor the maximum infectious

virus titer (Figure 2b,e) and CSVY compared to the cultivation

performed at 37°C. For HEK293SF cells, increasing the glucose

(60mM) and glutamine (17mM) concentrations in the infection

medium restored the concentration of both substrates at the levels

observed upon inoculation (Supporting Information: Figure S1). In all

conditions, cells first grew exponentially from 2.0 × 106 to 5.4 × 106

cells/mL within 48 hpi but cell concentrations stagnated for the rest of

the cultivation (Figure 2c). Cell viability slightly declined from 48 hpi

onwards, but remained above 90% until 120 hpi (Figure 2c). rVSV‐

NDV production was barely increased by nutrient supplementation

(Figure 2f). In comparison to the rVSV‐NDV‐GFP infection at

MOI 1E‐2 (Figure 2c,f reference) with a maximum titer of 1.0 ×

106 TCID50/mL, infections with rVSV‐NDV(CR) at MOI 1E−3 resulted

in titers lower than 1 × 106 TCID50/mL but an up to four‐fold increase

in CSVY. However, these subtle improvements were suppressed under

hypoxia, where the infectious virus titer was similar to the reference

(Figure 2c,f) but with a 50% lower CSVY. Trypsin addition led to a 30%

increase in maximum infectious virus titer (Figure 2f) and CSVY.

Overall, it seems that overcoming substrate limitations was pivotal to

improve rVSV‐NDV production in 1 L STR cultures (Table 2).

3.2 | Medium switch and transition to
semi‐perfusion mode for AGE1.CR cells

As for HEK293SF cells, the maximum infectious virus titer for AGE1.CR

cells was decreased by more than one order of magnitude after transfer

from shake flask cultivations (Figure 2) to STR operated in batch mode.

Two strategies were followed to increase the maximum virus titers:
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1. Exchange to PEM medium at TOI, as high virus titers for both

HEK293SF and BHK‐21 cells were achieved in PEM medium in

shake flasks, respectively.

2. Transfer to semi‐perfusion to mimic lab‐scale perfusion processes

and achieve HCD.

We previously reported a rapid decrease of infectious virus titer in

AGE1.CR cells in CD‐U7 medium in shake flasks for the rVSV‐NDV‐GFP

construct (Göbel, Kortum et al., 2022). Although the infectious virus titer

of rVSV‐NDV was stable in STR batch cultivations for AGE1.CR cells (see

Section 4.1), a similar degradation kinetic was observed in shake flask

F IGURE 2 rVSV‐NDV production in candidate cell lines in 1 L STR in batch mode. rVSV‐NDV production in AGE1.CR cells (a, d); Influence of
nutrient supplementation (NS) and temperature shift to 34°C on rVSV‐NDV production in BHK‐21 cells (b, e), and hypoxia (pO2 5%) and trypsin
addition (5 U/mL) on rVSV‐NDV production in HEK293SF cells (c, f), in 1 L STR cultures in batch mode. All cultures were infected at 2 × 106

cells/mL following a 1:2 dilution step with fresh medium. (a–c) Viable cell concentration (solid lines) and viability (dashed lines), (d–f) infectious
virus titer. Reference refers to the data obtained from Göbel, Kortum et al. (2022) with the rVSV‐NDV‐GFP construct (37°C without NS). NDV,
Newcastle disease virus; rVSV, recombinant vesicular stomatitis virus; STR, stirred tank bioreactors.

TABLE 2 Growth and rVSV‐NDV production in 1 L STR cultures in batch mode with three candidate cell lines.

Cell line Condition MOI (virus) pO2(%) µ (h−1)
Max. VCC p.i
(×106 cell mL−1)

Max. infec. virus titer
(TCID50 mL−1)

Time of max.
titer (hpi)

CSVY
(TCID50/cell)

VVP (×108

TCID50/L/d)

AGE1.CR 37°C 1E−5 (pIX) ≥50 0.018 2.79 7.50 × 105 36.0 0.3 1.2

BHK‐21 Reference 1E−4 (pIX) ≥50 0.027 2.81 2.37 × 108 29.8 84.0 480

BHK‐21 NS 37°C 1E−4 (CR) ≥50 0.028 2.79 5.62×108 33.8 202.0 1126

BHK‐21 NS 34°C 1E−4 (CR) ≥50 0.033 3.16 ± 0.25 5.01 ×108 ±8.70 ×107 33.8 ± 0.1 161.0 ± 40 937 ± 266

HEK293SF Reference 1E−2 (pIX) ≥50 0.027 5.72 7.50 × 105 45.8 0.1 1.4

HEK293SF NS 1E−3 (CR) ≥50 0.020 5.20 1.78 × 106 95.8 0.3 2.1

HEK293SF NS + hypoxia 1E−3 (CR) 5 0.019 5.45 4.22 × 105 59.1 0.1 0.6

HEK293SF NS + trypsin 1E−4 (CR) ≥50 0.020 5.45 2.37 × 106 83.2 0.4 3.2

Note: Reference refers to the data obtained from Göbel, Kortum et al. (2022) with the rVSV‐NDV‐GFP construct (37°C, without NS). CR and pIX refer to

the previously described cell source used for production of the stock virus. BHK‐21 NS 34°C cultures are reported as the mean and standard deviation of
two independent STR cultivations.

Abbreviations: CSVY, cell‐specific virus yield; NS, nutrient supplementation; p.i, post infection; VVP, volumetric virus productivity; ≥, equal or greater than.
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cultivations (Figure 3). On the other hand, infectious virus titers remained

stable in PEM medium used for cultivation of BHK‐21 and HEK293SF

cells, although strong declines in viability were observed. Our initial

hypothesis was that CD‐U7 medium, as opposed to PEM medium, was

lacking a compound that could prevent virus degradation. To evaluate the

potential of a medium exchange at TOI for AGE1.CR cells, various media

with CD‐U7/PEM ratios ranging from 25% to 75% were tested in shake

flask cultivations (Figure 3).

Addition of PEM medium at time of infection did not result in an

increase of the maximum infectious virus titer compared to the infection

carried out with CD‐U7 medium, regardless of the ratio. However, as

shown in Figure 3, ratio‐dependent changes in virus dynamics could be

observed: While the maximum infectious virus titer in CD‐U7 media was

reached 42hpi, a slower replication kinetic was observed for all PEM

contents. Here, the maximum infectious virus titer was reached faster

with increasing PEM contents, 84i, 72, and 48 hpi for 25%, 50%, and

75%, respectively. Interestingly, a strong reductions of infectious virus

titers could be prevented for a PEM content of 25% within 84hpi.

However, viability of all PEM spiked cultures stayed above 90% over the

entire infection period, while it decreased to 50% at 60 hpi for CD‐U7

(data not shown).

A commonly applied strategy to overcome nutrient limitations and

the accumulation of inhibitors is the transition from batch mode to

perfusion. Here, fresh media is added constantly, while spent medium is

simultaneously removed. As higher cell concentrations can be reached in

perfusion mode, overall higher virus titers and VVPs can be attained if the

CSVY is kept constant. As for now, rVSV‐NDV was not investigated in

high cell density cultivations above 10.0 × 106 cells/mL. Therefore, a

semi‐perfusion strategy was evaluated in shake flasks to achieve higher

cell concentrations (>20.0 × 106 cells/mL) to optimize process conditions

for subsequent bioreactor processes in perfusion mode. Several

parameters that can influence the virus production were varied:

temperature at time of infection, media composition and MOI (Table 1).

For six different conditions (C1‐C6), a MOI screening with MOIs 1E‐3 –

1E‐5, a temperature shift to 34°C, and two different media compositions,

were investigated.

During cell propagation, CD‐U7 medium was used for C1–C5,

whereas for C6 a mixture of CD‐U7 and F12 medium (6:1) was used.

For all conditions, cells grew without a noticeable lag‐phase with an

average µ of 0.024 1/h (Figure 4d). With the initiation of the semi‐

perfusion mode 48 h after inoculation, the metabolite concentrations

started to stabilize at levels between 15 and 25mM for glucose,

10–20mM for lactate, 1.5 mM for glutamine, and 0.5 mM for

ammonium (data not shown). After a complete medium exchange

at TOI, the cells continued to grow until 18–36 hpi (Figure 4). Shortly

thereafter, the cell viability started to decline and dropped below

80% at 48 hpi for C1–C3. After the complete medium exchange, the

metabolite concentrations reached a stable level at 12 hpi, which was

maintained with feeding and the re‐start of the semi‐perfusion mode

until the end of the cultivations (data not shown).

For all conditions, except for C3, the start of infectious virus

production was observable at 12–18 hpi. As shown in Figure 4a,

higher MOIs did not result in higher infectious virus titers although

maximum values were reached earlier. For C1 and C2, virus

production peaked at 36 hpi with maximum titers of 1.0 × 106

TCID50/mL and 1.3 × 106 TCID50/mL before decreasing until the

end of the cultivation. In comparison, the maximum infectious virus

titers reached with a MOI of 1E−5 (C3) were increased by more than

one order of magnitude compared to the higher MOI. However, the

infectious virus titer declined faster (by 1 log within 12 h) after

reaching the maximum value (Figure 4a). Shifting the temperature to

34°C after infection (C4) resulted in a 3‐fold increase of maximum

infectious virus titer at a MOI of 1E−4. Titers of C3 continued to

increase until 42 hpi peaking at a maximum of 4.2 × 106 TCID50/mL

before slowly declining until the end of the process. Interestingly,

the decrease in temperature was not able to slow down the

degradation of infectious virus particles (Figure 4b). Lastly, two

different media compositions with supplementation of CDU7 with

PEM medium (C5) and F12 medium (C6) were tested (Figure 4c). For

both conditions, the infectious virus titers increased exponentially

and maximum values of 5.6 × 106 TCID50/mL at 42 hpi (C6) and

3.2 × 107 TCID50/mL at 48 hpi (C5) were achieved, respectively

(Figure 4c). This corresponded to a 20‐fold (PEM) and 4‐fold (F12)

increase in maximum infectious virus titers compared to the

cultivation with CD‐U7 base medium (C2) (Table 3). Nevertheless,

neither supplementation with PEM nor addition of F12 medium

were able to prevent virus degradation after the maximum titer was

reached (Figure 4c). When comparing the maximum accumulated

infectious virus titers of the best conditions (C3 and C5), an increase

was achieved by supplementing PEM medium compared to C3.

Regardless of the strategy used, the CSVY was significantly

F IGURE 3 Effect of medium replacement at time of infection on
virus stability at time of infection for rVSV‐NDV production in AGE1.
CR cells. AGE1.CR cells were grown in baffled 125mL shake flasks
(Vw = 50mL, 185 rpm) and infected at a viable cell concentration of 2.
0 × 106 cells/mL with rVSV‐NDV(pIX) at a MOI of 1E−5. At time of
infection, the growth medium was removed completely and
exchanged to the respective CD‐U7/PEM mixtures. NDV, Newcastle
disease virus; rVSV, recombinant vesicular stomatitis virus.
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decreased compared to shake flask cultivations in batch mode.

Nevertheless, compared to the batch cultivation in the STR

(Table 2), a more than five‐fold increase in CSVY was achieved for

C5. Moreover, the VVP was 200‐fold higher for C5 compared to the

batch cultivation in the STR, suggesting a benefit of HCD

cultivations not only for increasing virus titers but also for reducing

medium consumption (Table 3).

3.3 | High cell density production of rVSV‐NDV in
HEK293SF cells in semi‐perfusion mode

In the preceding experiments, we were able to confirm the

potential of semi‐perfusion culture for the production of rVSV‐

NDV. Therefore, infection cell concentrations of 10.0 × 106 and

20.0 × 106 cells/mL were evaluated for HEK293SF cells in a

next step. Upon infection, VCC increased to 25.2 × 106 and

26.8 × 106 cells/mL with viabilities above 90%, respectively

(Figure 5a). From 72 hpi onwards, cell viability rapidly

declined. Interestingly, growth of cells infected at higher cell

concentrations was significantly slower although optimal metab-

olite levels were maintained throughout the infection phase

(Supporting Information: Figure S2). Nevertheless, maximum

titers up to 8.0 × 107 TCID50/mL were achieved in both cultures

around 84–96 hpi (Figure 5b). Semi‐perfusion cultures either

infected at 10.0 × 106 or 20.0 × 106 cells/mL displayed no differ-

ences in either maximum titers (4.2 × 107−1.0 × 108 TCID50/mL)

(Figure 5b) or CSVY (Table 3), also if compared against shake

F IGURE 4 Infectious virus titers, cell growth and CSVY for AGE1.CR cells infected with rVSV‐NDV(pIX) in semi‐perfusion mode in shake
flasks. AGE1.CR cells were grown to high cell concentrations (HCD) in 125mL shake flasks (Vw = 50mL) in semi‐perfusion mode and infected at
20 × 106 cells/mL after a complete medium exchange. Fresh medium was added at 12 hpi (two‐fold dilution; dashed line). C1–C3 were infected
with MOIs ranging from 1E−3 to 1E−5 and continuously maintained in CD‐U7 medium at 37°C. Similarly, C4–C6 were infected with a MOI of
1E−4, but parameters were modified. For C4, the temperature was decreased to 34°C after infection, while for C5 the medium was changed to a
mixture of 75% CDU7% and 25% PEM. Cells of C6 were continuously maintained in CDU7/F12 (6:1) at 37°C. Semi‐perfusion with 1.6 RV/d was
restarted 24 hpi, where 80% of the culture supernatant was exchanged 36, 48, and 60 hpi. (a‐c) infectious VSV‐NDV titer for (a) MOI screening
at HCD, (b) temperature shift 37°C to 34°C at HCD, (c) medium composition at HCD, (d) cell growth, (e) CSVY. CSVY, cell‐specific virus
yield; NDV, Newcastle disease virus; rVSV, recombinant vesicular stomatitis virus.
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flask batch cultures infected at 2.0 × 106 cells/mL (data not

shown).

Nevertheless, there were benefits in terms of virus produc-

tion by doubling the infection cell concentration. Compared to

the batch STR run (Table 2), a 36‐fold increase in CSVY was

achieved for cells infected at 10.0 × 106 cells/mL, indicating a

possible advantage of a semi‐perfusion strategy for rVSV‐NDV

production. Additionally, the VVP was up to 6‐fold higher in

comparison to the highest VVP achieved in the 1 L STR, which

exemplifies that higher productivities could be achieved at

lower Vw.

3.4 | Process intensification in STRs using
perfusion mode

Finally, cultivations of AGE1.CR, BHK‐21 and HEK293SF cells were

carried out in perfusion mode using a 1 L STR and an acoustic settler as

cell retention device. A cell concentration of 30.0 ×106 cells/mL was

targeted for AGE1.CR and BHK‐21 cells at TOI using the DASGIP STR

system. In contrast, based on results obtained in semi‐perfusion mode in

shake flasks, HEK293SF cells were infected at lower cell concentrations

of 15.0 ×106 cells/mL in the Biostat B STR system. All cell lines displayed

viabilities exceeding 95% and consistent growth during the exponential

TABLE 3 Cell growth and rVSV‐NDV production in the shake flask cultures of AGE1.CR and HEK293SF cells in semi‐perfusion mode.

Cell line Condition MOI (virus) µ (h−1)
Max. VCC p.i
(×106 cell mL−1)

Max. infec. virus
titer (TCID50 mL−1)

Time of max.
titer (hpi)

CSVY
(TCID50/cell)

VVP (×108

TCID50/L/d)

AGE1.CR C1 1E−3 (pIX) 0.026 16.1 1.0 × 106 36 0.01 1.6

AGE1.CR C2 1E−4 (pIX) 0.024 21.5 1.3 × 106 36 0.01 1.3

AGE1.CR C3 1E−5 (pIX) 0.025 21.3 2.3 × 107 60 0.10 10.8

AGE1.CR C4 1E−4 (pIX) 0.026 14.1 4.2 × 106 42 0.05 3.5

AGE1.CR C5 1E−4 (pIX) 0.023 16.8 3.2 × 107 48 1.60 22.0

AGE1.CR C6 1E−4 (pIX) 0.022 14.2 5.6 × 106 42 0.06 4.0

HEK293SF 10 × 106 cells/mL 1E−3 (CR) 0.023 25.2 ± 1.4 1.0 × 108 78 ± 9 11 ± 1 20.5 ± 2.4

HEK293SF 20 × 106 cells/mL 1E−3 (CR) 0.027 ± 0.001 26.8 ± 3.3 7.1 × 107 ± 4.1 × 107 84 ± 17 7 ± 2 11.0 ± 4.6

Note: All maximum cell concentrations are normalized to the highest dilution applied after infection at 12 hpi. CR and pIX refer to the previously described

cell source used for production of the stock virus. Results for HEK293SF cells are reported as the mean and standard deviation of two independent shake
flask cultivations. CSVY: cell‐specific virus yield, p.i: post infection, VVP: volumetric virus productivity.

Abbreviations: CSVY, cell‐specific virus yield; NDV, Newcastle disease virus; pi, post infection; rVSV, recombinant vesicular stomatitis virus; VVP,

volumetric virus productivity.

F IGURE 5 Effect of cell density at time of infection on rVSV‐NDV production in HEK293SF cells in semi‐perfusion cultures in shake flasks.
(a) Viable cell concentration (solid lines) and viability (dash lines and open symbols) during growth and virus production of HEK293SF cells
infected at viable cell concentrations of 10.0 × 106 cells/mL (black) and 20.0 × 106 cells/mL (blue), respectively; (b) infectious virus titer of cells
infected at viable cell concentrations of (black) 10.0 × 106 cells/mL and (blue) 20.0 × 106 cells/mL, respectively. Values are reported as the mean
of a biological duplicate of two independent shake flasks. NDV, Newcastle disease virus; rVSV, recombinant vesicular stomatitis virus.
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growth phase. HEK293SF cells grew exponentially in batch mode with

µ=0.024 1/h during 48 h, reaching 3.2 × 106 viable cells/mL. Cells

continued growing under perfusion with µ=0.018 1/h, and within 96 h

reached 12.0 ×106 viable cells/mL with a viability above 95%. Upon

infection, cells had a brief growth period of 24h reaching a maximum

VCC of 16.0 ×106 cells/mL (Figure 6a). During batch mode, AGE1.CR

cells grew slowly with µ=0.012 1/h reaching 6.7 ×106 cells/mL. After

initiation of perfusion, cells expanded exponentially with µ=0.018 1/h

F IGURE 6 rVSV‐NDV production in AGE1.CR (black), BHK‐21 (blue), and HEK293SF (red) cells in 1 L STR cultures in perfusion mode using
an acoustic settler for cell retention. (a) Viable cell concentration (solid lines) and viability (dashed lines and open squares), (b) YLac/Glc yield, (c)
infectious virus titer in the bioreactor (dashed lines) and in the harvest (solid lines) fractions, (d) accumulated number of infectious virus particles,
(e) concentration of protein (solid line) and DNA (dashed line) in the bioreactor (filled squares) and in the harvests (empty squares), and (f)
accumulated total protein (squares) and host cell DNA (triangles). AGE1.CR and BHK‐21 cells were cultivated in a DASGIP system, HEK293SF
cells were cultivated in a Biostat system. BHK‐21 cultivation II data is shown in triangles in (a–e), and as empty symbols in (f). NDV, Newcastle
disease virus; rVSV, recombinant vesicular stomatitis virus.
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reaching 35.0 × 106 cells/mL within 96 h (Figure 6a). The fact that specific

growth rates were similar to batch cultivations in bioreactors for

HEK293SF and AGE1.CR cells (Table 2) suggests that cell growth was

not impaired by high cell concentrations and use of the acoustic settler.

For BHK‐21 cells, µ was in the range 0.025–0.030 1/h during batch

mode. After initiation of perfusion, µ dropped to 0.020 and 0.014 h−1 but

cell concentration continued to increase to 28.5–31.0 × 106 cells/mL,

respectively for both replicates (Figure 6a). For all cultivations, a cell

retention efficiency above 97% was achieved during cell growth phase

using the acoustic settler (Supporting Information: Figure S4).

Glucose and glutamine concentrations were above 10 and 3mM,

respectively, over the entire cultivation period for all cell lines.

Lactate accumulated to maximum concentrations of 28mM for

HEK293SF, 18mM for BHK‐21 and 12mM for AGE1.CR cells during

batch mode, and decreased to about 20mM for HEK293SF, 13mM

for BHK‐21, and 2mM for AGE1.CR cells during perfusion.

Ammonium and glutamate concentrations were below 1.5 and

3mM, respectively, over the entire cultivation period for all cell lines

(Supporting Information: Figure S3). pH value and osmolality were

7.0–7.6 and 250–340mOsmol/Kg for all cultures, respectively

(Supporting Information: Figure S4).

To assess the metabolic performance of the cells, the lactate to

glucose yield (YLac/Glc), was calculated. Maximum values of the

YLac/Glc were reached predominantly during the growth phase in

batch mode. The YLac/Glc was stabilized during the growth phase in

perfusion mode at values around 1.5 mmol lactate/mmol glucose for

HEK293SF cells, 0.25mmol lactate/mmol glucose for BHK‐21 cells,

and 0mmol lactate/mmol glucose for AGE1.CR cells. Upon infection,

the YLac/Glc exhibited an abrupt increase for all cell lines, particularly

toward the end of the cultivations, to levels close to that observed

during growth in batch mode.

As mentioned before, higher cell concentrations can lead to

increased amounts of nonquantified substrates and virus production

inhibitors, which can decrease the CSVY and virus titers. Mammalian

cell growth requires at least 13 amino acids (Eagle, 1959). Therefore,

to avoid limitations of nonquantified metabolites, cell culture medium

was additionally exchanged with a high flow‐rate (5 RV/d) 2 h before

infection. This high exchange rate resulted in a 14% loss of cells for

the AGE1.CR cultivation through the acoustic chamber (Figure 6a).

By reducing the maximum flow rate to 4 RV/d, a retention efficiency

of 99% was achieved for BHK‐21 and HEK293SF cells, respectively

(Supporting Information: Figure S4).

Overall, a maximum infectious virus titer of 2.4 ×108 TCID50/mL for

HEK293SF, 1.3 ×107 TCID50/mL for AGE1.CR and 7.5 ×108−2.4 ×109

TCID50/mL for BHK‐21 cell cultivations was achieved 36–60 hpi in

bioreactors (Table 4). As expected, infectious virus titers from bioreactor

and harvest vessel samples were practically the same for all cultivations.

AGE1.CR and BHK‐21 cells continued to grow until 12 hpi in batch mode

before being subsequently diluted with fresh medium. HEK293SF cells

continued to grow until 24 hpi, after which VCC and viability steadily

decreased until the end of the experiment to about 33% of the maximum

VCC and 75% viability, respectively (Figure 6a). CSVYs of 75 TCID50/cell

for HEK293SF, 1.5 TCID50/cell for AGE1.CR and 110–126 TCID50/cell

for BHK‐21 cells were obtained in perfusion mode (Table 4). This

corresponded to a 250‐fold and 1.5‐fold increase for HEK293SF and

AGE1.CR cells, respectively. For BHK‐21 cells no difference was found

compared to the best results obtained in batch mode (Table 2). An

exchange rate of 2–3 RV/d was sufficient to prevent any limitations in

glucose concentrations, and—most likely—the accumulation of inhibitors

(Supporting Information: Figure S3). The VVP in perfusion mode was

equal to 3.8 ×108 TCID50/L/d for AGE1.CR, 4.9 × 109 TCID50/L/d for

HEK293SF, and 3.4–4.3 ×1010 TCID50/L/d for BHK‐21 cells, which was

around 15–30‐fold higher for AGE1.CR and HEK293SF cells compared to

batch processes performed at the same scale (Table 4). For BHK‐21 cells,

the VVP was 3‐fold lower in perfusion mode compared to the batch

process (Table 2). Interestingly, the VVP was reduced by 6‐fold for

AGE1.CR cells when comparing semi‐perfusion in shake flasks to

perfusion cultivations in STR, although the permeate flow was controlled

tightly in the latter. This was not the case for HEK293SF cell cultivations,

for which the switch from semi‐perfusion to perfusion mode yielded a

2‐fold increase in VVP.

To assess the potential burden of high cell concentrations on

performance of subsequent downstream purification trains, DNA and

total protein levels in the bioreactor and the harvest vessel were

determined. During the first 24 hpi, the protein concentration was

about 150–200 µg/mL and then began rising in both the bioreactor

and harvest vessel for all cell lines (Figure 6e). Samples from the

bioreactor displayed slightly higher protein concentrations than

TABLE 4 Cell growth and rVSV‐NDV production in 1 L STR cultures in perfusion mode.

Cell line Condition MOI (virus) µ (h−1)
Max. VCC p.i
(×106 cell mL−1)

Max. infec. virus titer
(TCID50 mL−1)

Time of max.
titer (hpi)

CSVY
(TCID50/cell)

VVP (×108

TCID50/L/d)

AGE1.CR Hybrid FB 1E−5(BHK) 0.016 [31.15] 16.80 1.3 × 107 33.0 1.5 3.8

BHK‐21Cultivation I Hybrid FB 1E−4(BHK) 0.022 [28.05] 15.85 7.5 × 108 29.2 110 428.0

BHK‐21Cultivation II Hybrid FB 1E−4(BHK) 0.017 [31.40] 16.40 2.4 × 109 42.6 126 343.0

HEK293SF Perfusion 1E−3(BHK) 0.018 [13.00] 16.05 2.4 × 108 60.2 75 49.3

Note: Maximum viable cell concentrations are given at time of infection [] and during infection. (BHK) refers to the previously described cell source used
for production of the stock virus.

Abbreviations: CSVY, cell‐specific virus yield; FB, fed‐batch; NDV, Newcastle disease virus; pi, post infection; rVSV, recombinant vesicular stomatitis virus;

VVP, volumetric virus productivity.
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samples from the harvest vessel until about 60 hpi, and reached

about 450 µg/mL at the end of the experiment for HEK293SF cells.

Maximum protein concentrations of 600 µg/mL were reached for

BHK‐21 and AGE1.CR cells, respectively. The level of DNA began

accumulating from 36 hpi from 4 up to 12 µg/mL for HEK293SF and

AGE1.CR cells, and 18–23 µg/mL for BHK‐21 cells, respectively

(Figure 6e). Taking into account the total volume harvested after

infection, virus material produced in the HEK293SF cell cultivation

had the highest levels of DNA and protein (Figure 6f), approximately

four to six‐fold higher than for the other cell lines.

In our previous study we found no evidence of syncytia

formation in various suspension cell sources, even when inducing

cell clumping via supplementation of CaCl2 (Göbel, Kortum et al.,

2022). Monitoring bioreactor samples by bright‐field microscopy

confirmed this finding for AGE1.CR cells. No syncytia formation was

observed for any time point post infection. Surprisingly, syncytia

formation was found for BHK‐21 and HEK293 perfusion cultures.

Here, clusters of fused and enlarged cells appeared within the first

12 hpi (Figure 7). These clusters reached sizes from 70 to 80 µm in

HEK293 to 100‐120 µm in BHK‐21 cells.

Finally, we investigated whether the production rVSV‐NDV at

HCD or syncytia formation in perfusion mode has an impact on its

oncolytic properties in susceptible Huh7 cells using the IC50 potency

assay. Samples from all STR perfusion cultures were compared to

material previously produced in BHK‐21 suspension cells in STR

culture (Table 2 NS 34°C). Additionally, sucrose‐gradient purified

material of the reference culture as well as BHK perfusion culture II

was tested, to investigate the potential effect of contaminants at

HCD on oncolytic potency.

As indicated in Figure 8, rVSV‐NDV harvested from the

perfusion cultures of HEK293SF cells and BHK‐21 run II cell cultures

had a similar oncolytic potential in Huh7 cells as the BHK‐21 cell

reference. Interestingly, the dose required to induce 50% cancer cell

F IGURE 7 Syncytia formation during rVSV‐NDV production in 1 L
STR perfusion cultures of BHK‐21 and HEK293SF cells. Starting 12 hpi,
clusters of fused and enlarged cells appeared in the STR and they lysed
after 48hpi for BHK‐21 and 96 hpi for HEK293SF. AGE1.CR did not
form syncytia in perfusion culture (not shown). NDV, Newcastle disease
virus; rVSV, recombinant vesicular stomatitis virus.

F IGURE 8 Oncolytic viral potency values for rVSV‐NDV
produced in perfusion mode. Viability of Huh7 cancer cells was
determined 48 hpi with rVSV‐NDV generated in the respective
suspension cell line grown in perfusion mode and compared to virus
generated in BHK‐21 cells cultivated in STR in batch mode. Sucrose‐
gradient purified material of the reference STR batch culture as well
as BHK II perfusion culture was additionally included. IC50 and log
IC50 values determined from the dose–response curves after
nonlinear regression analysis. Values are reported as the mean of
technical triplicates, with n = 3 for all samples. NDV, Newcastle
disease virus; rVSV, recombinant vesicular stomatitis virus.
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cytotoxicity was 0.7 log higher for rVSV‐NDV produced in AGE1.CR

cells. Overall, regardless of the cell line, perfusion mode and HCD

cultivations did not alter the ability of the produced virus to induce

oncolysis. Purification via sucrose‐gradient reduced the dose

required to induce 50% cancer cell cytotoxicity regardless of the

cultivation mode. However, a greater increase in potency was

achieved for material produced in perfusion mode.

4 | DISCUSSION

Due to the significant advances in oncolytic virotherapy, more and more

production modalities are required for clinical studies and applications. To

our knowledge, advanced HCD cell culture technologies have not yet

been reported for production of clinical grade oncolytic herpes simplex

virus, vaccinia virus, and reovirus, (Ungerechts et al., 2016). Among the

few descriptions for manufacture at HCD, Grein et al. studied production

of oncolytic measles virus in Vero cells attached to microcarriers (Grein

et al., 2019). An oncolytic adenovirus was produced in tumor suspension‐

adapted cells in perfusion cultures in ATF mode (Yuk et al., 2004). Both

studies had the goal to achieve a high number of doses containing the up

to 1011 infectious virus particles per dose that are required for clinical

efficacy. Compared to traditional OVs, OV vector platforms that induce

syncytia formation in infected cells pose additional challenges to the

manufacturing process. In our previous study, we identified several

suspension cell substrates that are able to support the replication of the

fusogenic rVSV‐NDV to high titers in batch mode (Göbel, Kortum, et al.,

2022). This study aimed to establish an improved rVSV‐NDV manufac-

turing process for generating high titer stocks from HCD suspension

cultures optimizing cell culture medium formulation and infection

conditions.

4.1 | rVSV‐NDV production in STR in batch mode

HEK293 is a well‐known host cell line for the production of viral vectors

and recombinant proteins (Abaandou et al., 2021; Dumont et al., 2016;

Venereo‐Sanchez et al., 2016), and has also been explored for the

manufacturing of vaccines (Le Ru et al., 2010). HEK‐293 cultures are also

fully permissive for rVSV‐NDV (Göbel, Kortum et al., 2022). However,

only low virus titers were obtained in a scale‐up from shake flask to 1 L

STR in batch mode. To overcome this limitation, several strategies were

applied. The first one consisted in a medium supplementation with

glucose and glutamine. Providing an optimal metabolic state with a

sufficient supply of extracellular substrates is critical to achieve high virus

yields (Aunins, 2003). The increase in concentration of these major

sources of carbon and energy metabolism doubled rVSV‐NDV titers. In

addition, a reduction in oxygen partial pressure to 5% pO2 during virus

replication (hypoxia) was considered. Exposing adherent Vero cells to low

oxygen levels increased production yields for VSV (Lim et al., 1999).

rVSV‐NDV is an RNA virus that is highly sensitive to antiviral actions of

type I interferons (IFN) (Abdullahi et al., 2018). We previously reported a

slow, gradual, and incomplete infection of HEK293SF cells even at higher

MOIs (Göbel, Kortum et al., 2022). Continuously increasing the

population of infected cells without losing the cell source due to

oncolysis appears favorable if a shift to an antiviral state by IFN signaling

cascades can be prevented. Therefore, virus replication was expected to

be enhanced if cellular defenses against viral infections mediated by IFN

can be inactivated by oxygen limitation (Miar et al., 2020). Trypsin

addition was tested along nutrient supplementation to promote virus

entry into the cell by hemagglutinin cleavage as required for the

production of influenza A virus (Klenk et al., 1975). Trypsin addition has

also enhanced influenza A virus replication by proteolytic degradation of

IFN (Seitz et al., 2012). While both measures allowed only a modest

increase in rVSV‐NDV titers (0.5 log), cell growth was not compromised.

With the current data a potential accumulation of nonquantified

compounds inhibiting viral vector replication cannot be excluded. Such

an effect was suggested by the results obtained for BHK‐21 cells, where

adjustments in medium formulation yielded a doubling of the rVSV‐NDV

titers and CSVY. A reduction of temperature at time of infection was

often found to increase virion stability and/or maximum virus titers (Elahi

et al., 2019; Genzel & Reichl, 2009; Kaptein et al., 1997; Nikolay et al.,

2018; Petiot et al., 2011; Wechuck et al., 2002). However, in our case, a

reduction of temperature to 34°C after infection had neither an effect on

cell growth nor on virus stability, maximum infectious virus titer or CSVY.

Similar results were obtained for AGE1.CR cells. Overall, we suspect a

limitation of nonquantified metabolites or an accumulation of inhibiting

molecules to be the reason for this drastic reduction in viral vector titers

in comparison to the titers achieved in shake flasks with complete

medium exchange at TOI. In a subsequent study, the impact of pH‐drifts,

as observed in shake flask cultivations, and of differences in shear forces

between STR and shake flasks on maximum infectious virus titers could

be further investigated.

4.2 | Medium switch and transition to semi‐
perfusion mode for AGE1.CR cells

A rapid decline of infectious activity was observed for both rVSV‐NDV

(Figure 3) and, previously, for rVSV‐NDV‐GFP (Göbel, Kortum et al.,

2022) in studies with AGE1.CR cultures. To improve titers and virion

stability, we investigated an alteration of medium properties at the time of

infection (Jordan et al., 2011, 2016). Supplementation of PEM to CD‐U7

medium improved viability of AGE1.CR cells for the entire infection

period. Although maximum titers did not increase, the level of infectious

units were best maintained in cultures with CD‐U7 medium containing

25% PEM. We suspect that recombinant insulin, trace elements, or

polyamines in PEM could be responsible for improved infectious stability.

Hydrolysates are an important component of many serum‐free media

that can increase buffering capacity and delay cell death so that

production intervals are prolonged (Ho et al., 2021). However, CD‐U7

does not and (to our knowledge) PEM may also not contain hydrolysates.

Polyamines are contained in different ratios and configurations in various

advanced and basal media (such as putrescine in F12). They have

pleotropic effects that can support or interfere with viral replication

(Mounce et al., 2017). Insulin and insulin‐like growth factors have been
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demonstrated to inhibit apoptosis in CHO cells (Adamson & Walum,

2007; Ghafuri‐Esfahani et al., 2020; Sunstrom et al., 2000). Prolonged cell

survival may not only increase production of recombinant protein

(Ghafuri‐Esfahani et al., 2020) but may also help in infected cultures to

replenish virions lost to degradation. Insulin was furthermore identified as

a strong activator of the PI3K/Akt pathway supporting early entry uptake,

viral RNA expression, and inhibition of premature apoptosis after IAV

infection (Planz, 2013). However, there are also reports discussing

contrary results such as a delayed viral replication of IAV or fowl plague

virus at low MOIs following insulin supplementation (Scholtissek et al.,

1986). For hepatitis B virus in a human hepatoma cell line (Gripon et al.,

1989), and for hepatitis A virus in PLC/PRF/5 cells (Gauss‐Müller &

Deinhardt, 1984) reduced titers reported in media with low insulin

concentrations compared to cultivations with media containing other

supplements or no supplementation. In summary, as observed here,

mixtures of media with different levels of supplementation with factors

such as polyamines, insulin and insulin‐like growth factor may exhibit

complex effects on the kinetic of virus replication and maintenance of

infectious units.

In a second step, a semi‐perfusion strategy was evaluated in shake

flasks to achieve higher cell concentrations (>20.0 × 106 cells/mL) and

optimize process conditions for subsequent bioreactor processes

performed in perfusion mode. Multiple studies demonstrated

increased MVA and IAV virus titers and VVP by applying hybrid

perfusion strategies (hybrid fed‐batch) after infection (Gränicher et al.,

2021; Vázquez‐Ramírez et al., 2019). Compared to shake flask

cultivations in batch mode, HCD cultivations often resulted in a

drastically reduced CSVY. This so‐called cell density effect has been

shown for a variety of virus production processes (Bock et al., 2011;

Ferreira et al., 2007; Kamen & Henry, 2004; Nadeau & Kamen, 2003;

Perrin et al., 1995; Tapia et al., 2016; Wood et al., 1982). In this study,

no nutrient limitation was observed for any of the investigated

cultivations. Also, cultivation at HCD did not require an adaptation of

the MOI (Figure 4a). However, by decreasing the temperature after

infection to 34°C (C4) and additional supplementation with F12

medium (C6), higher infectious virus titers and CSVYs were obtained

for AGE1.CR cells compared to 37°C. Furthermore, addition of PEM to

CD‐U7 medium (C5) after infection of AGE1.CR cells resulted in yet

higher infectious virus titers and CSVYs above 1.5 TCID50/cell,

although a nonoptimal MOI of 1E‐4 was used. Compared to the batch

STR cultivation (Table 2), both CSVY and VVP were drastically

increased by transition to semi‐perfusion at HCD (Table 3).

4.3 | High cell density production of rVSV‐NDV in
HEK293SF cells in semi‐perfusion mode

Although HEK293 cells are being used for production of viral

vaccines and viral vectors for over 30 years, production at HCD

remains impacted by reductions of CSVYs with increasing cell

concentrations. This cell density effect is thoroughly described in

the literature for a variety of viruses, particularly for adenovirus

(Gálvez et al., 2012; Kamen & Henry, 2004; Nadeau & Kamen, 2003),

but also IAV (Petiot & Kamen, 2013), retroviruses (Rodrigues et al.,

2013), and virus‐like particles (Fontana et al., 2014). Here, infections

at concentrations of 10.0 × 106 and 20.0 × 106 cells/mL did not result

in a reduction of CSVY compared to batch cultivations

(2.0 × 106 cells/mL), neither in shake flasks nor in STRs. However,

there was no benefit in terms of VVP, virus titer or CSVY by

increasing the infection cell concentration to 20.0 × 106 cells/mL.

Although the CSVY in the 20.0 × 106 cells/mL infected cultivation at

TOI was slightly lower compared to the 10.0 × 106 cells/mL infected

cultivation at TOI, the difference is negligible and can therefore not

be classified as a cell density effect. For these reasons, a concentra-

tion below 20.0 × 106 cells/mL at TOI was considered as optimal to

further investigate rVSV‐NDV production in perfusion applications.

For HEK293SF cells, periodically exchanging the medium with a

fixed rate of 1.8 RV/d seemed to be sufficient to avoid the

aforementioned accumulation or depletion of nonquantified com-

pounds causing a drastic loss of viral vector productivity in STRs. This

was also described by Henry et al., who observed increasing CSVYs

with increasing perfusion rates for HEK293 for the production of

adenoviral vectors using an acoustic settler for perfusion (Henry

et al., 2004). Here, compared to cultivation in batch mode in STRs,

CSVY was increased by 36‐fold, and VVP was up to six‐fold, proving

this approach to be valuable both for increasing virus titers but also

reducing media consumption.

4.4 | Process intensification in STRs with
perfusion mode

Based on the positive results obtained for rVSV‐NDV production in

semi‐perfusion mode, cultivation of all three candidate cell lines in a

STR operated in perfusion mode was evaluated. In the systems

tested, a HCD above 10 × 106 cells/mL was achieved for all three cell

lines. For AGE1.CR cells, cultivation up to 50.0 × 106 cells/mL (Genzel

et al., 2014) in perfusion mode employing an ATF system was

described previously. HEK293SF cells have been grown up to

15.0 × 106 cells/mL in perfusion mode using an acoustic settler

(Petiot et al., 2011). For a process involving other HEK293 cells, up to

80.0 × 106 cells/mL were reached (Schwarz et al., 2020). For BHK‐21

cultures, up to 6.0 × 106 cells/mL in perfusion mode using a spin filter

for the production of rabies virus (Perrin et al., 1995) was obtained; in

semi‐perfusion mode even up to 60.0 × 106 cells/mL were reached

(Nikolay, 2020).

Uptake rates for glucose and glutamine for HEK293SF and BHK‐

21 cells during the cell growth phase were higher than for AGE1.CR

cells and consequently a higher CSPR of 197 and 110 pL/cell/d for

HEK293SF and BHK‐21 cells was needed to maintain sufficient

metabolite levels. For comparison, AGE1.CR cells were able to utilize

a lower CSPR of 55 pL/cell/d, which was in the same range as shown

in previous studies (Gränicher et al., 2021; Vázquez‐Ramírez et al.,

2018, 2019). Control of the perfusion rate using a capacitance probe

allowed a robust process control with stable CSPR values over the

entire growth phase (Supporting Information: Figure S4d). Similar
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findings were reported for a variety of other cell lines, further

underlining the versatility of this method (Gränicher et al., 2021;

Hein, Kollmus et al., 2021; Nikolay et al., 2018; Wu et al., 2021).

The YLac/Glc provides an insight on the glucose usage. Remark-

ably, HEK293SF cells exhibited higher YLac/Glc values compared to

the other cell lines, beyond 2mmol lactate/mmol glucose, consistent

with previous findings (Petiot et al., 2015). Upon infection, an

additional decrease in YLac/Glc was also observed mainly for

HEK293SF cells. The observed shifts may be due to a combination

of an increased perfusion rate and from a metabolic redirection

caused by the infection process, in which more carbon is channeled

to the tricarboxylic acid cycle instead of being converted to lactate

with the concomitant NADH oxidation (Petiot et al., 2011, 2015). As

observed by Gränicher et al. (2020), the YLac/Glc of AGE1.CR.pIX cells

in perfusion cultures using ATF and acoustic settlers also increased

toward the end of the cultivation and coincided with the loss of cell

viability. Due to the fusogenic potential of the rVSV‐NDV, the

acoustic filter was chosen as retention device to avoid possible

clogging of membranes in ATF or TFF applications. To address low

virus stability, direct harvesting during cultivation was implemented.

The acoustic settler in this work was operated in pump recirculation

mode that previously was demonstrated to deliver higher virus

productivities than valve recirculation mode (Gränicher et al., 2020).

As expected, infectious virus titers of the bioreactor and the harvest

vessel were similar and allowed accumulation of infectious virus

particles above 1011 TCID50 in HEK293SF and BHK‐21 cultures.

Virus production was considerably improved in comparison to the

batch cultures. Although for BHK‐21 cells the difference was

minimal, they showed in all cultivations the highest CSVY and VVP

making BHK‐21 the best producer host from the productivity point

of view. Possibly, direct cooling of the harvested material could

further improve virus stability and thereby increase virus yield. This

however, was not tested in the current study.

Regarding the accumulation of impurities, levels of total protein

and dsDNA were within the same order of magnitude as reported by

Gränicher et al. (2020) for a HCD MVA production process in

AGE1.CR.pIX cells. While concentrations of total protein and dsDNA

were low for HEK293SF in comparison to BHK‐21 cells, accumulated

levels of impurities of HEK293SF cells where highest. This is

especially surprising as the maximum concentration of HEK293SF

cells was much lower than for the other cell lines.

Whether syncytia formation of BHK‐21 and HEK293 cells but

not of AGE1.CR cells had an effect on the production of the rVSV‐

NDV remains open. High VCC after infection in AGE1.CR cells would

support this phenomenon, but there was no evidence of syncytia

formation at low cell concentrations even after induction of

aggregation with CaCl2 (Göbel, Kortum et al., 2022). Particle sizes

of the syncytia were in the range of 70–120 µm. Their formation

might cause fluid dynamic stress and cell losses due to syncytia‐

syncytia and syncytia‐impeller impacts (Nienow, 2021). While cell

retention without a physical barrier (acoustic or inclined settlers and

centrifuges) was demonstrated to be efficient, such a requirement

introduces new challenges compared to the currently preferred

membrane‐based systems (ATF and TFF). Small lumen sizes of

hollow‐fiber membranes are likely to prevent passage of syncytia,

potentially leading to a faster blocking of fibers. On the other side,

the use of membrane‐based systems could potentially prevent

syncytia formation and, therefore, facilitate scale‐up of manufactur-

ing processes. In this context, the use of novel membrane systems

such as the TFDF from Repligen with large lumen sizes could be an

interesting approach for future investigations.

Finally, selective replication, OV spreading and lysis of cancer

cells are attributes that need to be considered for production of OVs.

This was assessed through a potency assay (EMA, 2009). The scope

of the potency measurement was to determine whether cultivation at

HCD affected the ability of the virus to induce oncolysis. As crude

harvests produced at HCD contain more contaminants (proteins,

DNA etc.) than crude material produced in batch culture which are

likely to interfere with infectivity and thus potency, increased

potency values after purification can be expected. Therefore, a

comparison between crude harvest and purified material harvested

from the second perfusion cultivation in BHK‐21 was carried out and

included in the measurement. For a fair comparison, purified material

should be used for all perfusion samples, however this was outside of

the scope of this study. As demonstrated, for all cell lines, the rVSV‐

NDV material produced in perfusion mode and at HCD (with and

without syncytia formation) was able to induce adequate oncolysis.

Compared to material produced in batch mode, the oncolytic potency

of material produced in AGE1.CR cells was slightly reduced.

Purification via sucrose‐gradient led to a greater increase in potency

for material produced in perfusion mode compared to batch mode.

In conclusion, evaluation of a series of process conditions in semi‐

perfusion shake flask and STR batch cultures led to successful

implementation of a scalable perfusion HCD process for all three

candidate cell lines. This enabled production of rVSV‐NDV above 1011

infectious virus particles. Using an acoustic settler, the direct harvesting of

rVSV‐NDV will allow for a seamless integration into downstream

processing trains. The influence of HCD conditions, perfusion mode,

and syncytia formation during production on the oncolytic potency of

rVSV‐NDV must still be confirmed in preclinical tumor models. Never-

theless, results clearly represent an important step toward a high‐yield

manufacturing process for rVSV‐NDV and other potential OVs.
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