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Abstract

The development of efficient processes for the production of oncolytic viruses (OV)
plays a crucial role regarding the clinical success of virotherapy. Although many
different OV platforms are currently under investigation, manufacturing of such
viruses still mainly relies on static adherent cell cultures, which bear many
challenges, particularly for fusogenic OVs. Availability of GMP-compliant continuous
cell lines is limited, further complicating the development of commercially viable
products. BHK21, AGE1. CR and HEK293 cells were previously identified as possible
cell substrates for the recombinant vesicular stomatitis virus (rVSV)-based fusogenic
QV, rVSV-NDV. Now, another promising cell substrate was identified, the CCX.E10
cell line, developed by Nuvonis Technologies. This suspension cell line is considered
non-GMO as no foreign genes or viral sequences were used for its development. The
CCX.E10 cells were thus thoroughly investigated as a potential candidate for OV
production. Cell growth in the chemically defined medium in suspension resulted in
concentrations up to 8.9 x 10° cells/mL with a doubling time of 26.6h in batch
mode. Cultivation and production of rVSV-NDV, was demonstrated successfully for
various cultivation systems (ambr15, shake flask, stirred tank reactor, and orbitally
shaken bioreactor) at vessel scales ranging from 15 mL to 10 L. High infectious virus
titers of up to 4.2 x 108 TCIDso/mL were reached in orbitally shaken bioreactors and
stirred tank reactors in batch mode, respectively. Our results suggest that CCX.E10
cells are a very promising option for industrial production of OVs, particularly for

fusogenic VSV-based constructs.
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1 | INTRODUCTION

Oncolytic virotherapy describes the use of oncolytic viruses (OVs) to
selectively infect and kill cancerous cells as a treatment against
various types of cancer. By utilizing the natural propensity of OVs to
exploit various defects in cellular antiviral pathways often present in
cancer cells, a direct destruction through oncolysis without harming
surrounding healthy cells can be achieved, with a secondary
therapeutic initiation of systemic antitumor immune responses
(Flint, 2020). Modification of OVs through genetic engineering, for
example, expression of optimized endogenous or heterologous fusion
glycoproteins can further improve their efficacy. rVSV-NDV, a
recombinant vesicular stomatitis virus (VSV) backbone with fusogenic
mutant glycoproteins of Newcastle disease virus (NDV) demon-
strated promising preclinical data in both single and combination
therapy in various cancer models (Abdullahi et al, 2018;
Krabbe et al., 2021).

The majority of OVs currently under development and in clinical
testing are being produced in static adherent cell cultures
(Ungerechts et al., 2016). Talimogene laherparepvec, so far the only
approved OV in the market, is manufactured in adherent Vero cells
using roller bottles, where the collected harvest is pooled and purified
in several steps comprising endonuclease digestion, clarification by
filtration, ultrafiltration/diafiltration, two chromatography steps (ion
exchange + size exclusion), and a final sterile filtration (EMA, 2015).
Specific properties of fusogenic OVs, for example, the formation of
large multinucleated syncytia that die rapidly after induction, present
unique challenges for large-scale clinical-grade manufacturing.
Despite screening of several adherent cell lines, relatively low virus
yields were achieved for rVSV-NDV, so far (Gobel et al., 2022).
Ideally, producer cell lines should: i) show sufficient susceptibility to
the respective OV, ii) demonstrate robust growth in suspension
culture with doubling times <30 h, iii) allow to generate high virus
titers in chemically defined media, and iv) meet regulatory require-
ments, for example, documented origin, full characterization, stability,
and absence of tumorigenicity. Using a suspension HEK293 producer
cell line fulfilling most of these requirements, Pelareorep, a non-
fusogenic oncolytic reovirus, is produced in stirred-tank bioreactors
followed by a multistep purification train and is currently under
investigation in clinical phase Ill trials for the treatment of metastatic
breast cancer (Ungerechts et al., 2016).

So far, there are only a few continuous cell lines available for
clinical-grade OV manufacturing. These include mainly Vero cells
(herpesvirus, measles virus, and vaccinia virus), A549 cells (adeno-
virus), Hela cells (vaccinia virus), HEK293 cells (adenovirus, reovirus),
and some proprietary cell lines (e.g., EB66, PER.C6, and CAP)
(Ungerechts et al., 2016). Other continuous suspension cell lines,
such as BHK-21, AGE1.CR, MDCK, and HEK293SF cells, have been
evaluated for efficient production of fusogenic rVSV-NDV (G6-
bel, 2022, 2023). The highest reported rVSV-NDV yields were
obtained in BHK-21 suspension cells with titers up to 5x 108
TCIDso/mL in optimized batch processes in stirred tanks and 2 x 10°
TCIDso/mL in perfusion cultures infected at high cell density

(Gobel, 2023). First studies performed with the avian cell line
AGE1.CR, which is fully characterized and GMP-compliant, resulted
in relatively low virus yields. Although therapeutic indications of OVs
may allow a different risk-benefits analysis compared with traditional
viral vaccines, and fewer constraints regarding the use of cell lines
known to be tumorigenic or possessing abnormal karyology (ICH,
1998; Jordan & Sandig, 2014), cell substrates demonstrating a good
safety profile should be preferred.

In this study, we investigated an immortalized continuous suspension
cell line derived from quail cells CCX.E10 (Nuvonis Technologies GmbH).
CCX.E10 cells were extensively characterized by Nuvonis Technologies.
They fulfill all critical regulatory requirements, are grown in chemically
defined medium, and are qualified as source material for Good
Manufacturing Practice (GMP)-compliant production (Kraus et al., 2011).
Therefore, these cells represent a valuable alternative for high-yield
production of VSV-NDV without the regulatory risks associated with
BHK-21. For the first time, a fully scalable, production process in quail
suspension cells for the fusogenic rVSV-NDV OV is described. Both
upstream and downstream processing aspects were considered to assess
the efficiency of the established production train. High rVSV-NDV
yields were obtained in batch mode in various production systems at
different vessel scales (15mL-10L) with maximum titers up to
4.2 x 10°TCIDso/mL.

2 | MATERIALS AND METHODS

2.1 | Cell culture, media, and viral seed stock
SCGM suspension cell growth medium was used for CCX.E10 cells.
SCGM is based on the commercially available chemically defined
Freestyle™293 Expression medium (Gibco), but is supplemented with
growth factors.

Cells were cultivated in baffled 125 mL shake flasks with vent
caps (Corning) with a working volume (vw) of 50 mL. A Multitron
orbitally shaken incubator (Infors AG) with 50 mm shaking diameter
was used to incubate cells at 185 rpm, 37°C, and 5% CO.. Cells were
inoculated at a cell concentration of 0.8 x 10° cells/mL and passaged
twice per week.

For all infections, a CCX.E10 cell-derived virus seed (rVSV-NDV)
concentrated by ultracentrifugation, followed by purification on
sucrose gradients (1.05 x 108 TCIDso/mL), was used in this study.

2.2 | Batch cultivations in orbitally shaken
bioreactors

For infection studies in shake flasks, CCX.E10 cells were inoculated at
0.4 x 10° cells/mL and cultivated for 96 h to reach about 4.0 x 10°
cells/mL. At time of infection (TOI), the viable cell concentration
(VCC) was adjusted to 2 x 10° cells/mL by either diluting the vw two-
fold with fresh medium or by centrifugation of the appropriate
volume at 300g for 5min and re-suspending the cells in fresh
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medium. Cells were subsequently infected at a multiplicity of
infection (MOI) of 1E-4 with rVSV-NDV.

Cultivation in the SB10-X orbital shaken bioreactor (OSB) (Adolf
Kihner AG) was carried out with a 12 L single-use standard bag.
CCX.E10 cells were inoculated at 0.8 x 10° cells/mL with 3L initial
vw at 37°C with a shaking frequency of 100 rpm (50 mm shaking
diameter). Aeration was carried out through headspace gassing at a
rate of 300 mL/min with air. Partial pressure of dissolved oxygen
(DO) and pH values were controlled at 80% and 7.3, respectively, by
automatic adjustment of the gas composition in the output flow. At
TOI, the bioreactor vw was increased from 3L to 6L with fresh
medium containing virus. CCX.E10 cells were infected with an MOI

of 1E-4 and temperature was decreased to 34°C.

2.3 | Batch cultivations in STR and ambr15
Bioreactor cultivations in 1 L DASGIP bioreactor systems (Eppendorf
AG) were used with 350 mL initial vw. Bioreactors were inoculated
from shake flask pre-cultures at a VCC of 0.8 x 10° cells/mL. Cells
were agitated with a pitched blade impeller (50 mm diameter) at
80-180rpm (upflow) with aeration by a submerged L-drilled hole
sparger. pH value was controlled at 7.2 by sparging CO,. Oxygen and
nitrogen flow rates were controlled between 3-9 L/h to maintain a
DO level equal or above 50%. Temperature was set at 37°C for the
growth phase and 34°C for the infection phase. At TOI, cells were
infected at an MOI of 1E-4 by addition of an equal vw of pre-warmed
fresh medium containing rVSV-NDV (350 mL).

The bioreactor cultivation in a 3L DASGIP bioreactor system
(Eppendorf AG) was started with 1300 mL initial vw. For agitation,
two pitched blade impellers (50 mm diameter) at 180 rpm (upflow)
with aeration by a submerged L-drilled hole sparger were used. To
maintain a DO level equal or above 50%, oxygen and nitrogen flow
rates were controlled between 9 and 12 L/h. Inoculation and process
parameters were identical to the previously described 1 L system.

Cultivations in the ambr15™ unit (kindly provided by Sartorius AG)
were carried out with a vw of 15 mL. The reactor volume was kept above
10 mL throughout the cultivation for all vessels. DO was controlled at
50% by oxygen enrichment through a pipe sparger and pH was controlled
by CO, enrichment or addition of 7.5% NaHCOs. Off-set adjustments of
pH were carried out daily by off-line measurement with an additional
pH7110 potentiometer (Inolab). The effects of pH adjustments to 7.0,
7.2, or 7.4 during cell growth and virus production were evaluated.
Agitation speed of the integrated pitched blade impeller (diameter =11.4
mm) was scaled down based on tip-speed of the 1 L STR experiment and
set to 800 rpm. Individual ambr vessels were sampled daily to measure
VCC, offline-pH, and virus titer.

2.4 | Analytics

An automated cell counter (ViCell; Coulter Beckman) was used to
determine VCC and viability. Off-line pH was measured in a pH7110

potentiometer (Inolab), and lactate, ammonium, glutamine, glutamate,
and glucose were determined with a Cedex Bio Analyzer (Roche). To
allow easier handling, virus-containing samples were heat-inactivated
at 80°C for 3 min before metabolite measurements. For titration of
rVSV-NDV, the previously described TCID5q assay (Gobel et al., 2022)
was performed using adherent AGE1.CR.pIX cells (kindly provided by
ProBioGen). The cell-specific virus yields (CSVY) was calculated as
previously described by Grinicher et al. (2020). taking into account
only the error of the TCIDsq assay (-50%/ + 100% on a linear scale).
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 manufactur-
er's instructions. Cell-specific substrate consumption rates (gs) were
determined as described by Granicher et al. (2020).

Yx/s (1)

X(th+1) = X(tn)

Yy/s = )
xs ¢:s(tn) - Cs (tn+1)

(2)
where x is the VCC, t is the cultivation time, n is the sampling time

point, and ¢, is the cell culture compound concentration.

3 | RESULTS AND DISCUSSION

Addressing key parameters in both the cell growth and virus
production phase is critical for the evaluation of a cell substrate for
the production of fusogenic oncolytic viruses. Therefore, in the first
step, the transfer to orbitally shaken systems from stirred spinner
flask systems was investigated. Here, baseline cell growth over
multiple passages and metabolism of the CCX.E10 cell line was
evaluated in the absence of virus infection. Subsequently, rVSV-NDV
production was characterized and optimized in batch mode in various
production systems at different scales (15 mL-6 L).

3.1 | Evaluation of cell growth after transfer to
orbitally shaken systems

Until now, CCX.E10 cells were sub-cultured in spinner flasks,
reaching only moderate viable cell concentrations (up to
2.0-3.0x10° cells/mL) after multiple days of growth (Reiter
et al., 2014). A direct transfer to an orbitally shaken environment,
by thawing the cells in unbaffled shake flasks and splitting to baffled
shake flasks after passage 2, resulted in a lag phase of 7 days without
a negative impact on cell viability (Figure 1a). As thawing is a harsh
and stressful procedure for most animal cells, delays in cell growth
are common (Gonzalez Hernandez, 2007). Although shear rates are
lower in shake flasks compared to stirred tanks (Giese et al., 2014),
the direct transfer to the new orbitally shaken environment was
expected to cause a lag phase. However, after Day 10, robust cell
growth up to 4.0-6.0 x 10° cells/mL, with doubling times of around



GOBEL T AL

-
s

(a)

e

) o b -

B 107 50

S

a 8 P10 70

s v 60 &
g o -50 2
g 1 “] ‘ ‘ - 40 é
§ 4-_ \ , ’ “ " i - 30

= i i '

| 0

= 1 e W] LLIRIA- <o

2 o PUD AT AT AT O )

0 20 40 60 80 100 120 140

time (d)

(b)
127, = 100
% L ‘--E\ P—E’E\u,a--ﬂ 90
g 107 v - 80
©
D 8- [0
s -60 X
T 6- -50 =
E 1 40 %
s ] 402
g - 30
3 L, L 20
(0]
2 L 10
5]
>0 T T T T T T T 0
0 10 20 30 40
time (d)
100
L 90
- 80
70
Leo 2
50 2
=
40 ©
>
- 30
L 20
10
0

FIGURE 1 Serial passaging of CCX.E10 cells and adaptation to growth in an orbitally shaken system. CCX.E10 cells were first thawed in
125 mL unbaffled shake flasks and subsequently transferred to 125 mL baffled shake flasks after passage 2 (all wv: 50 mL, 50 mm shaking
diameter, 185 rpm, 37°C, 5% CO,). Here, CCX.E10 cells were cultivated over 40 passages, and average doubling time (gray bars), viable cell
concentration (black squares), and viability (blue empty squares) were recorded. (a) Cultivation in SCGM medium. (b) Cultivation starting from
P10 in SCGM medium without putrescine dihydrochloride. (c) Cultivation of adapted cell bank generated at P10 in SCGM medium. CCX.E10,
QOR2/2E11 cells; SCGM, supplemented Freestyle293 expression medium.

30-50h was achieved. By Day 30, the average doubling time
decreased to 25-30h and was maintained until end of cultivation
(140 d). At Day 30 (passage 10), cells were considered to be fully
adapted to growth in the orbital shaker, and a cell bank was
established for all further experiments. Interestingly, even higher
maximum cell concentrations of up to 8.8 x 10° cells/mL with high
viabilities (above 97%) were reached between Days 60 and 120
(Figure 1a). Over the entire cultivation period, CCX.E10 cells had an
average doubling time of 29h and an average cell diameter of
15.2 um. Putrescine dihydrochloride is a common component in cell
culture medium (e.g., Dulbecco's Modified Eagle Medium F12) and
has an established role on regulation of division, differentiation and
maturation of cells, DNA and RNA synthesis as well as apoptosis
(Hesterberg et al., 2018; Zdrojewicz & Lachowski, 2014). However,
due to the acute toxicity (category 3-4) for humans, subpassaging
without this compound was carried out. Omission of putrescine
dihydrochloride in a sub-culture of passage 10, had a negative impact
on the average doubling time (29 h compared with 26.6 h) compared
to the fully supplemented medium. Moreover, a decrease in
maximum viable cell concentrations as well as a reduced viability
(below 90%) was observed from passage 2-12 (Figure 1b). Although

maximum viable cell concentration recovered after passage 12, cell
viability remained low around 90%. After thawing adapted cells (P10)
in shake flasks, no lag phase was observed and cells grew up to
6.0 x 10° cells/mL with high viabilities in further passages (Figure 1c).
As demonstrated for CHO cells, once cells have physiologically
adapted to a new environment, here an orbitally shaken system, their
growth performance remained stable as long as cultivation parame-
ters were kept (Wurm & Wurm, 2021).

Fully adapted CCX.E10 cells were able to grow to cell
concentrations above 8.5x10° cells/mL with low doubling times of
26.6+2.6h in batch mode (Figure 2a, Table 1). Viability remained
above 96% over the cell growth phase and only decreased from 96 h
onwards after the maximum cell concentration was reached and after
glucose was depleted (Figure 2a,b). The depletion of critical nutrients
(e.g., glucose) is well known to limit cell growth and to cause a
decrease in cell viability (Tsao et al, 2005). Accumulation of
secondary by-products of metabolism such as lactate (above
20mM) and ammonium (2-3mM) have also been shown to
negatively impact cell growth and virus production (Schneider, 1996).
However, these limits were not exceeded during the exponential
growth phase (Figure 2b).
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FIGURE 2 Growth and metabolism of CCX.E10 cells in SCGM medium in shake flasks. CCX.E10 cells were inoculated at 0.8 x 10° cells/mL
and cultivated in baffled 125 mL shake flasks. (a) viable cell concentration (full squares) and viability (empty squares), (b) glucose (red circles),
lactate (blue squares), glutamine (green triangles), glutamate (orange triangles), and ammonium (purple triangles) concentrations. Values are

reported as the mean + SD of biological replicates (n = 3). CCX.E10, QOR2/2E11 cells; SCGM, supplemented Freestyle293 expression medium;

SD, standard deviation.

TABLE 1 Calculated parameters for CCX.E10 cells cultivated in
batch mode in shake flasks.
Cultivation time  Shake flask
range (h) (n=3)
Cell-specific growth rate (1/h) 0-96 0.026 +0.003
Doubling time (h) 0-96 26.6+2.6
Cell diameter 0-96 15.7+0.12
qGlc (10~**mmol/(cell*h)) 0-96 -7.9+0.6
glac (10" **mmol/(cell*h)) 0-72 8.6+0.9
aNH.. (10"*mmol/(cell*h)) 0-123 0.4+0.04

Note: Values are reported as the mean+SD of biological replicates (n = 3).

Abbreviations: CCX.E10, QOR2/2E11 cells; max., maximum (see Equation 1);
qGlc, cell-specific glucose consumption rate; glac, cell-specific lactate release
rate; gNH4+, cell-specific ammonium release rate; SD, standard deviation.

Similar to mammalian cells, such as HEK293 cells (Petiot
et al., 2015), MDCK cells (Bissinger et al., 2019) and PBG.PK2.1 cells
(Granicher et al., 2019), CCX.E10 cells shifted their metabolism from
lactate production towards lactate consumption in the middle of the
cultivation period once glucose level was less than 10 mM (Figure 2b).
As Freestyle medium contains the supplement GlutaMAX™, the
measured glutamine concentrations do not accurately represent the
freely available glutamine in the culture medium. However, accumula-
tion of glutamate over the cultivation time suggested an active
glutamine metabolism (Figure 2b) (Newsholme et al., 2003). The cell-
specific glucose uptake rate gg. of -7.9+0.6x10™ *mmol/(cell*h)
(Table 1) and the lactate yield based on glucose consumption Y)ac/gic
of 0.9 were in the range observed for other avian cell lines, such as
AGE1.CR.plX, with gg. varying between 5 and 7.5x 10t mmol/
(cell*h) and Yiac/gic Of 0.8-1 mmol/cell (Coronel et al., 2020).

The achieved doubling time and maximum cell concentration are

not only comparable to other avian suspension cell lines, such as

AGE1.CR cells (25 h; 8.7 x 10° cells/mL (Coronel et al., 2019; Genzel
et al., 2014a), AGE1.CR.pIX cells (27.5 h; 13.0 x 10° cells/mL (Coronel
et al., 2019; Lohr, 2014; Lohr, Hadicke, et al., 2014), EB66 cells
(19-23 h; 14.0 x 10° cells/mL; Nikolay et al., 2018), and DuckCelt®-
T17 (29 h; 6.5 x 10° cells/mL; Petiot et al., 2018) but also to MDCK
suspension cells (20 h; 10.0 x 10% cells/mL; Bissinger et al., 2019),
BHK-21 cells (25h; Gobel, 2023), and HEK293 suspension cells
(33 h; 4.0-5.0 x 10° cells/mL; Abaandou et al., 2021) cultivated in
batch mode.

3.2 | Virus propagation in orbitally shaken systems
MOI effects have been thoroughly investigated for a variety of virus-
host cell systems. Particularly for rVSV-NDV, the optimal MOI seems
to be highly cell-line dependent (Gobel et al., 2022). Consequently,
evaluations of MOI ranging from 1E-2-1E-5 were performed with
rVSV-NDV for the CCX.E10 cells. Although similar maximum
infectious virus titers were reached for all MOls, 1E-4 was identified
as optimal as the highest virus titers were reached (data not shown).
Subsequently, the effect of a medium exchange at TOIl was analyzed
and compared with a two-fold dilution with fresh medium (at TOI).
Growth parameters after infection, as well as virus replication
dynamics were very similar for both conditions (Figure 3a,b).
Maximum titers of 5.0x 108+2.2x 108 TCIDso/mL and 3.2 x 108
TCIDso/mL and CSVYs of 110+43 and 83+ 9 TCIDso/cell were
reached for the two-fold dilution and complete medium exchange,
respectively. This was surprising as previous studies using avian
AGE1.CR cultures for production of rVSV-NDV showed only
moderate virus titers when switching from a complete medium
exchange at TOI in shake flask cultures to a two-fold dilution in STRs
(Gobel, 2023). Moreover, it has been reported that providing an
optimal metabolic state with a sufficient supply of substrates plus
removal of inhibiting molecules by a complete media exchange, led to
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increased titers for various viruses (Genzel et al, 2014a; Elahi
et al., 2019; Vazquez-Ramirez et al., 2018). Most likely, a two-fold
dilution with fresh supplemented SCGM medium provided enough
essential nutrients necessary for optimal virus replication while also
reducing the concentration of inhibiting or toxic by-products from
metabolism. Therefore, no reductions of virus titers by metabolic
limitations and accumulation of inhibiting molecules were expected
for subsequent scale-up experiments in OSBs and STRs. As
hypothesized, maximum infectious virus titers achieved following a
complete medium exchange were in the same range compared to the
previously identified optimal cell substrate, BHK-21, but 0.6-1.0 log
higher than for HEK293 and AGE1.CR cells (Gobel et al., 2022).

In a second step, the virus production process was scaled-up from a
125 mL shake flask on an orbital platform to a single-use SB10-X OSB.
Both cultures displayed cell viabilities exceeding 95% and a consistent
growth with a p of 0.024 1/h and a doubling time of 28.8 h during the
exponential growth phase. VCC increased until 24-36 h postinfection
(hpi), reaching maximum concentrations of 3-4.2 x 10° cells/mL, after
which VCC and viability steadily decreased until the end of the cultivation
(Figure 3a). Maximum cell concentrations postinfection were slightly
higher in shake flask cultures compared to the SB10-X, most likely due to
batch-to-batch variability. Overall maximum infectious virus titers of
3.7-4.2 x 10® TCIDso/mL (Figure 3b) and CSVY of 118-121 TCIDsg/cell
(Table 2) were achieved at 29-32 hpi, respectively. The k,a for the shake
flask for the described culture conditions (37°C, 185 rpm, 50 mL vw) was
estimated based on correlations from Schiefelbein et al. (2013). For the
SB10-X bioreactor, the k,a was determined for a shaking frequency of
100 rpm and a vw of 6L, as described by Kihner (AG, 2017). For the
described conditions, a kia of 99 1/h for the baffled shake flask and
15 1/h for the SB10-X should be expected. In addition, oxygen transfer
rates (OTRs) for the shake flask and SB10-X were calculated based on

correlations from Meier et al. (2016). and (AG, 2017), respectively. Here,
OTRs of 11 mmol/(L*h) for the shake flask and 3 mmol/(L*h) for SB10-X
were calculated. The kia and OTR were not maintained throughout the
scale up, but kept above 10 1/h and 1 mmol/(L*h) to ensure a sufficient
amount of oxygen. On the other hand, mixing times in the shake flask
(~3s (Tan et al., 2011)) and the SB10-X approximately 5s (AG, 2017))
were kept constant across scales. This underlines the facilitated scale-up
(over two orders of magnitude) in orbitally shaken systems with similar
geometrical characteristics when mixing and aeration principles are
maintained (Kléckner et al., 2014).

3.3 | Virus production in STR

As an alternative production system, cells were cultivated in DASGIP
bioreactors with 350 mL vw using the previously optimized MOI and
medium dilution at TOl. To identify optimal cultivation conditions for
both growth and virus production, different agitation speeds
(80-180 rpm) were evaluated. Here, cells were cultivated until a VCC
of 4.0x10° cells/mL was achieved and diluted two-fold with fresh
medium before infection. During cell growth, the lowest 1 =0.017 1/h,
corresponding to a doubling time of 40.8 h was achieved for 80 rpm
(Table 2). Low agitation speeds can lead to insufficient mixing, causing
localized areas of nutrient depletion and suboptimal conditions for cell
growth. Moreover, lower oxygen transfer rates are achieved, poten-
tially resulting in reduced cell growth rates and cell viabilities. However,
viability remained constantly above 96% for all conditions (Figure 4a).
Compared to shake flask cultivations (Figure 3), slightly higher doubling
times but no major differences in cell viability or average cell diameter
were detected. Different metabolite profiles were observed for the

different stirring speeds: The prolonged growth phase of cells cultivated
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TABLE 2
parameters were determined before infection.

SF SB10-X
Cell-specific growth rate (1/h) 0.026 0.024
Doubling time (h) 26.6 28.9
qGlc (10" ***mmol/(cell*h)) -7.9 n.d.
glac (10" ***mmol/(cell*h)) 8.6 n.d.
aNHg., (107"*mmol/(cell*h)) 0.4 n.d.
Total process time (h) 126 118
max. VCC p.i. (10° cells/mL) 4.4 3.1
max. infectious virus titer (108 TCIDso/mL) 5.0 3.7
CSVY (TCIDso/cell) 111 118
VVP (10° virions/L/d) 10.2 7.5
dsDNA impurity level at optimal harvest time n.d. n.d.
point (pg/mL)
Protein impurity level at optimal harvest time n.d. n.d.

point (mg/mL)

rVSV-NDV production in CCX.E10 cells considering key parameters for both upstream and downstream processing. Cell growth

STR1L STR 3L

80 rpm 130 rpm 180 rpm 180 rpm ambr15
0.017 0.022 0.022 0.024 0.022
40.7 315 315 28.9 315
-18.8 -15.8 -15.9 -13.5 n.d.
15.3 16.4 15.3 12.3 n.d.
0.3 0.6 0.6 0.8 n.d.
177 152 142 143 128
3.7 4.2 3.4 4.2 3.6

0.1 1.8 3.2 4.2 1.0-2.0
3 42 94 100 70

0.1 2.8 52 7.0 20

6.8 16.5 9.7 141 n.d.
23 1.8 2.5 20 n.d.

Note: Optimal harvest time point was defined as time point when the maximum infectious virus titer with lowest impurity level was reached in the

supernatant.

Abbreviations: Glc, cell-specific glucose consumption rate; n.d., not determined; p.i., postinfection; glLac, cell-specific lactate production rate; gNH4+:
cell-specific ammonium production rate; gmax., maximum; SF, shake flask; VCC, viable cell concentration.
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rVSV-NDV production in CCX.E10 cells in 1L (triangles) and 3 L STRs (squares) in batch mode. All cultures were infected at an

MOI of 1E-4 at 2 x 10° cells/mL following a two-fold dilution step with fresh medium. (a) Viable cell concentration (solid lines, full symbols) and
viability (dashed lines, empty symbols) for STRs operated with 80 rpm (red), 130 rpm (blue), 180 rpm (light (1 L STR) + dark green (3L STR)).
(b) Infectious virus titer. CCX.E10, QOR2/2E11 cells; MOI, multiplicity of infection; rVSV-NDV, recombinant hybrid virus: VSV backbone and
surface glycoproteins of NDV used in this study; STRs, stirred tank bioreactors.

at 80rpm resulted in complete consumption of glucose until the TOI
(Figure S1A). Over the course of the virus production phase, no
limitation in glucose was observed at 80rpm as well as 180 rpm
regardless of the scale (Figure S1C,D). Due to the prolonged growth
phase at 130 rpm, glucose was depleted at 48 hpi (Figure S1B).
Moreover, as a consequence of cell death and release of intracellular

metabolites, ammonium concentrations increased but stayed below

1mM for all conditions. The highest lactate concentrations were
reached at 130 rpm, exceeding 30 mM at 36 hpi (Figure S1B). Variation
of agitation speed had no effect on ggc and cell-specific lactate (gj.c) or
ammonium (qnna) release rate (Table 2). However, ggc and qi,c were
about 2-3 times higher compared with cultivations in shake flasks,
which may indicate a higher cell stress (from stirring or aeration)

compared with orbitally shaken systems.
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Surprisingly, the different stirrer speeds had only a major impact
on virus replication. Maximum infectious virus titers of 3.2 x 108
TCIDso/mL, 1.8x 108 TCIDso/mL, and 1x 10”7 TCIDso/mL were
reached 36 hpi, 72 hpi, and 84 hpi for 180rpm, 130rpm, and
80 rpm, respectively (Figure 4b). Overall, extended cell growth phases
after infection were observed for lower agitation speeds. CSVY's of 3
TCIDsg/cell for 80 rpm, 42 TCIDsg/cell for 130 rpm, and 94 TCIDso/
cell for 180 rpm (Table 2) were obtained. Compared with optimized
batch runs with BHK-21 cells (the previously identified best producer
cell line), slightly lower maximum virus titers (0.3 log) were obtained
(Gobel, 2023). However, this is within the standard deviation of our
TCIDsq assay (Genzel, 2014b). Moreover, the highest CSVY obtained
in STRs was 20% lower compared to CSVY's obtained in orbitally
shaken systems. While high stirring speeds, and consequently
increased agitator-dependent shear stress, can result in drastically
reduced virus titers for, for example, measles virus (Grein et al., 2019),
this was clearly not an issue here. Cell-damaging effects of aeration
and bubble bursting have also been identified as another factor
influencing cell growth and virus production in STRs (Grein
et al., 2019; Chisti, 2000). Michaels et al. (1996). found that low
agitation speeds (below 200 rpm) can cause cell-to-bubble interac-
tions leading to increased cell damage. However, due to the low
reactor heights and volume flows (3 L/h) in small-scale laboratory
processes, this should be negligible. We suspect the limitation of
glucose or the accumulation of inhibiting molecules (e.g., lactate) to
be the reason for the drastic reduction in viral titers for 80 and
130 rpm. While addition of fresh medium at TOI increased glucose
concentrations to 10 mM for 80 rpm, the cells were likely not in an
optimal metabolic state at the time of infection. Low glucose levels
can lead to metabolic shifts prioritizing cell maintenance over growth
and proliferation, as well as a reduction in the levels of phosphoryl-
ated precursors required for enzymatic syntheses and draining of
intracellular pools of compounds required for protein or membrane
synthesis. As a consequence, virus replication could also be impeded
compared to cells infected at a late exponential growth phase with a
surplus of substrate supply. Furthermore, OVs in particular, are
dependent on the host cell glycolysis, and delayed reactivation of
host cell glycolysis modulated by rVSV-NDV after infection could
further negatively impact virus replication (Goyal & Rajala, 2023). For
production at 130rpm, glucose limitation and the high lactate
concentration at 48 hpi, before maximum titers were reached, most
likely had a negative impact on virus replication.

Performance of subsequent virus purification trains depends on
several factors, that is, the accumulation of protein and host cell DNA
in the medium. To assess the potential burden, the impact of process
conditions on impurity levels were examined to determine the
optimal harvest time point. Following host cell DNA and total protein
levels over time, we determined the best time of harvest (maximum
infectious virus titer, minimum impurity levels in the supernatant) to
be 83 hpi for 80 rpm, 67 hpi for 130 rpm, and 35 hpi for 180 rpm. As
cells grew to the highest VCC after infection for 130 rpm, higher host
cell DNA concentrations were expected (Table 2). Interestingly,

protein concentrations at the optimal harvest time point were around

2-2.5mg/mL for all conditions. Similar DNA and protein contents in
avian AGE1.CR.pIX cell and MDCK-derived STR batch harvests have
been described before and efficiently tackled by subsequent
purification trains (Granicher, 2021; Marichal-Gallardo et al., 2017).

In the last step, the process was transferred to a 3 L bioreactor.
As the scale-up was carried out within the same order of magnitude,
agitation speed (180rpm) was kept constant. To ensure homoge-
neous mixing, two pitched-blade impellers were used. Moreover, gas
flow rates were scaled proportionally to the increased vw. A
comparable cell growth with high viabilities (above 96%) and a u of
0.024 1/h was achieved (Figure 4a). By addition of fresh medium at
TOI, levels of nutrients were recovered to some extent, and
accumulated by-products were diluted. Similar to the 1L STR
operated at 180 rpm, no limitation of glucose was found over the
process time (Figure S1D). Even though lactate accumulated rapidly
after infection, concentrations remained moderate, increasing, but
not exceeding 25 mM in the late infection phase (Figure S1D). rVSV-
NDV dynamics, as well as the determined metabolic rates, were very
similar to those obtained at the 1L scale (Figure 4b, Table 2),
indicating a successful scale-up. The maximum infectious virus titer
was 4.2 x 108 TCIDso/mL, corresponding to a CSVY of 100 TCIDso/
cell. Host cell DNA (14.1 ug/mL dsDNA) and total protein (2.0 mg/mL
total) impurity levels in the supernatant were also in line with results
obtained at the 1 L scale (Table 2). While a transfer to 3L STR does
not constitute a significant scale-up, the similar performance by
implementation of two pitched-blade impellers sets the first bench-
mark for further increase in production volumes. The finding that
similar virus titers and productivities were also achieved, indicates the
usefulness of both bioreactor systems for efficient rVSV-NDV
production. Currently, virus production under cGMP conditions of
most manufacturers relies on stainless steel STRs but also on single-
use vessels (Zhou et al., 2010). However, orbitally shaken bioreactors
also fulfill these requirements without the need of stirrers, which
introduce additional shear stress and raise costs in single-use
applications. Further experiments are necessary to better understand
how the choice of the bioreactor system will impact optimized virus
production, e.g. at high cell density and potential formation of
syncytia. Adjustments in medium formulation at TOI as demonstrated
for BHK-21 and HEK293 cells, could further improve virus titers in
batch mode (Goébel, 2023). Furthermore, higher vyields could be
potentially obtained in perfusion mode with retention devices that
enable continuous virus harvesting and reduce virus degradation
(Gobel, 2023; Granicher, 2021).

3.4 | Cultivation in ambri15: Scale down and pH
evaluation

In a final step, the production process was scaled down to an ambr15
system. Here, the traditional scale-up rule of “equal tip speed” was
used for scale-down, rather than the “power per unit volume”
approach (Amanullah et al., 2003; Nienow, 2021; Nienow et al., 2013;
Tajsoleiman et al., 2019). To evaluate if cell growth and virus
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FIGURE 5 Effect of pH on cell growth (a) and rVSV-NDV production (b) in CCX.E10 cells in 15 mL ambr15 STR vessels in batch mode.
Ambr15 vessels were inoculated at 0.8 x 10° cells/mL and operated in batch mode at the respective pH set point. At time of infection a two-fold
dilution with fresh medium containing virus (MOI: 1E-4) was carried out. (a) Viable cell concentration (solid lines, full symbols) and viability
(dashed lines, empty symbols) for STRs operated at pH 7.0 (green squares), pH 7.2 (blue triangles), and pH 7.4 (purple circles). (b) Infectious virus
titer. Values are reported as the mean + SD of a duplicate with two independent ambr15 vessels. CCX.E10, QOR2/2E11 cells; MOI, multiplicity
of infection; rVSV-NDV, recombinant hybrid virus: VSV backbone and surface glycoproteins of NDV used in this study; SD, standard deviation;

STRs, stirred tank bioreactors.

production could be further improved, different pH values ranging
from 7.0 to 7.4 were tested. As expected, pH had a strong impact on
cell growth (Figure 5a). While cell growth was already severely
impeded at pH 7.0, there was no difference for pH 7.2 and 7.4.
Maximum cell-specific growth rates of 0.020-0.022 1/h were
achieved, comparable to growth rates achieved at the 1 and 3L
scale STR (Table 2). After infection, a steep decline in cell viability was
noticeable starting from 24 hpi (Figure 5a). While a reduction of
temperature to 34°C had no positive effect on virus production for
rVSV-NDV, drastic declines in cell viability were prevented in STRs
for both CCX.E10 and BHK-21 cells (Gobel, 2023; Figure 4a).
Despite the impeded cell growth at pH 7.0, maximum infectious virus
titers of 1.0-2.0 x 10® TCIDso/mL were achieved for all conditions
respectively. This resulted in decreasing CSVYs (70, 59, and 36
TCIDsg/cell) for increasing pH values (7.0, 7.2, and 7.4). While there
was no measurable difference in terms of maximum titer, pH 7.0
resulted in a delayed virus replication, achieving maximum titers at 36
hpi compared with 24 hpi for pH 7.2 and 7.4 (Figure 5b). Stability of
virions can be affected by absorption to cellular debris and release of
cellular proteases after virus-induced apoptosis and cell lysis,
therefore, lower stability was expected in the ambr15 system from
24 hpi compared with STRs or orbitally shaken systems. Moreover,
low pH values (below 7.0) are generally found to negatively impact
virus production and stability (Ferreira et al., 2007; Zimmer
et al., 2013). For the tested pH range, however, stability was not
impacted. Due to the impeded cell growth at pH 7.0, a biphasic
process could be designed, controlling the pH between 7.2 and 7.4
for the cell growth phase and lowering the pH set-point to 7.0 after
infection to minimize cell growth and thereby reduce the level of
contaminants, to facilitate the design of subsequent clarification
trains and further process intensification strategies. Nevertheless, the

ambrl5 system was identified as a suitable small scale system for

process optimization, reaching similar cell growth parameters and
virus titers as compared with larger scale STRs.

4 | CONCLUSION

In this study, CCX.E10 cells were identified as a viable host cell substrate
for the manufacturing of the fusogenic oncolytic virus, rVSV-NDV.
CCX.E10 cells demonstrated robust growth to high concentrations in
batch mode with low accumulation rates of metabolic by-products such
as lactate and ammonium. Moreover, they could be cultivated in various
systems, including shake flasks, OSB, STR and ambr15 with similar cell
growth performance and high virus yields.

Maximum infectious virus titers above 10° TCIDso/mL with high
CSVYs were reached regardless of the bioreactor system selected.
Compared to other suspension cells infected in optimized batch STR
processes, similar (BHK-21 cells) or drastically higher (HEK293 and
AGE1.CR cells) volumetric virus productivities were achieved with
CCX.E10 (Gobel, 2023). While oncolytic applications could possibly
allow the use of production cell lines known to be tumorigenic (e.g.,
BHK-21 cells) due to the unique risk-benefit ratio compared with other
(i.e., prophylactic) applications, regulatory authorities would likely
require additional purity and safety studies to demonstrate a satisfactory
quality profile, which introduces additional cost, time, and risk to the
process. Therefore, the identification of a cell line that produces high
yields of virus product, while also offering a de-risked regulatory
pathway, represents a valuable step in process development.

With regard to downstream processing, harvesting at the time-
point of maximum virus titer resulted in maximum dsDNA concen-
trations of 14.1 pg/mL and protein contamination of 2.0 mg/mL at
the 3 L STR (180 rpm), respectively. Chromatography-based purifica-
tion methods including steric exclusion chromatography have been
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reported to allow effective handling of such impurity levels (Marichal-
Gallardo et al, 2017). Additional screening and testing of the

produced OV regarding oncolytic potency, efficacy in preclinical

models as well as whole blood and serum stability in human and
animal systems should be carried out. Current OV platforms require a
dose input of 107-10° virions/injection to achieve a therapeutic
effect and effective delivery to tumor sites. Therefore, development
of OV production processes that allow to generate even higher virus
yields is essential. Process intensification by transition from batch
production to perfusion mode could further increase titers as much
higher cell concentrations can be reached (Genzel et al., 2014a;
Gobel, 2023; Granicher, 2021; Nikolay et al., 2018; Lavado-Garcia
et al., 2020; Wu et al., 2021).

Taken together, the CCX.E10 cell line is a promising host for
industrial production of OVs due to the high cell concentrations
obtained in the chemically-defined medium in batch mode and
options for scale-up. The ability to achieve similarly high rVSV-NDV
yields, regardless of the production system used, as well as
compliance of the cell line with regulatory guidelines, makes it an
attractive host for large-scale production of this virus and potentially
other similar fusogenic viruses that are under development as clinical

oncolytic viral drug products.
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