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A B S T R A C T   

Oncolytic viruses (OV) have emerged as a promising approach to mitigate the challenges of treating solid can-
cers. However, the lack of established manufacturing and downstream processing (DSP) platforms combined 
with the high treatment doses needed for clinical use (108–1011 TCID50/dose), hamper the widespread success of 
this therapeutic concept. Here, we present an efficient and scalable GMP-compliant process for the purification of 
a fusogenic oncolytic virus (rVSV-NDV). Non-GMO CCX.E10 cells grown in suspension in chemically defined 
medium were used for high titer rVSV-NDV batch production (3.2 × 108 TCID50/mL) in stirred tank bioreactors. 
All DSP unit operations (DNA digestion, clarification, chromatography, TFF, and sterilizing filtration) were 
optimized to identify the best purification approach. Among several strategies evaluated, two filters enabled high 
throughput and turbidity reduction, while preventing any loss of infectious particles during the clarification step. 
For the intermediate purification, anion-exchange chromatography (AEX) was used in combination with the 
addition of polyprotic salts, which resulted in a maximum recovery yield of 86 % of infectious particles. The 
addition of citrate to the chromatography setup increased the separation resolution of rVSV-NDV particles from 
less negatively charged impurities. Global recovery yield after four operation units was 64 % with 99 % and 97 % 
of protein and DNA clearance, respectively. Together, with our previously optimized upstream process, we open 
up an avenue for large-scale manufacturing of oncolytic VSV-NDV for future clinical use.   

1. Introduction 

Traditional chemotherapy drugs and radiation therapy often have 
limited success in treating late-stage cancers due to their non-specific 
targeting and resistance mechanisms of the tumor [1]. Furthermore, 
due to the immune-suppressive tumor microenvironment that is char-
acteristic of many solid tumors, immunotherapies such as CAR-T cells or 
immune checkpoint inhibitors are only minimally effective in these 
cancers [2]. As a promising alternative, virus-based biotherapeutic 
particles, known as oncolytic viruses (OVs), which can selectively infect 
and kill cancerous cells, are gaining attention [2]. T-VEC (Amgen), an 
oncolytic HSV-1 expressing GM-CSF, was the first and is currently still 
the only FDA-approved oncolytic viral immunotherapy for the treatment 

of metastatic melanoma [3]. Characterized by their pleiotropic mode of 
action, OVs can cause direct lysis of tumor cells without harming sur-
rounding healthy tissue with a secondary therapeutic initiation of sys-
temic antitumor immunity [4]. To improve their efficacy, many OVs are 
additionally modified through genetic engineering, for example to ex-
press optimized endogenous or heterologous fusion glycoproteins, 
ideally serving as platforms for the insertion of various therapeutic 
genes. An engineered hybrid vector comprising components of vesicular 
stomatitis virus (VSV) and Newcastle disease virus (NDV) has previously 
been shown to be safe and efficient for the treatment of hepatocellular 
carcinoma in pre-clinical tumor models [5]. In light of this promising 
preclinical data, there is an urgent need for efficient and scalable 
manufacturing processes, which can cope with the complexity of such 
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products [6]. 
Several OVs have been developed and used in clinical applications to 

date; however, the diversity of these biotherapeutic particles poses 
major challenges for downstream processing (DSP) and necessitates the 
development of individualized processes that are optimized for each 
virus, thereby posing an additional challenge to clinical translation 
[1,7]. These challenges are amplified by the need for highly concen-
trated doses to achieve the desired oncolytic effect, as compared to 
vaccines for which the input requirement is significantly lower [1]. 
Additionally, these OVs pose structural challenges to the process 
development, owing to their large size (>150 nm), but also due to their 
morphology and complexity of surface charges [8]. As the virus size can 
be greater than the pore size of resin beads in the chromatographic 
column, the dynamic binding capacities (DBC) in chromatographic 
strategies can be impaired. Also, the shear stress during filtration-based 
steps can be detrimental to the integrity of the virus particles [8,9]. OV 
platforms based on enveloped viruses like rVSV-NDV, herpesvirus, 
vaccinia virus, and measles virus present further challenges for DSP 
purification due to their sensitivity to physiochemical stress. Neverthe-
less, most OV platforms currently investigated in clinical trials or 
approved on the market, share common steps and unit operations 
[1,10]. Previous studies have shown promising purification approaches 
using single-mode chromatography such as anion- or cation- exchange 
(AEX, CEX) and affinity [11–13]. 

As OVs are categorized as gene therapy medical products by the 
European Medicine Agency (EMA), production and final downstream 
processing (DSP) must comply with specific guidelines [14,15]. To 
achieve a therapeutic effect and effective delivery to tumor sites, final 
dose inputs of rVSV-NDV in the range of 109-1011 virions/injection are 
required, imposing high virus concentration to achieve small-volume 
doses with the quality desirable. Host cell protein (HCP) and host cell 
DNA (hcDNA) should not exceed 100 ng/mL and 10 ng per dose, 
respectively [16]. Lastly, the ratio of noninfectious to infectious parti-
cles, while not exactly defined, should be minimal for the final product, 
and high oncolytic potency in the target cell must be maintained. These 
quality attributes require a delicate interplay between upstream and 
downstream process development steps to maintain virus activity and 
yield, while removing an adequate level of impurities. 

Particularly for fusogenic OVs, such as rVSV-NDV, usage of adherent 
cell culture systems only results in very low virus titers (~106 TCID50/ 
mL) due to the rapid formation of large multinucleated syncytia, before 
sufficient titers can be reached [5]. Ideally, manufacturing should shift 
towards fully characterized, continuous suspension cell culture using 
chemically defined media to allow for easy scale-up and usage of 
advanced process monitoring controls. Recently, a fully characterized, 
non-GMO continuous suspension cell line derived from a quail (CCX. 
E10) was reported to produce rVSV-NDV titers up to 4.2 × 108 TCID50/ 
mL in batch mode [17]. In this work, subsequent DSP challenges 
following such a production of rVSV-NDV in CCX.E10 cells are 
addressed. Here we report for the first time, a purification strategy of a 
fusogenic OV using AEX chromatography, followed by tangential flow 
filtration (TFF) and sterilizing filtration. Process development was per-
formed with the objective of a full GMP-compliant manufacturing pro-
cess. We were able to achieve a recovery of 64 % infectious virus with a 
titer of 4 × 109 TCID50/mL, which is well within the range of industry 
standards for commercial virus production. 

2. Material and methods 

2.1. Cell lines and virus production 

CCX.E10 cells (Nuvonis Technologies GmbH) were cultured in sus-
pension in chemically defined Freestyle™293 Expression medium 
(Gibco, USA) supplemented with growth factors. Cells were maintained 
at 37 ◦C and 5 % CO2 in a multitron orbitally shaker incubator (Infors 
AG, Switzerland) with a 50 mm shaking diameter in baffled 125 mL 

shake flasks (Corning, USA) and passaged twice per week. Adherent 
Huh7 cells and AGE1.CR.pIX were cultured in T75 flasks using either 
high glucose 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 % fetal calf serum or DMEM- 
F12 medium (Gibco, USA) supplemented with 5 % fetal calf serum. Both 
cell lines were incubated at 37 ◦C with 5 % CO2. 

Viable cell concentration (VCC) and viability were determined with 
an automated cell counter (ViCell, Coulter Beckman, USA) by trypan 
blue exclusion. Infections were carried out using a sucrose gradient- 
purified CCX.E10 cell-derived rVSV-NDV virus seed with a titer of 
1.05 × 108 TCID50/mL. 

Material for initial clarification screening studies as well as DNA 
digestion studies was produced in 250 mL baffled shake flasks. Here, 
CCX.E10 cells were inoculated at 0.8 × 106 cells/mL and cultivated until 
a VCC of 4 × 106 cells/mL was reached. At time of infection (TOI), cells 
were diluted two-fold with fresh medium, infected at an MOI of 1E-4, 
and harvested once cell viability fell below 90 % (48–60 hpi). After 
harvest, material was either centrifuged at 3000g for 10 min at 4 ◦C, 
supplemented with 5 % sucrose and frozen at −80 ◦C (frozen material), 
or supplemented with 5 % sucrose and directly subjected to further 
processing (fresh material). Before usage of frozen material, aliquots 
were thawed overnight at 4 ◦C. 

All other material was produced as previously described in 1 L or 3 L 
STR (DasGip, Eppendorf AG, Germany) in batch mode [17]. Briefly, 
after reaching a VCC of 4.0 × 106 cells/mL, cells were infected at an MOI 
of 1E-4 by adding an equal working volume (wv) of pre-warmed fresh 
medium containing rVSV-NDV. pH was maintained at 7.2 by sparging 
CO2. Partial pressure of dissolved oxygen (DO) was maintained at 50 % 
by controlling oxygen and nitrogen flow rates between 3–12 L/h 
through an L-drilled hole sparger. Cells were agitated using one (1 L 
STR) or two (3 L STR) pitched blade impellers at 130–180 rpm. All 
cultures were harvested once cell viability fell below 90 %. 

2.2. Nuclease treatment and optimization of DNA digestion 

20 U/mL endonuclease (DENARASE®, enzyme activity > 250 U/µl 
determined by the manufacturer, 20804–500 k; c-Lecta) was mixed with 
2 mM MgCl2 to digest DNA in the supernatant. The digestion was carried 
out at room temperature for 1 h 

For optimization, a central composite faced (CCF) design of experi-
ments (DoE)-design was chosen to evaluate the DNA digestion. The 
design factors included the endonuclease activity (20, 60, 100 U/mL), 
incubation time (1, 3.5, 6 h), and incubation temperature (20, 28.5, 
37 ◦C). For this purpose, 1 mL aliquots of virus-containing cell broth 
harvested at 60 hpi was supplemented with 5 % sucrose and prepared in 
1.5 mL reaction tubes. Immediately afterward, 2 mM MgCl2 and the 
respective endonuclease activity (20,60,100 U/mL) were added. The 2 
mM MgCl2 salt solution was prepared in PBS. As a negative control, 
virus-containing cell culture broth with 5 % sucrose was used. The ali-
quots were agitated with 600 rpm (2 mm shaking diameter) at the 
respective temperatures for 1, 3.5, and 6 h. Experiments for each con-
dition were carried out as single runs, except for the center point, which 
was repeated five times. The readouts were total DNA concentration 
(picogreen assay), infectious virus titer (TCID50 assay), and total protein 
concentration (BCA assay). The experimental data were analyzed using 
the software package MODDE® version 13.0 (Sartorius, Germany). 

2.3. Clarification 

Several dead-end clarification filters with different pore sizes and 
membrane materials were evaluated for fresh and frozen CCX.E10- 
derived harvests (Table 1). Prior to clarification, a DNA digestion step 
was carried out using endonuclease at 20 U/mL for 1 h at room tem-
perature. All depth filters (1.1–1.3; 2.1–2.2) were washed with 230 mL 
of milli-Q water according to the manufacturer’s recommendation. 
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Filters 1.1–1.3 were operated at constant flux of 9 mL/min, while filters 
2.1 and 2.2 were operated at constant flux of 27 mL/min. A portable 
turbidimeter (HACH 2100Q is) was used to measure turbidity before and 
after clarification. 

2.4. Screening of chromatography devices 

Virus purification by chromatography was performed in an Äkta 
Avant 150 equipment (Cytiva), using the software, Unicorn version 6.3, 
and operated at room temperature. An initial screening of chromato-
graphic devices was carried out with Capto DEAE resin (Cytiva), Sar-
tobind Q membrane (Sartorius Stedim), and Mustang Q (Cytiva) as 
present in Table 2. All membranes were conditioned following the 
respective manufacturer’s instructions. For Capto DEAE screening, 
approximately 5 mL of resin was packed in a XK16 column (Cytiva) 
according to the instructions, and asymmetry factors between 0.8 and 
1.5 were obtained. Devices were equilibrated with 5 membrane/column 
volumes (MV/CV) with equilibration buffer (20 mM Tris, 150 mM NaCl, 
5 % sucrose, pH 8.0) before sample loading, and for the scouting ex-
periments the sample loading ranged from 17 MV/CV to 55 MV/CV. The 
elution buffer composition was 20 mM Tris, 2 M NaCl, 5 % sucrose, pH 
8.0. For all experiments, clarified virus material was thawed at 4 ◦C 
overnight and equilibrated to room temperature before each 
experiment. 

2.5. Chromatography – Screening of different inorganic salts 

The influence of the addition of different inorganic salts (citrate, 
phosphate, and carbonate) was assessed in the chromatography per-
formance. A 1 M stock solution of each salt was prepared at pH 8.0, and 
then added individually to the previously mentioned equilibration and 
elution buffers to a final concentration of 100 mM. A 1 mL Sartobind Q 
membrane was used for this scouting. The same chromatography pa-
rameters were used as in the previous screening. 

2.6. Tangential flow filtration 

The eluted rVSV-NDV fraction from Sartobind Q was diluted 4-fold 
(65 mL) and diafiltered 6 times. Subsequently, the virus fraction was 
concentrated 4-fold using a 750 kDa cut-off hollow fiber poly-
ethersulfone membrane (UFP-750-C-2U) with 50 cm2. Fibers were first 
washed with milli-Q water and equilibrated with diafiltration buffer (10 
mM Tris, 5 % sucrose, pH 8.0) following the manufacturer’s in-
structions. The input flow rate was 25 mL/min in order to keep the shear 
rate at 2500 s−1. The purified rVSV-NDV solution was then sterile 
filtered. 

2.7. Sterile filtration 

Sterilizing grade filtration of purified rVSV-NDV was performed with 
different syringe filters in order to select the best potential candidate. 
The evaluated filters were Supor® EKV Mini Kleenpak™ (Pall Corpo-
ration), MiniSart® (Sartorius Stedim), and Millex-GV (Merck). Before 
use, the filters were washed with Milli-Q water and equilibrated with 
diafiltration buffer (20 mM Tris, 5 % sucrose, pH 8.0). 

2.8. rVSV-NDV viral genomes quantification 

For routine quantification, 100 µL of each sample was treated with 
DNAse I (Roche) and then RNA extraction was performed using the 
QIAamp Viral RNA Mini kit (Qiagen). Next, 5 µL of the extracted RNA 
was used with High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, ThermoFisher Scientific) to generate cDNA using optimized 
RT-PCR primers. Then, the cDNA was diluted (between 1:1000 to 
1:100,000) to target the linear range of ddPCR. 5 µL of the template 
dilution was used with the QX200 ddPCR kit (Bio-Rad Laboratories, 
Hercules, CA, USA), using the EvaGreen master mix and the selected 
primers already described elsewhere[18]. The manufacturer’s in-
structions were followed to prepare the reaction and generate droplets. 
As for the thermocycler program: after initial denaturation (5 min at 
95 ◦C), 34 cycles of the following steps were repeated: 30 s at 95 ◦C, 1 
min at 59 ◦C, 30 s at 72 ◦C. The final elongation step was performed for 5 
min at 72 ◦C. 

Droplets were analyzed individually in the droplet reader and the 
copies/µL of each sample are given. This output is corrected for the 
dilution and volumes used to determine the viral genomes/mL of the 
original sample with the following calculation: 
Viralgenomes

mL = I × J × K × (
L
M) ×

O
N
P × Q × 1000  

in which: I = Copies/µL (ddPCR output); J = volume of the ddPCR re-
action; K = dilution of the cDNA template; L = volume of RT-PCR re-
action; M = volume of the cDNA dilution added in the ddPCR reaction; 
N = volume of RNA added in the RT-PCR reaction; O = elution volume 
for RNA extraction; P = initial sample volume used for the RNA 
extraction; Q = dilution of the sample in RNA extraction 

2.9. rVSV-NDV infectious viral particles quantification 

Infectious titers of rVSV-NDV were measured as described previously 
[19]. Briefly, adherent AGE1.CR.pIX cells were seeded in 96-well tissue 
culture plates to achieve 100 % confluency on the day of infection. Ten- 
fold serial dilutions of samples were performed to achieve desirable 
dilution for expected titer range. Six dilutions were added to the plates 
to inoculate the cell monolayer. After an incubation period of 72 h, 
plates were analyzed using a light microscope. rVSV-NDV infectious titer 
was reported in 50 % tissue culture infectious dose (TCID50/mL). The 
variability of the assay was ± 0.2 log10 TCID50/mL. 

2.10. Defective interfering particles (DIP) genome quantification and 
analysis 

Fixed volumes of 40 μl, derived from chromatography elution 

Table 1 
Clarification devices used in the screening experiments.   

Device Reference Target step Chemistry Screening surface area (cm2) Nominal pore size (µm)  
1.1 Millistack C0HC MC0HCC23L3 Primary clarification Cellulose + filter aid 23 1.2–0.2  
1.2 Millistack D0HC MD0HCC23L3 Cellulose + filter aid 23 10–0.55  
1.3 Millistack media CE50 MCE5023CL3 Cellulose 23 1–0.4  
2.1 Sartopure PP3 5051306P5-OO Secondary clarification Polypropylene 240 0.45  
2.2 Sartoguard NF 5461307G4–OO–B Polyether sulfone 190 0.22  

Table 2 
Specifications for the different anion exchange chromatography (AEX) media.  

Device Type of 
adsorber 

Ligand Nominal pore size 
(µm) 

Capto 
DEAE 

Resin Diethylethanolamine 0.06 

Sartobind 
Q 

Membrane Quarternary 
ammonium 

3 

Mustang Q Membrane 0.8  
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fractions were mixed with 5 μl of 10x DNase digestion buffer, and 5ul of 
DNase I (reconstituted; 1 U/ul) (Zymo Research). DNase digestion was 
carried out at room temperature for 15 min in solution. Before RNA 
extraction, DNase was inactivated at 75 ◦C for 5 min in 5 mM EDTA. 
Following DNase inactivation, samples were diluted to total volume of 
140 μl in nuclease-free water and immediately mixed with 560 μl of AVL 
buffer of the QIAamp Viral RNA mini kit (Qiagen, Hilden, Germany). 
RNA extraction was performed per the manufacturer’s protocols with 
final elution in 40 μl of buffer AVE. 

5′ to 3′ trailer inversion events have been reported for VSV defective 
interfering particle genomes. To specifically amplify RNA sequences 
containing these inversion regions, a single primer (AAAAAA-
TAAAAACCACAAGAGGGTCTTAAG) RT-PCR strategy was applied 
based on previously reported protocols for VSV [20], with this single 
primer acting as both a forward and reverse primer during PCR ampli-
fication. Reverse transcription reactions of 20 µl were carried out using 
the high-capacity cDNA reverse transcription kit (Thermo Fisher Sci-
entific), with fixed 10 μl volumes of extracted viral RNA. Prior to mixing 
with the RT master mix, RNA samples were mixed with 1 µM of target- 
specific primer, with these mixtures pre-denatured together for 65 ◦C for 
3 min followed by incubation on ice for 2 min. Following reverse tran-
scription, total cDNA was used for PCR amplification. PCR amplification 
was carried out using ALLin HiFi DNA polymerase kit protocols (highQu, 
Kraichtal), as per manufacturers’ protocols with a 60◦c annealing tem-
perature and an extension time of 2.5 min. Final DNA products were 
assessed on 1 % agarose gels. 

2.11. Assessment of product quality 

For additional characterization, several analytical techniques were 
used to evaluate the integrity, purity and identity of the rVSV-NDV. 

The size and concentration of rVSV-NDV samples were determined 
using nanoparticle tracking analysis in the chromatographic DBC 
studies. Chromatography flow-through samples were diluted 
(1:10–1:100) in sterile phosphate-buffered saline (PBS) and analyzed 
(1000 µL) with a Nanosight NS300, by measuring 3 capture replicates of 
60 s (Malvern Panalytical, Westborough, MA, USA). 

Purified rVSV-NDV samples were analyzed by transmission electron 
microscopy (TEM). rVSV-NDV virions were fixed in 4 % para-
formaldehyde (1:1) at room temperature (2 min), placed (2 μL) on 
carbon-formvar-coated copper grids (300 mesh), and blotted. Water (2 
μL) was added to the samples that were then blotted, and 2 % aqueous 
uranyl acetate (2 μL) was placed on the grid (2 min) and blotted. The 
grids were examined with a 208S Electron Microscope (FEI; 60 kV, 
Philips, Amsterdam, NY, USA). Digital images were obtained with an 
831 Orius Camera (Gatan, Pleasanton, CA, USA) and were processed 
with Adobe Photoshop CS5 (64 bit) software. 

The sample labelling procedure for CE-SDS LIF analysis was based on 
the protocol described by SCIEX (Framingham, MA, USA) [21]. For the 
purity evaluation analysis, the exact protocol was followed as described 
by Fernandes et al. [22]. 

Total protein was assessed with Pierce™ BCA assay kit (Thermo-
Fisher) and total DNA was quantified with Quant-iT™ PicoGreen dsDNA 
assay kit (ThermoFisher) used according to the manufacturer’s 
instructions. 

Oncolytic viral potency was determined using the previously 
described half maximal inhibitory concentration (IC50) potency assay in 
Huh7 cells [19]. 

3. Results 

3.1. Screening of primary and secondary clarification filter units 

DNA digestion parameters that were previously optimized for clari-
fied rVSV-NDV supernatants produced in HEK293 cells were directly 
adopted for the DNA digestion step of fresh and frozen CCX.E10 derived 

material. Here, an enzyme activity of 20 U/mL and an incubation time of 
1 h allowed a reduction of 98 % of initial DNA, and these conditions 
were used for all subsequent DNA digestions steps (Supplement 1). 

To select a primary clarification filter, DNA-digested cell broth 
containing rVSV-NDV, harvested 48 hpi at a culture viability of 81.2 % 
from shake flasks cultures was used. The scouting revealed that filter 1.3 
enabled a complete recovery of infectious virus particles, however, the 
final solution turbidity remained at 125 NTU, corresponding to a 64 % 
reduction (Table 3). While filters 1.1 and 1.2 achieved a turbidity 
reduction greater than 90 %, the recovery of infectious virus particles 
was poor, lower than 50 %. 

As the turbidity reduction for filter 1.3 was inferior to the other filter 
devices, a second filtration step comprised of filter 2.1 (PP3 0.45 µm) 
and filter 2.2 (NF 0.22 µm) was tested with frozen material (Table 3). 
Here, filter 1.3 again allowed a complete recovery of infectious virus 
particles (IVP) while reducing the solution turbidity by 44.2 % to an 
amount of 46.2 NTU. Subsequent filtration using filter 2.1 also allowed a 
complete recovery of IVPs and a further turbidity reduction of 80.7 % to 
16 NTU. Using filter 2.2 resulted in a final yield of 42 % with turbidity 
values below 10 NTU. Therefore, filters 1.3 and 2.1 were selected for 
clarification of bioreactor crude harvests. 

3.2. Investigation of different clarification trains 

Optimal clarification trains should remove cells, cell debris, and 
particulate impurities, resulting in material with substantially reduced 
turbidity, yet high product recovery. The STRs (1 L and 3 L) were both 
harvested at 67 hpi when culture viability dropped below 90 %. In a first 
step, DNA in the crude harvest was digested using the previously 
described HEK293-based endonuclease digestion step (Supplement 1) 
and subsequently filtered using two different industry-relevant clarifi-
cation trains: a combination of filter 1.3 and 2.1 (train 1) or sedimen-
tation at room temperature for 24 h followed by filtration with filter 2.1 
(train 2). Crude harvests for both clarification trains were similar in 
terms of infectious virus titer, solution turbidity, DNA, and protein 
concentration, as well as cell concentration and cell viability, although 
produced at different scales (Figure S1). 

Both clarification trains achieved a complete recovery of IVPs, while 
efficiently reducing the solution turbidity by 87 % and 92 %, respec-
tively (Table 4). The endonuclease digestion step of train 1 resulted in a 
DNA reduction of 78 %. After filtration with filter 1.3 and 2.1, DNA was 
removed up to 90.5 %. Primary clarification by sedimentation for train 2 
did not impact the infectious virus titer and was able to reduce the so-
lution turbidity by 82 % compared to 53.7 % by filtration with filter 1.3. 
Host cell DNA was reduced by 80 % using the endonuclease digestions 
step and by 89.2 % after filtration with filter 2.1. 

3.3. Optimization of DNA digestion 

Direct transfer of the endonuclease digestion step, which was pre-
viously optimized for cell-free supernatant of HEK293 cells (Supplement 
1), resulted in low DNA digestion efficiencies of 78–80 %. To investigate 
the effect of the host cell line and the presence of residual cells on the 
DNA digestion, a DoE was carried out using CCX.E10-derived cell broth. 
Here, a CCF design with three factors (temperature, incubation time, 
and endonuclease concentration) was selected for optimization. As ex-
pected, total protein concentration remained stable throughout all 
evaluated conditions and was not affected by the DNA digestion step 
(data not shown). The two other responses (infectious virus titer and 
DNA reduction) were fitted to a quadratic polynomial model and eval-
uated using MODDE®. Here, model fit values (R2) above 0.94 and 0.72, 
predictability values (Q2) above 0.89 and 0.83, model validity values 
above 0.70 and 0.80, and reproducibility values above 0.97 and 0.70 
were obtained for DNA reduction and infectious virus titer responses, 
respectively (Fig. 1). 

Analysis of significant model factors revealed that temperature, 
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Table 3 
Filtration performance of primary clarification filters for fresh and frozen CCX.E10-derived material. The specifications of each filter are described in Table 1. Each 
filter processed 200 mL of fresh or frozen raw harvest containing rVSV-NDV.    

Device IVP recovery (%) Turbidity (NTU) Turbidity reduction (%) Pressure drop (psi) 
Fresh  1.1 MC0HCC23L3 42 25.1 93  2.3  

1.2 MD0HCC23L3 24 5.2 98  5.6  
1.3 MCE5023CL3 100 125 64  4.3 

Frozen  1.3 MCE5023CL3 100 46.2 44  3.0  
2.1 PP3 0.45 µm 100 16.0 81  4.4  
2.2 NF 0.22 µm 42 5.8 93  0.8 

IVP: infectious virus particles; NTU: Nephelometric turbidity units. 

Table 4 
Performance of two clarification trains for CCX.E10-derived cell culture harvest containing rVSV-NDV.   

Operation step IVP titer (TCID50/ 
mL) 

IVP recovery 
(%) 

Turbidity 
(NTU) 

Turbidity reduction 
(%) 

DNA (µg/ 
mL) 

Protein (mg/ 
mL) 

Pressure drop 
(psi) 

Train 
1 

Harvest 3.2E + 08 − 400 − 14.7  3.2 −

Nuclease treatment 
1 h 

2.4E + 08 75 390 2.5  3.2  2.6 −

Filter 1.3 2.4E + 08 100 158 54  2.5  2.8 5.6 
Filter 2.1 3.2E + 08 100 52 87  1.4  2.3 0.8 

Train 
2 

Harvest 3.2E + 08 − 471 − 18.5  1.8 −

Sedimentation 3.2E + 08 100 83 82  18.6  2.2 −

Nuclease treatment 
1 h 

3.2E + 08 100 n.d. n.d.-  3.7  2.0 −

Filter 2.1 3.2E + 08 100 40 92  2.0  2.8 0.3 
IVP: infectious virus particles, NTU: Nephelometric turbidity units, n.d.: not determined, -: not available. 

Fig. 1. Optimization of DNA digestion using a DoE approach. A CCF design with 3 factors and 3 responses was chosen to evaluate the DNA digestion of CCX.E10- 
derived cell broth, containing rVSV-NDV. (A) Summary of Fit plot using multiple linear regression analysis of responses: DNA digestion efficiency and infectious virus 
concentration. R2: model fit, Q2: predictability, validity: test of diverse model problems, reproducibility: variation within replicates. (B) Scaled and centered co-
efficients for DNA digestion efficiency and infectious virus concentration. Error bars represent the significance of the factor, while green bars represent the positive or 
negative impact of the factor on the response. (C) 4D contour plot of the interaction of the factors involved in the DNA digestion process. The influence of the 
incubation time (t), endonuclease concentration (DN2), and temperature (temp) on the responses DNA reduction and infectious virus titer (IVP) are shown. 
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incubation time, and endonuclease activity (quadatric effect) had a 
significant positive impact on DNA digestion. On the other hand, in-
creases in temperature (quadratic effect) and incubation time had a 
significant negative effect on infectious virus concentrations. Response 
contour plots (Fig. 1C), visually represent the changes in DNA digestion 
efficiency and infectious virus titer over the parameter ranges. The plots 
indicate a high DNA digestion efficiency (>96 %) for long incubation 
times, high enzyme concentration, and high temperatures. However, 
infectious virus titers were negatively impacted by increasing the tem-
perature and incubation time, regardless of the endonuclease concen-
tration. Using cell-free supernatant resulted in similar DoE results, with 
high DNA digestion efficiencies (>96 %) for the highest temperature, 
enzyme concentration, and incubation time (data not shown). Using 
MODDE®’s optimizer function, the combination of factors resulting in 
the highest DNA digestion efficiency tolerating a loss of 10 % of infec-
tious virus was identified. A DNA digestion efficiency of 92.5 % was 
predicted for both cell-free and cell containing harvest using an incu-
bation time of 3.5 h at 28.5 ◦C with 60 U/mL endonuclease. 

3.4. Screening of different AEX chromatography devices 

Three devices were screened for the introduction of a chromato-
graphic capture step: Capto DEAE resin, Mustang Q and Sartobind Q 

membranes. For these experiments, material from clarification train 1 
was used. To select the best option for rVSV-NDV purification, infectious 
particles recovery yield and impurity clearance (total protein and DNA) 
were the parameters assessed with either gradient or step elution up to 2 
M NaCl (145 mS/cm) (Fig. 2). A first strategy using gradient elution was 
used for all chromatographic devices investigated (Fig. 2-A). Three 
elution peaks were observed at 25 mS/cm, 55 mS/cm and 80 mS/cm 
corresponding to 20 %, 40 % and 55 % of elution buffer. Afterward, and 
based on this elution profile, a three-step elution strategy was performed 
with 0.4 M, 0.8 M and 2 M NaCl (Fig. 2-B). These two experiments were 
intended to be an initial screening, so different sample loads were used 
to preliminarily assess the membrane capacity. Additionally, Table S3 
depicts the results in terms of recovery yield and impurity clearance. 
Comparing the recovery yields among the three evaluated chromato-
graphic devices, Capto DEAE demonstrated the lowest virus recovery 
yield. Both membrane adsorbers enabled a high yield, however Sarto-
bind Q outperformed Mustang Q by 23 % with 93 % over 70 %. Sarto-
bind Q and Mustang Q demonstrated comparable purity results with 
over 98 % and 90 % for protein and DNA removal, respectively. How-
ever, Sartobind Q enabled the attainment of a slightly purer virus frac-
tion with 99 % and 96 % of protein and DNA removal, respectively. 

Across all three devices, peak 2 contained mostly eluted DNA im-
purities (30 % to 44 % across the three AEX matrices) with 40–50 mS/ 

Fig. 2. Performance evaluation of three AEX chromatography devices for the purification of rVSV-NDV from CCX.E10-derived cell culture harvest. (A) 
Gradient elution strategy up to 2 M NaCl. (B) Step-wise elution strategy with 0.4 M, 1.2 M and 2 M NaCl; (C) Infectious viral particles (IVP) and viral genomes (VG) 
recovery yields in elution peak 3 with linear gradient elution strategy. (D) Impurity clearance (total protein and dsDNA) for the three AEX devices in elution peak 3 
with linear gradient elution strategy. Values shown as the mean ± STD of a technical duplicate. 
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cm of conductivity, while in peak 3 the viral particles started eluting 
with 65–70 mS/cm. This difference is crucial to have a separation with 
good resolution and achieve a virus fraction with a high purity level. 
Thus, in further experiments the elution profile was adjusted in order to 
have two elution peaks (55 mS/cm and 90 mS/cm) – peak 1 with mostly 
DNA impurities and non-infectious viral particles, while peak 2 recov-
ering most of the infectious viral particles. 

Besides viral particle yield and impurities clearance, the ratio of viral 
genomes (VG) to IVP is an important parameter to assess. Interestingly, 
all three chromatography runs showed a decrease in the ratio VG to IVP 
in the virus peak, with 220, 98 and 224 for Capto DEAE, Sartobind Q and 
Mustang Q, respectively. In contrast, the other two elution peaks showed 
an increase in this ratio compared to the loading viral sample. This in-
dicates an apparent enrichment of higher-quality particles as a high 
fraction of infectious particles is desired. 

Both membrane adsorbers showed an efficient performance as cap-
ture steps for rVSV-NDV. However, Sartobind Q slightly outperformed 
Mustang Q, resulting in a purer viral fraction. 

3.5. Evaluation of chromatographic performance with addition of 
inorganic salts 

After AEX matrix selection, the effect of different inorganic salts on 
the purification of rVSV-NDV with Sartobind Q was assessed. For this, 
the different salts were added to the clarified feedstock at a final con-
centration of 100 mM and loaded onto the chromatographic column. For 
each run a respective set of buffers was used with the respective additive 
salt (sodium chloride, citrate, phosphate and carbonate). 50 mL of 
conditioned clarified material was loaded onto a Sartobind Q of 1 mL 
bed volume and eluted using a step-wise elution strategy with three 
steps as previously described. Fig. 3 shows the results of this with respect 
to viral recovery and clearance of impurities. A control was performed 

with rVSV-NDV clarified material conditioned with NaCl to normalize 
the chromatography feed to the same conductivity as the other condi-
tions, around 24 mS/cm. Considering the elution profile of rVSV-NDV 
and impurities, two NaCl steps with 0.54 M and 1.2 M NaCl were per-
formed. The conductivity of the first elution peak was slightly increased 
(from 0.4 M to 0.54 M NaCl) to enable a better peak resolution of the 
DNA impurities (55 mS/cm) from viral infectious particles eluting after 
(75 mS/cm). 

For the control conditions, a recovery yield of 71 % and 34 % of IVP 
and VG was achieved, and 1.46 and 0.63 log reduction values (LRV) of 
total protein and DNA impurities were obtained, respectively. Two of 
the inorganic salts used as additives, citrate and phosphate, out-
performed the control run in recovering viral particles, with yields of 86 
% and 73 %, respectively. Also, an improvement was observed in terms 
of clearing impurities, with a considerable increase observed for both 
total protein and dsDNA contaminants. Citrate achieved 1.72 LRV and 1 
LRV, while phosphate allowed for 1.47 LRV and 0.75 LRV for protein 
and DNA, respectively. Additionally, the analysis of VG recovery also 
revealed a low recuperation for both additives, with 24 % and 51 % for 
citrate and phosphate, respectively. In the case of carbonate, it was not 
possible to efficiently recover IVPs, with only a 20 % recovery yield. The 
poor performance also extended to the removal of impurities, with 1.42 
and 0.45 LRV for protein and DNA, respectively. However, the VG yield 
for recovery was higher at 39 % compared to IVP, indicating a higher 
IVP to VG ratio. 

To assess the impact of each inorganic salt on the virus’ stability, the 
infectious titer was measured at different time points after storing the 
virus’ eluted fraction of each chromatography run at 4 ◦C for 24 h and 
48 h (Fig. 3-B). Carbonate was the only salt that negatively impacted 
viral infectivity with a 5-fold decrease at 48 h. The other salts, citrate 
and phosphate, showed no apparent loss of infectivity at the same time 
point with changes of around 1-fold, while the control run exhibited a 

Fig. 3. Evaluation of the potential of inorganic salts for the purification of rVSV-NDV from CCX.E10-derived cell culture harvest. (A) Results of the Sar-
tobind Q performance with different additive agents (conductivity control – NaCl; citrate; phosphate and carbonate in terms of viral recovery (IVP and VG) and 
impurities clearance (total protein and dsDNA). (B) Stability evaluation of the different elution fractions at 4 ◦C at different time points 0 h, 24 h and 48 h. (C) 
Stability evaluation of rVSV-NDV clarified material conditioned with 40 mM of NaCl or 100 mM citrate at 4 ◦C at time points 0 h 24 h, and 48 h. Values shown as the 
mean ± STD of a technical duplicate. 
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1.5-fold reduction. Fig. 3-C shows a similar stability evaluation but of 
the chromatography load samples conditioned with either NaCl or cit-
rate. When compared with the only clarified rVSV-NDV material, with 
only 5 % (v/v) sucrose as additive, no loss of infectivity was observed at 
such conditions after 24 h at 4 ◦C. However, after 48 h a decrease of 
around two-fold was observed for all the conditions. 

Given all of these results, citrate was selected as the preferable 
chromatographic additive for the purification of rVSV-NDV using the 
Sartobind Q membrane. 

3.6. Quality assessment of purified rVSV-NDV 

Virus sample purified with Sartobind Q was separated into two 
elution fractions with citrate as a chromatography additive. Subse-
quently a more detailed analytical characterization was conducted using 
CE-SDS with a fluorescence detector and TEM for these two elution 
fractions (Fig. 4). 

Only 3 % of infectious particles were recovered from elution fraction 
1, while, 86 % were recovered from elution fraction 2. However, a 
different profile can be observed for VG with 40 % and 24 % of recovery 
for elution fraction 1 and 2, respectively. This opposite profile is 

Fig. 4. Comparison and characterization of the AEX Sartobind Q elution profile with citrate additive. (A) Infectious viral particles (IVP) and viral genomes 
(VG) recovery yields in elution peak 1 and 2. (B) TEM analysis I – Elution peak 1; II – Elution peak 2 (scale of 200 nm). (C) CE-SDS with LIF detector profile of both 
elution peaks (Elution 1 – grey and Elution 2 – black) (D) Agarose gel analysis of the single primer cDNA synthesis and PCR amplification for the detection of 
defective-interfering (DI) genome in both elution peaks. Both methodologies (CE-SDS and TEM) support the findings from viral and impurity content using the 
standard analytics. Elution peak 1 contains non-infectious viral particles and product-related impurities such as DNA fragments, while elution peak 2 contains a purer 
fraction of mainly infectious viral particles. 
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observable by comparing both recovery bars in Fig. 4-A, which indicates 
elution peak 2 has a lower VG to IVP ratio. In terms of purity, the second 
chromatography peak also shows a clearer profile with 10 % of DNA, 
while the first peak exhibits 33 % of DNA present. 

Comparison of the electropherograms (Fig. 4-C) shows a less clean 
profile for elution 1, which makes it difficult to identify the viral par-
ticles as compared to elution 2. However, in terms of the presence of 
physical viral particles, both elutions appear comparable and show 
similarity as seen in the TEM analysis presented in Fig. 4-B. 

In images of Elution 1 several aggregates of small fragments that 
seem to even aggregate with viral particles can be identified. This can be 
explained by the higher DNA content in this fraction (33 % of the loaded 
sample). 

Additionally, an agarose gel of the resulting DIP PCR was performed 
in order to potentially identify the presence of DIPs. A band around 1 kb 
was expected, since it is the known genome size of rVSV-NDV (data not 
shown). Comparing both elution fractions (Fig. 4-B) the said band seems 
more intense in elution peak 1, corroborating the apparent enrichment 
of DIPs in this fraction. 

3.7. Evaluation of dynamic binding capacity (DBC) 

The DBC of Sartobind Q was determined from the ratio of total 
particles (TP) and IVP in the flow-through in relation to the concen-
tration load at different time points during 200 MV of clarified harvest. 
For this study, TP was measured using Nanoparticle tracking analysis 
(NTA). To determine the impact of citrate as a chromatography additive, 
binding capacity studies were performed with 100 mM citrate addition 
to the clarified material and a control condition with only conductivity 
equilibration, as previously compared (Fig. 5). Here, clarified material 
was used with a concentration of 1.3 × 108 TCID50/mL and 3.3 × 1010 

TP/mL and loaded at 5 MV/min on a 1 mL Sartobind Q. 
For both conditions, the curves exhibit the typical sigmoidal curve 

for either TP or IVP, with the exception of the IVP with NaCl condition 
(Fig. 5-A), which had a more linear tendency revealing an earlier 
breakthrough. From the results obtained, the DBC at 10 % breakthrough 
was 1.9 × 1012 and 2.4 × 1012 TP, and 1.0 × 1010 and 7.1 × 109 IVP for 
citrate and NaCl conditions, respectively. This result corroborates the 
previously observed findings, where an improvement in the chroma-
tography performance with the addition of some inorganic salts at pH 
8.0 was observed. 

The impurity profile was also analyzed for both conditions in the 
different FT fractions (Fig. 5-B). For both, the protein breakthrough 
curve showed a hyperbolic shape, revealing low protein adsorption onto 
AEX matrix. However, in comparison, the citrate condition reached a 
higher maximum plateau, meaning that lower non-specific binding was 
occurring. For DNA breakthrough, each condition showed a different 

profile. When NaCl was used, the curve showed a sigmoidal shape, 
whereas citrate resulted in a more accentuated curve. This indicates 
DNA impurities were binding less and breaking through earlier in the 
latter condition. This might explain the higher dynamic capacity for 
infectious particles. In the end, the addition of citrate enhanced Sarto-
bind Q efficiency in purifying the fusogenic oncolytic virus of this work. 

3.8. Implementing a complete purification strategy for rVSV-NDV 
manufacturing 

After the scaled-down scouting experiments shown in this study, a 
complete purification process was set-up, focusing on the capture step 
with chromatography, followed by a tangential flow filtration (TFF) step 
for additional concentration and diafiltration, and finally a sterilizing 
filtration step. For this, 250 mL of clarified rVSV-NDV material was 
conditioned with 100 mM citrate and loaded onto a 3 mL Sartobind Q. 
The results of this process are depicted in Table 5 for viral recovery and 
impurity clearance. In the capture step, a recovery yield of 80 % of IVP 
was obtained, while only 42 % of VG were recovered, corroborating 
what was previously obtained with an apparent enrichment of infectious 
particles in the elution fraction. Total protein impurities were mostly 
removed in the chromatographic step with 98 %, corresponding to a 
1.63 LRV. Regarding the DNA removal, a removal of 83 % was achieved, 
representing 0.72 LRV, slightly lower than the obtained in the previous 
scale-down scouting. 

After chromatography, the rVSV-NDV eluted fraction with 1.2 M 
NaCl from the chromatographic step was diluted 4x with equilibration 
buffer containing 100 mM citrate and loaded onto TFF devices to 
concentrate and formulate. The selected TFF parameters were 750 kDa 
cut-off membrane, 2500 s−1 shear rate and a transmembrane pressure 
(TMP) of 0.3 bar. The TFF only recovered 47 % of IVP from the eluted 
fraction. During process development, a different TFF run was con-
ducted at a higher shear rate (5500 s−1) and a similar recovery yield of 
56 % was obtained (data not shown). On the other hand, no loss of either 
IVP or VG was observed in the sterilizing filtration with the EKV filter, 
revealing to be a successful strategy for this enveloped virus. 

The global recovery yield of IVP was 64 %, while that of VG was 17 
%. These results confirm the high selectivity of the developed process for 
infectious particles, allowing a substantial reduction in the ratio of non- 
infectious to infectious particles achieving a ratio of 40 after the sterile 
filtration. 

Additional characterization of in-process samples was conducted by 
CE-SDS with LIF detector (Fig. 6-A) and by TEM (Fig. 6-B). Using the first 
technique, it was possible to identify the specific viral proteins known to 
belong to rVSV-NDV. Through extrapolation from a calibration curve 
from a molecular weight marker (Figure S2), it was possible to confirm 
the expected MW of structural construction of rNDV-VSV, composed by 

Fig. 5. Representation of the breakthrough curves (BC) for Sartobind Q membrane with rVSV-NDV feedstock conditioned with 40 mM sodium chloride (blue) and 
100 mM citrate (green). The load velocity was 5 MV/min. (A) BC of viral particles where C is either the total (TP – triangles) or infectious particles (IVP – circles) 
concentration of flow-through fractions, and C0 is the virus concentration of loaded feedstock material. TP was determined by Nanoparticle Tracking analysis (NTA) 
and IVP concentration by TCID50 assay. (B) BC of impurities (total protein and dsDNA). 
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protein N (42 kDa), M (23 kDa), L (256 kDa) and enveloped proteins F 
(66 kDa) and HN (82 kDa). 

rVSV-NDV was analyzed with TEM to identify the impact of the 
different operation units integrated into the process on vector 
morphology and purity. Samples after the chromatography, TFF and 
sterilizing filtration were analyzed. Bullet-shaped particles with a size of 

around 200 nm to 50 nm were identified in all of them. Additionally, 
there were round-shaped particles present in close proportion with a 
diameter of approximately 100 nm. Moreover, the clear background 
confirms the purity after the chromatography step. This is also sup-
ported by CE-SDS results, where the low peaks present in the clarified 
line in the electropherogram disappear further in the next in-process 

Table 5 
Results for the complete purification process of rVSV-NDV. *Note: Elution peak 2 was diluted 4x times in equilibration buffer.     

Total % of the Total  
Fraction V (mL) IVP (TCID50) VG VG/IP ratio Protein (mg) DNA (µg) IVP VG Protein DNA 

Chromatography Load 270 7.47E + 10 1.13E + 13 152  314.13  254.42 100 100 100 100 
Pool FT 300 8.99E + 08 7.80E + 11 867  285.07  12.32 1 7 91 5 
EL1 10 2.47E + 09 3.30E + 12 1336  6.90  98.61 3 29 2 39 
EL2* 60 6.00E + 10 4.74E + 12 79  7.32  43.93 80 42 2 17 

TFF Retentate 16 2.85E + 10 1.92E + 12 67  5.63  22.79 47 41 77 52 
Permeate 98 3.10E + 02 0.00E + 00 0  1.83  0 0 25 11 

Sterile Filtration Final Drug substance 12 4.80E + 10 1.92E + 12 40  3.53  16.54 100 100 63 73 
Overall Yields (%) 64 17 99 93 

IVP: infectious virus particles; VG: viral genomes, FT: flow-through, EL: elution 

Fig. 6. Final product and in-process sample characterization from complete purification process of rVSV-NDV. (A) Protein profile evaluation by capillary 
electrophoresis with laser-induced detector (LIF). (B) Analysis by transmission electron microscopy (TEM) of I – Sartobind Q virus’ elution fraction; II – TFF 
Retentate; III – Final product after sterile filtration. 
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samples (Fig. 6-A). 
Finally, oncolytic potency was evaluated to identify the impact of the 

different unit operations and compared to sucrose-gradient purified 
material of a reference culture. As indicated in Fig. 7, all samples dis-
played a similar oncolytic potential in human cancer cells (Huh7). 

4. Discussion 

4.1. Optimization of DNA digestion and clarification step 

Clarification and endonuclease digestion are usually the first critical 
unit operations in most downstream processes of viral and oncolytic 
vectors [23]. Endonuclease treatment before filtration has been shown 
to increase filter capacities by reducing the viscosity of the cell broth and 
preventing competitive binding of nucleic acids to the filters. Optimal 
clarification trains should remove cells, cell debris, and particulate im-
purities, thus efficiently reducing turbidity while maintaining a high 
product recovery [24]. Due to the well-established stabilizing effect of 
sucrose on infectious virus titer, all crude harvests were supplemented 
with 5 % sucrose [25–27]. 

After the endonuclease treatment, a screening of primary and sec-
ondary clarification steps was evaluated for rVSV-NDV separation from 
the other cell culture-based impurities. Initially, a set of filters composed 
of different materials, with pores ranging from 10 to 0.2 µm, were 
investigated by evaluating turbidity reduction and IVP recovery (Table 3 
and 4). From the analysis of the different results, filters 1.1 and 1.2 
presented the lowest turbidity values (25 and 5 NTU) with an associated 
load of 87 L/m2 in the initial screening, however, recovery of infectious 
virus titer was low (42 and 24 %). Filter 1.3 was less retentive, as shown 
by the higher turbidity value (125 NTU), however, all IVPs were 
recovered. Both filters, 1.1 and 1.2, are multilayer depth filters designed 
for primary clarification directly from the bioreactor. The combination 
of cellulose-containing layers with diatomaceous earth (DE) 
−containing layers allowed a more efficient reduction of turbidity 
compared to a single layer of cellulose filter media (filter 1.3), as par-
ticles were adsorbed by a combination of hydrophobic and electrostatic 
interactions. However, the positive charge of DE might have resulted in 
the adsorption of negatively charged rVSV-NDV, resulting in lower re-
covery of infectious virus [28,29]. Therefore, filter 1.3 was selected for 
subsequent experiments, and an additional secondary clarification step 

was performed to further remove colloidal material and cellular debris 
that were not retained in the preceding filtration (Table 4). The addition 
of filter 2.2 resulted in a further reduction of turbidity by 81 % to 16 
NTU without any loss of infectious virus at an associated load of 87 L/ 
m2. The inert nature of polypropylene, characterized by a lower surface 
tension energy compared to other materials e.g. polyethylene sulfone, 
polystyrene, or polyethylene seems to be beneficial for clarification of 
virus-containing supernatant [30,31]. Final sterile filtration using filter 
2.2 resulted in a final yield of 42 % with turbidity values below 10 NTU, 
suggesting that the polyether sulfone material did adsorb some of the 
IVPs and thus was not selected for initial clarification. 

In the next step, filters 1.3 and 2.1 were selected for an investigation 
at a larger scale using material produced in 1 L STRs. Additionally, an 
alternative clarification train for material produced in a 3 L STR was 
evaluated, using sedimentation at room temperature for 24 h for pri-
mary clarification followed by filtration with filter 2.1. Surprisingly, the 
endonuclease digestion step only resulted in a 78–80 % reduction of 
DNA for both clarification trains. As the endonuclease digestion step was 
optimized for rVSV-NDV-containing supernatant produced in HEK293 
cells using a different medium, it seemed that the presence of cells or 
supplemented Freestyle™293 Expression medium could interfere with 
DNA digestion. Nevertheless, clarification train 1 resulted in final 
turbidity reduction and DNA reduction of 87 % (52 NTU) and 90.5 %, 
respectively, with a complete recovery of infectious virus particles. Both 
filters allowed clarification of 1.4 L of digested harvest material without 
clogging, achieving a capacity of 610 L/m2 for filter 1.3 and 58 L/m2 for 
filter 2.1. Clarification train 2 reduced solution turbidity and DNA 
concentration by 92 % (40 NTU) and 89.2 %, while also allowing a 
complete recovery of infectious virus particles. However, after removal 
of the supernatant clarified by sedimentation, only 2 L of the initial 2.5 L 
cell broth could be recovered and further processed, resulting in a final 
capacity of 83 L/m2. Compared to centrifugation, which requires high 
capital investment, sedimentation is cheap and easy to operate and 
potentially more easily scalable. Although a loss of IVPs during the 
sedimentation step was prevented by the addition of 5 % sucrose, 20 % 
of the total volume was lost, rendering this option uneconomical. 

For DNA digestion optimization, incubation time, endonuclease 
concentration, and incubation temperature were identified as significant 
factors affecting DNA digestion in terms of digestion efficiency and re-
covery of infectious virus particles. Despite a large design space (data 

Fig. 7. Comparison of oncolytic viral potency values for rVSV-NDV in different downstream unit operation steps. rVSV-NDV samples generated after 
clarification (purple square), addition of 100 mM citrate (AEX load, blue circle), AEX Elution 1 (green triangle) and Elution 2 (purple triangle), TFF (brown hexagon), 
and finale sterile filtration (FDS, black asterisk) were added to Huh7 human cancer cells, and viabilities were determined 48 hpi by CellTiter Glo assay (Promega). 
rVSV-NDV produced in CCX.E10 cells and purified on sucrose-gradients was used a reference. IC50 and log IC50 values were determined from dose-response curves, 
following non-linear regression analysis. All values are reported as the mean of technical triplicates with N = 3. 
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not shown), it should be considered that higher temperatures and 
increased incubation time decrease the infectious titer. Loss of infec-
tivity at higher temperatures and incubation periods is well known, 
particularly for enveloped RNA viruses [32]. Presence of intact cells did 
not affect the DNA digestion efficiency. The optimal set-point identified 
with the optimizer function of MODDE suggests using an endonuclease 
concentration of 60 U/mL combined with a moderate incubation time 
(3.5 h) at moderate temperatures (28.5 ◦C). Applying those DNA 
digestion parameters, the predicted DNA digestion efficiency of 92.5 % 
clearly surpasses the efficiencies reached in the clarification trains 1 and 
2. However, endonuclease concentrations of 35 U/mL have been 
attributed to up to 32 % of cost per dose of viral vectors. Therefore, the 
increase in efficiency by high endonuclease concentrations should be 
weighed against the additional process costs. [33]. 

4.2. Developing a robust purification scheme for rVSV-NDV 

Currently, methods such as density gradient ultracentrifugation and 
size exclusion chromatography are the standard operations for the pu-
rification of clinical grade OVs [1]. However, these processes are time- 
consuming and are not the preferred choice with respect to large-scale 
manufacturing. Anion exchangers were chosen for the purification of 
rVSV-NDV from clarified feedstock given the virus surface properties, 
since NDV glycoproteins (fusion protein (F) and hemagglutinin neur-
aminidase (HN)) have a negative net charge at physiological pH [29,34]. 
To optimize the AEX step, a small scouting experiment was conducted 
assessing the recovery yield and purity from the elution fractions from 
Capto DEAE, Mustang Q and Sartobind Q. From a gradient elution, a 
two-step elution strategy (0.54 M and 1.2 M) was optimized and 
employed for further purifications. Sartobind Q membrane was selected 
as the best candidate, achieving a maximum of 93 % of IVP at small-scale 
(1 and 3 ml). The other candidates, Capto DEAE and Mustang Q, ach-
ieved comparable purity profiles but lower recovery yields of 56 % and 
71 %, respectively. In the literature, several strategies are reported using 
both competitors for the purification of enveloped viruses [35–37]. 
Upon analyzing the structural differences between Sartobind Q and 
Mustang Q membranes, Sartobind Q has a larger pore size of 3 µm, 
compared to 0.8 µm for Mustang Q. However, this factor by itself might 
not account for the higher performance observed in the former. Overall, 
the impact of membrane structure apart from pore size remains unclear 
and requires further investigation [38]. Additional factors such as pH 
and conductivity are known to strongly impact on anion exchange 
media. Thus, after selecting the best AEX device, we next tried to 
improve the chromatography performance by using the interference of 
additional additives. In this study, we evaluated the performance of 
inorganic salts that have different protonation states, such as citrate, 
carbonate, and phosphate. Depending on the pH at operation, these 
specimens could become more negatively charged, thereby binding 
more strongly to the AEX matrix. A similar strategy was already 
employed for the purification of NDV, where adding inorganic salts 
improved the protein removal [39]. Surprisingly, in the present study, 
the three evaluated AEX matrices revealed the same elution pattern, 
showing the DNA impurities eluting before the virus fraction. This 
profile is uncommon to what is described in the literature for AEX pu-
rification strategies, where usually a co-elution is observed [11,40]. 
Nevertheless, scouting experiments were conducted in 1 mL Sartobind Q 
to further optimize its performance, by tackling an expected interference 
in the binding of biomolecules to the chromatographic matrix. It was 
anticipated that the negatively charged additives would bind to the 
adsorber, leading to an early elution of the analytes. This would result in 
a higher resolution between negatively charged impurities and the 
desired viral particles. At pH 8.0, 100 mM of citrate, phosphate, and 
carbonate (which show 3, 2, and 1 ion forms, respectively) were used 
since the virus is stable at pH 8.0 [41,42]. Citrate was the additive that 
demonstrated the best performance in the capture step, allowing the 
recovery of 86 % of IVPs and achieving protein and DNA clearance in 

1.72 and 1.00 LRV, respectively. Moreover, information on short-term 
stability (up to 48 h) was collected on the chromatography loading 
material, and elution fraction was collected by verifying the IVP content 
after 4 ◦C storage. Citrate was shown to not interfere with virus stability 
in any of the conditions evaluated. Additionally, citrate positively 
impacted chromatography performance, increasing the DBC of Sarto-
bind Q by 1.5-fold specifically for IVP. There is no process reported in 
the literature for this chimeric virus, although comparisons can be made 
with its parental viruses (VSV or NDV), since they are similar in size, and 
this factor strongly impacts on DBC. Santry et al. reported a maximum 
DBC10% of 1.5 × 1010 TCID50/mL for the purification of rNDV using an 
AEX membrane [39]. Our chromatography showed a DBC10% of 1.0 ×
1010 TCID50/mL for purifying rVSV-NDV, which is comparable with the 
described method. 

After chromatography, TFF is typically applied for extra concentra-
tion and/or product formulation [43]. A TFF step using hollow fiber 
(HF) was evaluated, showing a 47 % recovery yield. However, no cor-
relation between shear rate and recovery yield was observed. The use of 
HF to concentrate and formulate similar enveloped viruses is described 
in the literature, and given the fragility of this class of viruses, usually 
low recovery yields are obtained. Makovitzki et al. reported 40 % of 
recovery yield for a rVSV target using a HF membrane with the same 
MWCO of 750 kDa as used in this study [44]. Further optimization of the 
number of diafiltrations in the TFF step might be required to guarantee 
future impurity content within guidelines for clinical application. 

To produce clinical grade OVs, a final sterile filtration is required. 
Moreover, this step could be critical especially in the manufacturing of 
enveloped viruses, which are characterized by their large size, and are 
often subject to significant losses in this step, impacting the overall yield 
of the manufacturing process [45]. Often, a complete aseptic process is 
necessary if sufficient yields after sterile filtration cannot be achieved, 
leading to substantially higher production costs and severe limitations in 
the number of GMP facilities that can accommodate such a process. 
Fortunately, from the filters evaluated for rVSV–NDV, the Supor EKV 
filter allowed complete recovery of infectious virus particles, which is a 
great advantage for a future GMP production process. 

4.3. Quality assessment of purified rVSV-NDV 

As of now, there are no specific regulatory guidelines in place out-
lining the production and characterization of OVs for clinical applica-
tions [6]. However, as they are classified as gene therapy products by the 
EMA and FDA, the respective guidelines can be assumed [14,46,47]. 
Compliance with these regulations mandates the achievement of three 
key goals in the production: high virus concentration yields to allow 
small volume doses, high levels of purity, and maintenance of high po-
tency and quality [48]. In a previous phase I VSV-GP OV clinical study, 
dose escalations from 5.0 × 107 to 5.0 × 1010 infectious units/dose were 
investigated [49]. If a similar clinical trial design is used for rVSV-NDV, 
the final rVSV-NDV yield of 4.0 × 109 TCID50/mL would allow for small- 
volume doses of 0.21–210 µL kg−1 bodyweight when injected intrave-
nously or intraperitoneally. Assuming a similar minimum and maximum 
dose as for oncolytic VSV-GP, our combined up-and downstream process 
would enable the production of 5–4800 doses per 1 L culture cultivation. 
Furthermore, with respect to the specified dose, purified rVSV-NDV 
samples exhibited concentrations of 0.02–17.24 μg/dose of double- 
stranded DNA (dsDNA) and 0.0–3.68 mg/dose of total protein. Despite 
the batch release criteria stipulating levels below 10 ng of host cell DNA 
(hcDNA) per dose and less than 100 ng/mL of host cell protein (HCP), 
currently there is no generic quail cell HCP ELISA on the market, but 
alternative methods based on mass spectrometry (LC-MS) are in devel-
opment. However, following endonuclease treatment, the presence of 
protein and DNA decreased by magnitudes of 89 and 15-fold, respec-
tively. Optimization of diafiltration cycles could be pursued to further 
eliminate additional impurities, thereby ensuring compliance with reg-
ulatory requirements [9]. 
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Ratios of non-infectious to infectious virus particles (VG/IVP) are 
another critical quality parameter for virus-based therapeutics, howev-
er, universal ratios for all virus types are not available [50]. For onco-
lytic adenovirus stocks, VG/IP ratios range from 13 to 65, for oncolytic 
measles virus stocks VG/IVP ratios below 50 are targeted [1,51]. For 
recombinant VSV-based vaccine constructs, VG/IVP ratios of clinical 
products can range from 6 for rVSV-COV2 [52], 100 for rVSV-EBOV 
[52], to 4384 for rVSV-HIV [53]. Similar to the three rVSV-variants, 
rVSV-NDV contains heterologous glycoproteins (surface proteins from 
NDV) responsible for cell entry. As the intracellular replication and final 
assembly processes of these proteins vary, differences in the quantity of 
functional rVSV particles and VG/IVP ratios are expected [53]. Never-
theless, achieved VG/IVP rVSV-NDV ratios of 40 are within the range of 
other clinical OV preparations and below the EMA recommended ratio 
of 50 [1]. 

Capillary electrophoresis already proved to be a valuable method-
ology for the characterization of enveloped viruses such as rVSV-NDV 
[22]. Thus, this technique was used for qualitative assessment of the 
chromatography fractions searching for the core viral proteins (M, N 
HN, F and L proteins), as well as low MW protein impurities. Additional 
visualization with TEM imaging confirmed the high purity after final 
sterile filtration. Besides confirmation of the prototypical bullet shape of 
VSV-particles [54], truncated circular particles with a diameter of 
70–100 nm were identified. Similar particles have been previously 
identified as defective interfering particles (DIPs). DIPs are character-
ized as non-infectious particles, which are unable to replicate indepen-
dently, and interfere with standard virus replication [55,56]. The 
identified VG/IVP ratios should therefore be recognizable in the TEM 
images as an accumulation of round particles that are consistent in size 
with previously reported VSV DIPs in comparison to bullet-shaped rVSV- 
NDV. However, the TEM images acquired did not show a conclusive 
relative quantification of these two kind of particles in the two elution 
fractions. Instead, showing the presence of both particles in each of the 
said fractions. 

We previously showed that sucrose gradient-purified rVSV-NDV 
virus produced in perfusion mode showed increased oncolytic potency 
in Huh7 cells compared to unpurified virus [57]. As the starting material 
used here had already been DNA digested and purified, the majority of 
DNA and protein that potentially could interfere with the infectivity of 
the virus and thus the potency had already been removed, resulting in 
similar potency values across all unit operations. Moreover, the final 
potency was in line with material purified on sucrose-gradients. 

In summary, a complete purification process for rVSV-NDV was 
developed and thoroughly evaluated. While this process was not carried 
out in a manufacturing facility, all materials used are scalable and 
available in GMP grade and should be easily transferred to a GMP 
environment. Therefore, based on our knowledge, this work represents a 
significant step towards the production and purification of rVSV-NDV, 
which could facilitate the translation of fusogenic OVs for clinical use. 
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