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Abstract

The Vero cell line is the most used continuous cell line in viral vaccine manufacturing.

This adherent cell culture platform requires the use of surfaces to support cell growth,

typically roller bottles, or microcarriers. We have recently compared the production of

rVSV‐ZEBOV on Vero cells between microcarrier and fixed‐bed bioreactors. However,

suspension cultures are considered superior with regard to process scalability. There-

fore, we further explore the Vero suspension system for recombinant vesicular sto-

matitis virus (rVSV)‐vectored vaccine production. Previously, this suspension cell line

was only able to be cultivated in a proprietary medium. Here, we expand the adaptation

and bioreactor cultivation to a serum‐free commercial medium. Following small‐scale
optimization and screening studies, we demonstrate bioreactor productions of highly

relevant vaccines and vaccine candidates against Ebola virus disease, HIV, and cor-

onavirus disease 2019 in the Vero suspension system. rVSV‐ZEBOV, rVSV‐HIV, and
rVSVInd‐msp‐SF‐Gtc can replicate to high titers in the bioreactor, reaching 3.87 × 107

TCID50/ml, 2.12 × 107 TCID50/ml, and 3.59 × 109 TCID50/ml, respectively. Furthermore,

we compare cell‐specific productivities, and the quality of the produced viruses by

determining the ratio of total viral particles to infectious viral particles.
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1 | INTRODUCTION

Recombinant vectored vaccines produced in cell culture are receiv-

ing increased attention in the fight against infectious diseases. More

and more vaccines are available that are based on this technology

and research efforts to develop new vaccines or to improve current

manufacturing processes have intensified over the last years (Ura

et al., 2020). One such system is based on the recombinant vesicular

stomatitis virus (rVSV). In addition to its use as a vaccine vector, VSV

has been used extensively in many areas of research, for example, as

an oncolytic virus or as a gene delivery tool (Lichty et al., 2004;

Munis et al., 2020).

VSV is a replication‐competent virus with a single‐stranded,
negative‐sense RNA genome. The native glycoprotein, VSV‐G, is
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responsible for viral entry into the cell. When genetically engineered

to express the glycoprotein of another virus, rVSV can be used as a

vaccine vector by delivering foreign antigens (Munis et al., 2020).

The advantage of such a vectored vaccine is the increased safety

during manufacturing since the production of live‐attenuated or in-

activated vaccines of highly pathogenic viruses (e.g., HIV and Ebola)

would require stringent biosafety standards. The recent success

story of the European Medicines Agency and US Food and Drug

Administration‐approved Ebola vaccine rVSV‐ZEBOV showcases the

potential of the rVSV platform (Henao‐Restrepo et al., 2017). rVSV‐
ZEBOV is a replication‐competent virus in which VSV‐G was re-

placed by a Zaire Ebolavirus glycoprotein (ZEBOV), which is the main

antigen of the Ebolavirus. Several rVSV‐based vaccines are in de-

velopment, for example against measles, Lassa fever and Middle East

respiratory syndrome (MERS) (Henao‐Restrepo et al., 2017; Kiesslich

& Kamen, 2020; Munis et al., 2020).

In light of the progress achieved with rVSV‐ZEBOV, three novel

rVSV constructs have been described recently, which carry different

glycoproteins of the Human Immunodeficiency Virus (HIV) (Mangion

et al., 2020). These HIV‐vaccine candidates were produced in ad-

herent Vero cells in tissue culture plates and it was demonstrated

that they induced an HIV gp140‐specific antibody response when

administered to mice. The rVSV‐B6‐A74Env(PN6)/SIVtm construct

was selected for further studies in nonhuman primates.

In the current race for a COVID‐19 vaccine, recombinant vec-

tored vaccines produced in cell culture are amongst the most pro-

mising (Ura et al., 2020). For example, ChAdOx1 novel coronavirus

disease 2019 (nCoV‐19), developed by the University of Oxford, is

based on a chimpanzee adenovirus‐vectored vaccine expressing the

severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2)
spike protein (Folegatti et al., 2020) and its safety, efficacy, and

immunogenicity is being assessed in Phase III clinical trial

(NCT04516746). Furthermore, the Oxford–AstraZeneca COVID‐19
vaccine has been authorized by several national agencies, for ex-

ample in the UK, and has been given WHO Emergency Use Listing

(EUL) (World Health Organization, 2021).

Besides, several rVSV‐based COVID‐19 vaccine candidates ex-

pressing the SARS‐CoV‐2 spike protein are being evaluated in pre-

clinical trials (University of Manitoba, Canada; University of Western

Ontario, Canada; Aurobindo Pharma, India; Israel Institute for Biological

Research/Weizmann Institute of Science, Israel; and FBRI SRC VB

VECTOR, Russia) and a Phase I clinical trial (Merck Sharp & Dohme/

IAVI; NCT04569786) (World Health Organization, 2020). The COVID‐
19 vaccine candidate rVSVInd‐msp‐SF‐Gtc, is a temperature‐sensitive
construct. It is based on a recombinant VSVInd(GML) mutant, and shows

avirulent in vivo reduced cytopathic effect in vitro at 37°C, but re-

plicates well at 31°C (Kim et al., 2015). This attenuation was used as a

strategy to further increase the safety of rVSV for its use as a human

vaccine. rVSVInd‐msp‐SF‐Gtc is expressing the SARS‐CoV‐2 spike protein

gene, the honeybee melittin signal peptide gene, and the VSV‐G protein

transmembrane domain gene.

Currently, the rVSV‐ZEBOV vaccine is manufactured under

serum‐free conditions in adherent Vero cells using the roller bottle

technology (Monath et al., 2019). To improve manufacturing cost‐
effectiveness, more scalable bioprocesses involving microcarrier

bioreactors and fixed‐bed bioreactors have been studied recently

(Kiesslich et al., 2020). However, these adherent cell processes still

have scale‐up limitations, for example, the cell expansion steps

during the seed train operation require cell detachment from and

reattachment to surfaces, usually involving enzymatic solutions such

as trypsin. Suspension cell systems are considered superior with

regard to process scale‐up since the transfer of cells to successively

larger bioreactor vessels is straightforward.

Adherently growing Vero cells are the most used continuous cell

line in viral vaccine manufacturing. For example, vaccines against

Ebola, influenza, Japanese encephalitis, polio, rabies, rotavirus, and

smallpox are available in the market, and vaccines against other in-

fectious diseases are under development, using this cell line. The

many advantages of this cell line are its broad susceptibility to many

viruses, the long‐term experience in cell culture, and the regulatory

portfolio associated with vaccine manufacturing organizations and

health authorities worldwide (Kiesslich & Kamen, 2020).

Adaptation of the Vero cell line to grow in suspension culture to

significantly improve this cell culture manufacturing platform has

been of interest for many years (Litwin, 1992; Paillet et al., 2009).

Lately, studies have reported the successful adaptation using pro-

prietary media (Rourou et al., 2019; Shen et al., 2019). Shen et al.

(2019) showed that Vero cells can grow in suspension culture in

serum‐free batch and perfusion bioreactors, and successfully applied

their system to the production of rVSV‐GFP, which uses the native

glycoprotein VSV‐G for viral entry into the cell.

In this study, we further explore the Vero suspension system

described previously (Shen et al., 2019), and demonstrate its ap-

plicability to relevant rVSV‐based vaccine candidates. Using rVSV‐
ZEBOV as a model for rVSV, we focus on small‐scale experiments to

optimize the multiplicity of infection (MOI) and investigate the ef-

fects of different cell densities. Next, we compare the production of

rVSV‐ZEBOV in this system to the production in Vero cells that were

adapted to grow in suspension culture in a commercially available

medium. In addition, we show the production of newly developed

candidate vaccines against HIV (rVSV‐HIV) and COVID‐19 (rVSVInd‐
msp‐SF‐Gtc). Based on these results, we demonstrate production in a

batch bioreactor for all three rVSV variants.

2 | MATERIALS AND METHODS

2.1 | Cell line and culture media

The suspension‐adapted Vero cell line was provided by the National

Research Council (NRC) of Canada, Montreal, Canada, and its

adaptation process has been described previously (Shen et al., 2019).

For routine passaging, the cells from the late exponential growth

phase were harvested by centrifugation for 5min at 500 g and the

cell pellet was resuspended in a fresh medium to a seeding cell

density of 2.5–5 × 105 cells/ml in 125ml polycarbonate shake flasks
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(TriForest Enterprises) and maintained at 37°C, 135 rpm and 5% CO2

in a humified Multitron orbital shaker (Infors HT). The cells were

cultivated in 20ml working volume of either IHM03 medium, pro-

vided by the NRC, or in MDXK medium (Xell AG), supplemented with

4mM GlutaMAX (Thermo Fisher Scientific).

2.2 | Viruses

Origin and viral seed stock amplification of rVSV‐ZEBOV and rVSV‐
B6‐A74Env(PN6)/SIVtm (hereafter referred to as rVSV‐HIV) have

been described previously (Kiesslich et al., 2020) (Mangion

et al., 2020). The viral seed stock of rVSV‐ZEBOV had a titer of

1.49 × 107 TCID50/ml and 2.80 × 109 VG/ml, whereas rVSV‐HIV had

a titer of 7.14 × 106 TCID50/ml and 3.13 × 1010 VG/ml, respectively.

The recombinant COVID‐19 vaccine candidate rVSVInd‐msp‐SF‐
Gtc was constructed as follows: Codon‐optimized full‐length spike

protein gene of SARS‐CoV‐2 (GenBank: JX869059.2) was purchased

from Genscript USA Inc, cloned into an avirulent Indiana serotype of

vesicular stomatitis virus (VSVInd[GML]) as has been described pre-

viously (Kim et al., 2015). The honeybee melittin signal peptide (msp)

was inserted at the NH2‐terminus and the transmembrane domain

and cytoplasmic tail (Gtc) of the S protein was substituted by the Gtc

of VSVInd G protein at the COOH‐terminus. In addition, the VSV

intergenic sequences were added in front of the spike protein gene

to provide the transcription termination signal, polyadenylation sig-

nal, and transcription re‐initiation signal. The modified SARS‐CoV‐2
spike protein gene was inserted into the G and L gene junction of the

VSVInd(GML) at Pme I and Mlu I sites. Recombinant rVSVInd‐msp‐SF‐
Gtc virus was recovered by VSV reverse genetics as has been de-

scribed previously (Kim et al., 2015). The recombinant virus was

purified by three consecutive plaque picking, and a stock virus was

prepared by infecting BHK21 cells. The viral seed stock of rVSVInd‐
msp‐SF‐Gtc had a titer of 1.43 × 108 TCID50/ml and 4.64 × 109 VG/ml.

2.3 | Shake flask virus studies

For virus infection studies in shake flasks, suspension‐adapted Vero

cells from the late exponential growth phase were harvested, if re-

quired pooled, and seeded at the indicated cell density in a fresh

medium. Vero cells were infected with rVSV at the indicated MOI

and the temperature was shifted to either 34°C (rVSV‐ZEBOV,

rVSV‐HIV) or 31°C (rVSVInd‐msp‐SF‐Gtc). Samples for virus titration

were centrifuged for 5min at 1200×g to remove cellular debris,

aliquoted, and stored at −80°C.

2.4 | Bioreactor cultures

Bioreactor cultures were performed in a 1 L bioreactor (Applikon Bio-

technology) equipped with a marine impeller, pH sensor, temperature

sensor, and dissolved oxygen (DO) concentration sensor. MDXK

medium was supplemented 4mM L‐glutamine (GE Healthcare) instead

of GlutaMAX to enable monitoring of L‐glutamine consumption. Vero

cell seed cultures were grown in progressively larger polycarbonate

shake flasks (TriForest Enterprises), harvested by centrifugation and

resuspended in a fresh medium before inoculation. The bioreactor was

inoculated at a cell density of 2.5 × 105 cells/ml in 850ml working vo-

lume. The culture was agitated at 100 rpm and kept at 37°C. The DO

concentration was kept at 50% air‐saturation by continuous surface

aeration of 5ml/min air and injection of pure oxygen through the

sparger when required. The pH was set to 7.2 and regulated by injec-

tion of CO2 into the headspace or addition of NaHCO3 (90 g/L) (Sigma).

Samples were taken once or twice daily, depending on the progress of

the culture, to subsequently determine viable cell density, metabolite

concentration and virus titer. Samples for metabolite analysis and virus

titration were centrifuged for 5min at 1200 × g to remove cellular

debris, aliquoted, and stored at −80°C.

For virus production, Vero cells were infected with rVSV at an

MOI of 0.01 once the targeted cell density was reached and the

temperature was shifted to 34°C or 31°C, respectively, during the

virus production phase. The glucose concentration was estimated

once daily and if required adjusted to 2 g/L by feeding glucose

(Sigma) concentrate (180 g/L). In addition, L‐glutamine was

maintained at a minimum concentration of 2mM.

2.5 | Analytical methods

Vero cell concentration and viability were determined via the Vi‐CELL
XR cell counter (Beckman Coulter). The Median Tissue Culture In-

fectious Dose (TCID50) assay and digital PCR assay used in this study to

quantify the infectious titer and the number of viral genomes, respec-

tively, have been described previously (Gélinas et al., 2020; Kiesslich

et al., 2020). For rVSVInd‐msp‐SF‐Gtc, the TCID50 plates were incubated

at 31°C, due to the temperature sensitivity of this construct.

2.6 | Metabolite analysis

During cell culture cultivations, the glucose concentration was esti-

mated using the D‐Fructose/D‐Glucose Assay Kit (Megazyme). More

extensive metabolite analysis was performed offline via Bioprofile

400 (Nova Biomedical) from samples that were stored at −80°C.

3 | RESULTS AND DISCUSSION

3.1 | Cell growth of Vero cells in suspension
cultures

3.1.1 | Screening for commercial media

Suspension adapted Vero cells grew well in shake flasks in IHM03

medium up to a cell density of around 2 × 106 cells/ml and with
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doubling times of around 48 h as previously reported (Shen

et al., 2019). IHM03 is an in‐house medium developed and produced

in small batches by the NRC, supporting the growth and virus pro-

duction of Vero suspension cultures. As reported by Shen et al.

(2019) and Rourou et al. (2019), media composition is critical for

successfully generating a suspension adapted Vero cell line and no

commercial media was able to support Vero cell adaptation so far.

Despite these recently reported adaptation successes with in‐house
media, establishing a process using commercial media could reduce

the risk of lot‐to‐lot variations and would make the platform more

amenable to work under standard conditions when media supply is

assured.

Therefore, efforts have been dedicated to assessing different

commercial media. After 20 passages of adaptation in shake flasks,

with gradual media replacement during the first five passages, a Vero

cell line was obtained that was able to grow in MDXK medium (Xell

AG) supplemented with 4mM Glutamax and which exhibited cell

doubling times of around 48–72 h (data not shown). Other com-

mercial media that were tested, but did not support the growth of

Vero cells in suspension culture included VP‐SFM, OptiPRO, Free-

Style 293 (Thermo Fisher Scientific), HyClone HyCell TransFx‐H (GE

Healthcare), HEK GM (Xell AG), and ProVeroTM −1 serum‐free
medium (SFM) (Lonza).

Despite slightly slower growth rates in MDXK than in IHM03 in

shake flasks, the cells were able to grow to similar cell densities in

batch shake flasks with less formation of cell aggregates. Compared

with other mammalian suspension cell lines, like derivatives of

HEK293 or CHO with cell doubling times of 24 h, there is still great

potential to develop media that can support similar growth rates.

With a suspension Vero cell line available, further research can use

novel analytical techniques such as transcriptomics and metabo-

lomics to facility media development specifically geared towards this

cell line.

3.1.2 | Cell growth in batch bioreactor

The suspension‐adapted Vero cells showed similar growth in IHM03

medium in 1 L batch bioreactors as previously reported, reaching

1.78 × 106 cells/ml after 6 days (Shen et al., 2019). Cell viability was

above 99% during the whole run. The doubling time was around 51 h

for the entire batch process duration between cell seeding and peak

in maximum cell density, and around 40 h for the exponential cell

growth phase between cell seeding up until 96 h. During the ex-

ponential growth phase, the cell growth rate was 0.0174 h−1

(Figure 1a). The substrates glucose and glutamine were almost de-

pleted at the end of the culture. Ammonia was produced throughout

and stayed below concentrations of 4 mM. Lactate production

reached a concentration of 24.5 mM after 96 h, but declined there-

after which can be explained by uptake of lactate by the cells as

previously reported (Quesney et al., 2003).

Cell growths in MDXK medium were slightly slower and only

reached 1.45 × 106 cells/ml after 7 days. In MDXK, the doubling time

was around 65 h for the entire batch process duration between cell

seeding and peak in maximum cell density. During the exponential

cell growth phase between cell seeding up until 96 h, the cell dou-

bling time was 52 h, resulting in a cell growth rate of 0.0132 h−1

(Figure 1b). However, in contrast to the shake flask experiments,

Vero cells in MDXK medium showed a higher degree of aggregate

formation in the bioreactor compared with cells in IHM03. This could

have led to an underestimation of the cell count, which is also in-

dicated by a higher glucose consumption rate in MDXK. Cell viability

again was above 99% throughout the process. As opposed to the

previous run, glucose and glutamine were depleted earlier and re-

quired feeding, adjusting glucose to 2 g/L and glutamine to 2mM

once daily starting on Day 2 for glutamine and Day 6 for glucose.

Ammonia production was similar, never exceeding concentrations of

4mM. Lactate production, however, was considerably higher and

surpassed 50mM at the end of the culture. Lactate was not con-

sumed by the cells in MDXK medium indicating differences in the cell

metabolism in the two media.

A drawback of the current procedure for cell passaging and

bioreactor seed preparation is the need for centrifugation. Due to

long cell doubling times, it is necessary to exchange spent medium at
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F IGURE 1 Cell growth of suspension adapted Vero cells in
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the end of each passage instead of diluting the culture with fresh

medium. Furthermore, the resuspension of the cell pellet after cen-

trifugation breaks apart the majority of loosely aggregated cell

clumps. While this procedure works well for small shake flask cul-

tures, scale‐up to larger volumes such as those in bioreactor vessels

at the manufacturing stage can be challenging. Further studies will

investigate the use of perfusion technologies to achieve higher cell

densities so that culture dilution can be applied instead of cen-

trifugation when passaging. In addition, media optimization will be

carried out to increase cell growth rates and to reduce cell ad-

herence and aggregation.

3.2 | rVSV‐ZEBOV production in shake flask

rVSV‐ZEBOV production experiments were initially carried out at a

smaller scale in shake flasks to test multiple conditions simulta-

neously. In particular, the effects of varying multiplicities of infection

(MOI), which is the ratio of infectious particles to the number of cells

at the time of infection (TOI), as well as infections at different cell

densities and in different growth media were screened.

During the late stages of the cultivation when cell densities

exceeded 1 × 106 cells/ml, cells started to adhere to the surface of

the shake flask, and cell aggregates were formed, which made it quite

difficult to accurately determine the cell count. Therefore, initial

experiments to investigate the infection kinetics of rVSV‐ZEBOV in

suspension adapted Vero cells, were carried out by seeding a single

cell culture in a fresh medium at a cell density of 1 × 106 cells/ml, and

cells were infected immediately thereafter.

Previous studies of rVSV‐ZEBOV in adherent Vero cells and

suspension cultures of HEK293 cells have shown that infection at a

reduced temperature of 34°C led to higher infectious titers com-

pared to 37°C (Kiesslich et al., 2020) (Gélinas et al., 2019). Based on

these studies, the temperature was lowered to 34°C after infection

in all experiments of this study involving rVSV‐ZEBOV.

3.2.1 | Multiplicity of infection

Vero cells grown in IHM03 were infected with rVSV‐ZEBOV at dif-

ferent MOIs and samples were taken every 12 h to determine in-

fection kinetics (Figure 2). For the selected range of MOI, peak

production of rVSV‐ZEBOV occurred between 24 and 36 h post in-

fection (hpi) and the titers were in the same range with 1.10 × 107

TCID50/ml, 1.05 × 107 TCID50/ml, and 1.58 × 107 TCID50/ml at an

MOI of 0.001, 0.01, and 0.1, respectively. In all cases, the infectivity

declined after the maximum titer had been reached. Similar kinetics

have been observed for adherent growing Vero cells, however, the

titers were more than eight times higher in adherent cell experi-

ments in six‐well tissue culture plates, for example, 8.79 × 107

TCID50/ml at an MOI of 0.01 at 36 hpi (Kiesslich et al., 2020). Fur-

ther, the cell density at the time of infection was more than three

times higher for the suspension cultures than for the adherent cell

cultures in the reported study, indicating even lower virus produc-

tion per cell. It is to mention that adherent Vero cells were cultivated

in commercially available media, optimized for cell growth and virus

production.

rVSV infections of adherent Vero cells typically lead to a very

distinct cytopathic effect, where cells become round‐shaped and

eventually lift off from the surface. Of note, since suspension cells

are already round‐shaped and not attached to a surface, the cyto-

pathic effect induced by rVSV infections was less noticeable in the

early stages of infection and only became more apparent when the

cell diameter increased due to viral replication and when cells star-

ted to die from lysis caused by the viral release.

Nevertheless, based on these experiments and in accordance

with our previous work, it was decided to continue all subsequent

rVSV experiments at an MOI of 0.01.

3.2.2 | Cell density

rVSV‐ZEBOV replication in Vero cells grown in IHM03 and seeded at

different cell densities was investigated to evaluate the effect of

varying cell densities and to assess if the production yield was af-

fected by the media capacity at the time of infection. Figure 3 shows

rVSV‐ZEBOV infection at 1 × 106 cells/mL, 2 × 106 cells/ml, and

4 × 106 cells/ml. The viral infection kinetics were slower compared

with the previous experiment and infectious titers peaked at 48 hpi

for all cases, indicating considerable variation between experiments

when comparing the data to the experiment presented in Figure 2. In

addition, maximum infectious titers were around three times higher

for the run at 1 × 106 cells/ml, reaching 3.28 × 107 TCID50/ml.
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To reduce variations and improve repeatability, cells from similar

passages should be used. Further, cell density estimations, especially

when the cultures contain aggregates, need to be carried out very

carefully since small errors can affect MOI calculations significantly.

Throughout the time course of the experiment, titers were even

higher at 2 × 106 cells/ml, but the maximum infectious titer was not

significantly elevated at 48 hpi. For the run with a seeding cell

density of 4 × 106 cells/ml, infectious titers of rVSV‐ZEBOV were

significantly higher, reaching 1.32 × 108 TCID50/ml, exceeding in-

fectious titers obtained from adherent Vero studies in six‐well plates

(Kiesslich et al., 2020). A similar study carried out in HEK293‐SF
obtained two to three times higher titers with 2.92 × 108 TCID50/ml

and 2.36 × 108 TCID50/ml, at 2.5 × 106 cells/ml, and 5 × 106 cells/ml,

respectively, compared to infection at 1 × 106 cells/ml (Gélinas

et al., 2019). Furthermore, for rVSV‐GFP produced in suspension cell

cultures of Vero cells at different cell densities in a similar experi-

ment, 3.8 times higher virus titers were obtained at 2.5 × 106 cells/ml

compared with 0.8 × 106 cells/ml (Shen et al., 2019). But a further

increase in cell density from 2.5 × 106 cells/ml to 5 × 106 cells/ml did

not result in higher infectious titers, comparable with the results

obtained in HEK293‐SF. This cell density effect has also been ob-

served for the production of other viruses. For example during po-

liovirus production, a higher cell density leads to lower cell‐specific
poliovirus D‐antigen levels (Thomassen et al., 2014).

These results indicate that suspension cultures of Vero cells

could be a viable alternative if high cell density processes of sus-

pension cultures can be achieved at a larger scale, but further re-

search is necessary to investigate the effects of high cell density in

more detail. One advantage though is that suspension cultures are

not limited by the surface area, as is the case for adherent cell

cultures using microcarriers, roller bottles, or fixed‐bed bioreactors,

which is the prevalent mode of virus production in Vero cells.

Nevertheless, these results need to be carefully evaluated since it

might be challenging to seed bioreactors in a fresh medium at high

cell density. In this context, shake flask studies in HEK293‐SF cells

found that if the cultures were grown to high cell densities and in-

fected without medium exchange, the infectious titer of rVSV‐
ZEBOV could not be enhanced by increasing the cell density above

2 × 106 cells/ml (Gélinas et al., 2019).

3.3 | rVSV‐ZEBOV, rVSV‐HIV, and rVSVInd‐msp‐
SF‐Gtc shake flask production in different media

Next, the kinetics of three variants, namely, rVSV‐ZEBOV, rVSV‐HIV,

and rVSVInd‐msp‐SF‐Gtc were compared and the effect of different

media on rVSV production was studied. Based on temperature study

results of rVSV‐ZEBOV infections in Vero cells, rVSV‐HIV infections

were carried out at 34°C in a recent study, and this condition was

adopted for this study as well (Mangion et al., 2020). The rVSVInd‐
msp‐SF‐Gtc construct, however, is temperature sensitive and there-

fore all infections were carried out at 31°C.

The IHM03 and MDXK adapted cell lines were infected with

rVSV to compare the virus production capacities of both media.

Despite higher titers obtained at higher cell densities (Figure 3),

these experiments were carried out at a seeding cell density of

1 × 106 cells/ml to avoid cell aggregation. Figure 4 shows rVSV‐
ZEBOV (a), rVSV‐HIV (b), and rVSVInd‐msp‐SF‐Gtc (c) replication in

the MDXK adapted cell line at an MOI of 0.01 in comparison with the

corresponding experiment conducted in IHM03.

rVSV‐ZEBOV replication in MDXK medium reached slightly

higher titers than in IHM03 medium (Figure 4a). Where the in-

fectious titer reached a maximum at 24 hpi in IHM03, the titer in

MDXK was with 2.63 × 107 TCID50/ml around 2.5 times higher.

Otherwise, almost identical infection kinetics were observed.

rVSV‐HIV replicated better in IHM03 with a higher maximum

titer of 9.59 × 106 TCID50/ml reached in a shorter period of time

(24 hpi) compared with 2.08 × 106 TCID50/ml in MDXK after 36 hpi

(Figure 4b). Titers of rVSV‐HIV were lower in both media than rVSV‐
ZEBOV and the infectivity declined faster than for rVSV‐ZEBOV.

Besides, rVSV‐HIV produced in adherent Vero cells reached up to

3.91 × 107 TCID50/ml at MOI of 0.01. However, the peak was

reached significantly later at 96 hpi (Mangion et al., 2020).

In contrast to these two strains, rVSVInd‐msp‐SF‐Gtc reached

significantly higher titers (Figure 4c). In MDXK, 5.19 × 108 TCID50/ml

were reached at 36 hpi. In IHM03, almost two‐fold higher titers with

1.17 × 109 TCID50/ml were reached. However, it took additional 24 h

to reach this titer, which aligns with the beginning of the replication

phase being delayed. In addition to higher infectious titers compared

with rVSV‐ZEBOV and rVSV‐HIV, the infectivity of viral particles did

not decline significantly over the following sample time points.

Differences in replication kinetics between the three rVSV‐
variants can be attributed in part to the use of different
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glycoproteins. The Ebola virus glycoprotein (Moller‐tank &

Maury, 2015), the HIV envelope glycoprotein (Klasse, 2012), and the

SARS‐CoV‐2 spike protein (S) (Hoffmann et al., 2020), which are

responsible for cell entry of the corresponding rVSV used in this

study, all use different types of cell receptors and entry mechanisms.

Furthermore, the formation of these proteins during intracellular

replication of the virus and the final assembly of the viral particles

are unique. These mechanisms have their own rate‐limiting steps and

efficiencies, resulting in different amounts of functional rVSV parti-

cles and different ratios of infectious to total particles.

Higher infectious titers of rVSVInd‐msp‐SF‐Gtc in Vero cells could

also be linked more specifically to the use of different transmem-

brane domains. Whereas rVSV‐ZEBOV and rVSV‐HIV use Ebola GP

or SIV transmembrane domains (Mangion et al., 2020), rVSVInd‐msp‐
SF‐Gtc is expressing the native VSV‐G protein transmembrane do-

main gene. It has been shown that the stem region of the VSV‐G
glycoprotein was important for efficient virus assembly, and viruses

with shortened sequences were replicated up 20‐fold less (Robison &

Whitt, 2000). More research investigating the use of different

transmembrane domains with the same extracellular domain could

reveal interesting aspects on virus replication rates and identify new

targets to improve the rVSV platform. Nevertheless, it might be more

appropriate to compare replication of rVSVInd‐msp‐SF‐Gtc to rVSV‐
GFP production, which also uses the native VSV‐G protein trans-

membrane domain, and where titers of up to 8.93 × 109 TCID50/ml

have been obtained in shake flask experiments.

Besides, the lower process temperature of 31°C is likely af-

fecting the infectivity. For example, the infectivity of this strain was

not declining over the following 36 h after the peak titer had been

reached thus potentially stabilizing infectivity. Though for rVSV‐
ZEBOV, an optimal production temperature of 34°C was determined

in adherent Vero cells (Kiesslich et al., 2020), rVSVInd‐msp‐SF‐Gtc is

based on VSVInd(GML) which was adapted to replicate well at the

lower temperature of 31°C (Figure 4c).

Another reason for differences in production titers between the

three rVSV variants could be linked to defective interfering particles

(DIPs) and the quality of the viral seed stocks (Ziegler &

Botten, 2020). The ratios of total viral particles to infectious particles

for rVSV‐ZEBOV, rVSV‐HIV, and rVSVInd‐msp‐SF‐Gtc are 188 VG/

TCID50, 4384 VG/TCID50, and 32 VG/TCID50, respectively. Espe-

cially the high ratio of VG/TCID50 of the rVSV‐HIV stock indicates a

lower quality of this virus stock and could have led to DIPs influ-

encing the production process.

3.4 | Bioreactor processes of suspension adapted
Vero cells

3.4.1 | Bioreactor production of rVSV‐ZEBOV

Two bioreactors of Vero cells were infected at a cell density of

1.37 × 106 cells/ml and 1.02 × 106 cells/ml after cells grew for 4 days

in IHM03 and MDXK medium, respectively (Figure 5). The cell

growth phase corresponded well to the data shown in Figure 1.

Despite a lower cell density at the TOI, maximum infectious titers

were with 3.87 × 107 TCID50/ml more than one log higher than in

IHM03, where only 3.55 × 106 TCID50/ml were obtained. In addition,

replication was faster in MDXK, where peak production occurred at
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24 hpi compared with 36 hpi, respectively. The MDXK bioreactor

also exhibited an almost 15‐times higher cell‐specific productivity

with 37.9 TCID50/cell compared with 2.6 TCID50/cell. Moreover, the

ratio of total viral particles to infectious particles was lower in

MDXK (282 VG/TCID50) than in IHM03 (817 VG/TCID50), further

indicating a better quality of the final product if harvested at the

time of peak infectious titer. As a result, the MDXK medium appears

better suited for rVSV‐ZEBOV production in the bioreactor than

IHM03. As shown in Figure 1, the main substrates glucose and glu-

tamine were not at limiting concentrations at the TOI. However,

differences in media compositions such as nutrient profile and con-

centration could have affected rVSV‐ZEBOV production and other

metabolites which were not quantified could have been at limiting or

inhibiting concentrations.

Compared with the shake flask experiments, rVSV‐ZEBOV re-

plication in MDXK medium reached a similar maximum infectious titer,

indicating a successful scale‐up. For IHM03, titers were three times

lower than in the shake flask and the peak was reached 12 h later.

Furthermore, in comparison to adherent Vero bioreactor pro-

ductions of rVSV‐ZEBOV, the production using suspension‐adapted
Vero cells in MDXK appears elevated. The infectious titer and the

cell‐specific productivities were slightly higher compared with the

production in a microcarrier bioreactor (1.42 × 107 TCID50/ml, 7.6

TCID50/cell) and a fixed‐bed bioreactor (2.59 × 107 TCID50/ml, 11.2

TCID50/cell). The ratio of total viral particles to infectious particles

was four times lower than in the microcarrier but nine times higher

compared with the fixed‐bed process (Kiesslich et al., 2020). Overall,

the suspension Vero system is a viable alternative to the current

Vero manufacturing system carried out in roller bottles for this Ebola

virus disease vaccine (Monath et al., 2019).

When set side by side to a suspension bioreactor production of

rVSV‐ZEBOV in HEK293‐SF, where a maximum of 1.19 × 108

TCID50/ml was reached, production in Vero cells in MDXK was three

times lower. However, it can be expected that future media devel-

opment, bioprocess, and cell line engineering of suspension Vero can

lead to significantly higher titers comparable to HEK293‐SF (Gélinas

et al., 2019).

3.4.2 | Bioreactor production of rVSV‐HIV

Two bioreactors were prepared as before, and Vero cell growth phase

in IHM03 and MDXK medium was consistent with the data from

Figure 1 and Figure 5. The two cultures were infected with rVSV‐HIV
after 4 days (Figure 6). In contrast to the previous experiment, virus

production was favored in IHM03 over MDXK. In IHM03, rVSV‐HIV
reached a maximum titer of 2.12 × 107 TCID50/ml, which was 25‐times

higher than in MDXK. However, the production kinetics of viral gen-

omes were almost identical. This is supported by a lower ratio of 143

VG/TCID50 (IHM03) compared with 7041 VG/TCID50 (MDXK). In ad-

dition, the fact that the cell‐specific productivity in MDXK was 0.9

TCID50/cell implies that the rVSV‐HIV/MDXK system failed to scale up

and is not an adequate production system.

Besides, the shake flask experiment (Figure 4b) already indicated

the suitability of IHM03 for rVSV‐HIV replication. Moreover, bioreactor

production of rVSV‐HIV in IHM03 exceeded titers from the smaller

scale, whereas bioreactor titers in MDXK subsided the small scale.

Differences between the two media were already seen for

bioreactor production of rVSV‐ZEBOV. Here, IHM03 appears to be

favored for rVSV‐HIV production. However, the production of total

rVSV‐HIV particles, estimated from the number of viral genomes, is
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comparable between the two media. Therefore, one reason of a

higher titer of rVSV‐HIV in IHM03 could be that this medium is

better suited to stabilize the HIV glycoprotein and to maintain the

viral infectivity.

3.4.3 | Bioreactor production of rVSVInd‐msp‐SF‐Gtc

Finally, rVSVInd‐msp‐SF‐Gtc production in bioreactors of Vero sus-

pension cell cultures was studied (Figure 7). Again, the cell growth

phase was comparable to the previous runs, and cells were infected

after 4 days. Infectious titers of rVSVInd‐msp‐SF‐Gtc peaked in both

media at 48 hpi. The beginning of the replication phase was delayed

in IHM03, as already seen in the shake flask experiments. Never-

theless, titers were similar with 2.38 × 109 TCID50/ml in IHM03 and

3.59 × 109 TCID50/ml in MDXK. Thus, results from the shake flask

experiment were exceeded by two‐fold and seven‐fold, respectively.
The quality in terms of total viral particles to infectious particles was

with 3.0 VG/TCID50 comparable in IHM03 to that in MDXK, where

this value was 6.0 VG/TCID50. In addition, the cell‐specific pro-

ductivity was in the same range in MDXK compared to IHM03, with

3670 TCID50/cell and 1803 TCID50/cell, respectively.

In comparison, rVSV‐ZEBOV and rVSV‐HIV productions in the

bioreactor peaked earlier. However, the number of viral genomes

continued to increase in those experiments even when the infectious

titer declined. Therefore, the rate of viral degradation is higher than

the viral production rate after the corresponding peak was reached

in the case of these two strains, potentially due to the higher process

temperature of 34°C versus 31°C and its impact on viral stability.

Overall, the scale‐up of rVSVInd‐msp‐SF‐Gtc production to the

bioreactor was successful, exceeding small‐scale results. In addition,

this strain appears to replicate to much higher titers, with a superior

cell‐specific productivity and an improved ratio of VG/TCID50 as

compared to rVSV‐ZEBOV and rVSV‐HIV. Table 1 shows a summary

of the six bioreactor runs, comparing results for the three strains in

two different culture media.

4 | CONCLUSION

In this study, we have demonstrated the feasibility and applicability

of suspension adapted Vero cell cultures for the production of highly

relevant rVSV‐based vaccines and vaccine candidates. For three

rVSV strains, namely, rVSV‐ZEBOV, rVSV‐HIV, and rVSVInd‐msp‐SF‐
Gtc, production was successfully scaled up to the bioreactor scale.

Furthermore, proof‐of‐concept is provided that rVSV‐ZEBOV and

rVSVInd‐msp‐SF‐Gtc can be produced in commercially available media

in suspension‐adapted Vero cells.

Previously, the suspension‐adapted Vero cell line was tested for

tumorigenicity at passage 163 (Shen et al., 2019). Since the experi-

ments with the Vero cell line in commercial MDXK medium were

carried out at a higher passage number, this cell line would also
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TABLE 1 Comparison of bioreactor
productions of rVSV‐ZEBOV, rVSV‐HIV
and rVSVInd‐msp‐SF‐Gtc

rVSV‐ZEBOV rVSV‐HIV rVSVInd‐msp‐SF‐Gtc

Medium IHM03 MDXK IHM03 MDXK IHM03 MDXK

Peak infectious

titer

36 hpi 24 hpi 24 hpi 36 hpi 48 hpi 48 hpi

Infectious titer

(TCID50/ml)

3.55 × 106 3.87 × 107 2.12 × 107 8.45 × 105 2.38 × 109 3.59 × 109

Genomic titer

(VG/ml)

2.9 × 109 1.09 × 1010 3.30 × 109 5.95 × 109 7.15 × 109 2.13 × 1010

Ratio VG/TCID50 817 282 143 7041 3.0 6.0

Cell‐specific titer

(TCID50/cell)

3 38 15 1 1803 3670

Abbreviations: rVSV, recombinant vesicular stomatitis virus; TCID50, Median Tissue Culture

Infectious Dose; ZEBOV, Zaire Ebolavirus.
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require testing for tumorigenicity to ensure its safety as a substrate

for the production of vaccines.

Process parameters developed in suspension Vero and pre-

viously in adherent Vero cells for rVSV‐ZEBOV (Kiesslich

et al., 2020), have been shown to be applicable to other strains. This

is an important observation as rVSV‐ZEBOV can thus serve as a

model virus for other rVSV strains. More, this can be of significant

value for the production of future rVSV‐based vaccine candidates

against emerging infectious diseases.

Moreover, the production of rVSV‐ZEBOV was shown to be

elevated compared to previously developed adherent processes in

microcarrier and fixed‐bed bioreactors (Kiesslich et al., 2020). Due to

the better scalability, the suspension Vero system can serve as a

viable alternative to the current Ebola virus disease vaccine manu-

facturing using roller bottles.

Production of rVSV‐ZEBOV was leading to higher infectious

titers in suspension cultures of HEK293‐SF (Gélinas et al., 2019).

However, this system used commercially available media and bio-

processes developed with years of experience. The commercially

available MDXK medium has only been in the market for a short

period of time. Hence, there is great potential for optimization of

Vero suspension media and bioprocesses specifically for virus

production.

In the context of the current COVID‐19 pandemic, this study

shows relevant advancement in the field of bioprocess development

for urgently needed vector‐based vaccine candidates. Given that

rVSVInd‐msp‐SF‐Gtc grows to titers that are around 100‐fold higher

than titers of rVSV‐ZEBOV in the same system, and given that rVSV‐
ZEBOV produced in a conventional roller bottle processes has been

approved as a vaccine candidate by regulatory agencies, the herein

presented bioprocess using suspension adapted Vero cells can serve

as a highly efficient system for accelerated and scalable manu-

facturing of a COVID‐19 vaccine candidate. Further, the quality of

the produced viruses in terms of the ratio total particles to infectious

particles is better, potentially leading to facilitated downstream

processes and ultimately very economical manufacturing.

In the future, fed‐batch and perfusion processes should be

developed for high cell density bioreactors. As indicated in shake

flask experiments and already demonstrated for VSV‐GFP (Shen

et al., 2019), these can be approaches to further push the boundaries

and to increase virus productivities of the suspension Vero system.
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