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The severe acute respiratory syndrome-coronavirus-2 (SARS-
CoV-2) pandemic highlighted the importance of vaccine inno-
vation in public health. Hundreds of vaccines built on
numerous technology platforms have been rapidly developed
against SARS-CoV-2 since 2020. Like all vaccine platforms,
an important bottleneck to viral-vectored vaccine development
is manufacturing. Here, we describe a scalable manufacturing
protocol for replication-competent SARS-CoV-2 Spike-pseu-
dotyped vesicular stomatitis virus (S-VSV)–vectored vaccines
using Vero cells grown on microcarriers in a stirred-tank
bioreactor. Using Cytodex 1 microcarriers over 6 days of fed-
batch culture, Vero cells grew to a density of 3.95 ±
0.42 �106 cells/mL in 1-L stirred-tank bioreactors. Ancestral
strain S-VSV reached a peak titer of 2.05 ± 0.58 �108 plaque-
forming units (PFUs)/mL at 3 days postinfection. When
compared to growth in plate-based cultures, this was a
29-fold increase in virus production, meaning a 1-L bioreactor
produces the same amount of virus as 1,284 plates of 15 cm. In
addition, the omicron BA.1 S-VSV reached a peak titer of
5.58 ± 0.35 � 106 PFU/mL. Quality control testing showed
plate- and bioreactor-produced S-VSV had similar particle-
to-PFU ratios and elicited comparable levels of neutralizing an-
tibodies in immunized hamsters. This method should enhance
preclinical and clinical development of pseudotyped VSV-
vectored vaccines in future pandemics.

INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic caused by the
novel b-coronavirus, severe acute respiratory syndrome-coronavi-
rus-2 (SARS-CoV-2), spurred global vaccine development at an un-
matched pace. Hundreds of COVID-19 vaccines have been created
since 2020, with nearly 200 having entered human clinical trials (as
of March 2023).1 Over 13 billion COVID-19 vaccinations have now
been administered around the world, delivered using numerous tech-
nology platforms, including mRNA (Pfizer-BioNtech and Moderna),
nonreplicating viral vectors (AstraZeneca and Johnson & Johnson),
and inactivated viruses (Sinopharm and Sinovac).2 Although
mRNA vaccines have emerged as the gold standard, they are not
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without limitations.3,4 mRNA vaccines are relatively slow to generate
protective immunity, which begins to wane within months postvacci-
nation and is not sterilizing. This results in a need for repeated booster
vaccination to maintain protective immunity against SARS-CoV-2.5

Vaccines built on replicating viral vectors may not suffer from these
limitations, especially when delivered intranasally, where they elicit
both a systemic and local mucosal immune response that can reduce
replication and shedding in the upper respiratory tract.6–9 Indeed,
numerous replicating viral-vectored vaccines have been developed
for COVID-19,9 including several on the recombinant vesicular sto-
matitis cirus (rVSV) platform.10 VSV is a nonsegmented single-
stranded negative-sense RNA virus within the family Rhabdoviridae.
The rVSV platform was successfully used as an Ebola virus disease
vaccine, where it was engineered to express the Zaire Ebola virus
glycoprotein (rVSV-ZEBOV).11–13 A similar approach has also
been used against other filoviruses,14 as well as Zika virus15,16 and
SARS-CoV-1.17,18 More recently, reports from several groups19–21

have described the development of rVSV-vectored SARS-CoV-2 vac-
cines, including Brilife (IIBR-100) which entered Phase II clinical tri-
als and was shown to be safe and effective in humans.22,23

Similar to other vaccine platforms, however, manufacturing is a major
bottleneck in the development of rVSV-vectored vaccines. rVSV-
based vaccines are typically manufactured using Vero cells, the
most widely used continuous adherent cell line for viral-vectored vac-
cines,24,25 including rVSV-ZEBOV,11–13 poliovirus,26–28 rabies,29–31

SARS-CoV-1,32,33 and VSV.34 Vero cells have been routinely grown
on microcarriers since the 1960s in bioreactors and now reach
Clinical Development Vol. 32 March 2024 ª 2024 The Author(s). 1
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Figure 1. Microcarrier selection and optimization of Vero cell growth conditions

(A) Bright-field images of crystal violet–stained Vero cells on indicated microcarriers in 125-mL Celstir bioreactors. Microcarriers were inoculated with 2,500 cells/cm2 and

incubated for 4 days before imaging. Scale bar, 360 mm. (B) Cell concentration for the bioreactor runs in (A) after 4 days of culture. (C) Microcarrier loading percentage for the

bioreactor runs in (A) after 4 days of culture. (D) Cell concentration from Cytodex 1 microcarriers with densities of 4 or 6 g/L and inoculated with 2.5 or 5 Vero cpm. Cultures

(legend continued on next page)
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volumes up to 6,000 L.25 This method frequently achieves volumetric
viral titers 100-fold higher than growing cells as a monolayer in Nunc
Cell Factory or roller bottle systems, while still allowing easy separa-
tion of cells from a supernatant containing released viruses.35 In
contrast to fixed-bed systems such as the Esco CelCradle or Pall
iCELLis, the equipment required for stirred-tank bioreactors are
less complex, easier to scale, and lower cost.

Despite being used for decades, inconsistent culture vessel geometry,
medium choice, and other culture conditions have resulted in highly
variable Vero cell growth in microcarrier bioreactor cultures.36 This
hampers robust, high-titer manufacturing of viral-vectored vaccines.
To address this, we sought to establish optimized culture parameters
for bench-scale Vero cell growth and subsequent production of Spike
(S)-pseudotyped rVSV in a microcarrier-based spinner flask system.
We focused on optimizing microcarrier type, inoculum density, mi-
crocarrier density, run length, medium supplementation, MOI, and
scale-up, with rVSV pseudotyped with both the ancestral and BA.1
variant S sequences of SARS-CoV-2. In addition to helping establish
a method that could be translated from the lab to the clinic, the opti-
mized process we describe here could accelerate preclinical vaccine
production using Vero cells for future pandemic crises.

RESULTS
Microcarrier selection and optimization of Vero cell growth

conditions

Our first objective was to compare several commercially available
microcarriers for Vero cell attachment and growth in a stirred-
tank bioreactor. Cytodex 1 (dextran), Cytodex 3 (collagen-covered
dextran), collagen-coated (collagen-covered polystyrene), and
BioNOC II (fibrous polyester) microcarriers were selected for com-
parison. Stirred tank 125-mL spinner flask bioreactors were estab-
lished with 2,200 cm2 of microcarrier surface area (equivalent to
4 g/L of Cytodex 1), inoculated with 2,500 cells/cm2 (equivalent to
2.5 cells per Cytodex 1 microcarrier (cpm)) and incubated for
4 days at 60 rpm at 37�C with 5% CO2 in air. After 4 days, there
was little or no visible cell attachment on collagen-coated or
BioNOC II carriers (Figure 1A). In contrast, Cytodex 1 and Cytodex
3 carriers had observable Vero cell attachment on their surfaces. Crys-
tal violet nuclei staining showed that cultures grown on Cytodex 1
and Cytodex 3 harbored a similar number of Vero cells (1.26 ±

0.83 �106 and 7.13 ± 5.98 �105 cells, respectively), whereas cultures
containing collagen-coated and BioNOC II harbored approximately
16-fold fewer cells (5.98 ± 4.27 �104 and 6.37 ± 7.65 �104 cells,
were monitored for 8 days with 70% medium replacements on days 4, 6, and 8. (E)
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respectively) (Figure 1B). Furthermore, there were significantly
more Vero cells growing directly on Cytodex 1 microcarriers versus
Collagen-Coated (p = 0.0296) or BioNOC II (p = 0.0296), but no dif-
ference in the number of Vero cells growing on Cytodex 1 versus Cy-
todex 3 (p = 0.9048) (Figure 1C). Although Cytodex 1 and Cytodex 3
both supported Vero cell growth, we selected Cytodex 1 for further
investigation because it is less expensive and does not contain ani-
mal-derived collagen.

Our next objective was to optimize Vero cell growth on Cytodex 1. To
achieve this, we first tested a range of microcarrier densities (4 or
6 g/L) and Vero cell seeding densities (2.5 or 5 cpm) for 8 days of cul-
ture, with 70% of the medium replaced on days 4, 6, and 8. These ex-
periments showed that altering cpm significantly affected Vero cell
growth kinetics, whereas altering Cytodex 1 density had minimal ef-
fect (Figure 1D). Specifically, on day 8 both 4 g/L 5 cpm and 6 g/L
5 cpm conditions supported higher cell densities than the 2.5-cpm
conditions (p = 0.0458 and 0.0069, respectively). Indeed, both 4 g/L
5 cpm and 6 g/L 5 cpm had over 80% microcarrier occupancy on
day 8 (Figure 1E). With no significant difference between 4 and
6 g/L, we selected 6 g/L of Cytodex 1 and 5 cpm for further optimiza-
tion given the greater available surface area for cell growth.

We then sought to optimize nutrient content within the cell culture
medium. A total of 6 g/L of Cytodex 1 and 5 cpm were cultured
with 70% medium changes on days 4, 6, and 8. Medium samples
were collected before and after each change, which showed D-glucose
concentrations frequently falling below 1 g/L (Figure 1F, blue line), a
limit past which both cell growth and viability are known to
decline.29,37,38 L-Glutamine was also quantified to estimate amino
acid depletion in the culture medium (Figure 1F, purple line), but
levels stayed above 2 mM.13,26 In an attempt to improve the medium,
we tested whether 10 mM HEPES buffer and D-glucose top-ups (to
maintain levels above 1 g/L) enable better Vero cell growth. In these
experiments, 125 mL bioreactor cultures were established using 6 g/L
of Cytodex 1 and 5 cpm, with 70% medium changes on days 2, 4, and
6, or days 4, 6, and 8, for 6- and 8-day runs, respectively. Within each
run-length group, bioreactor cultures were fed normal medium or
medium supplemented with 10 mM HEPES and D-glucose. Interest-
ingly, the final cell counts for 6-day normal medium runs were similar
to those of 8-day normal medium runs (p = 0.1172), which suggests
that more-frequent medium changes allow the run length to be short-
ened by 2 days without sacrificing cell yield (Figure 1G). Although
normal and modified medium 6-day runs showed no significant
Microcarrier loading percentage for bioreactor runs in (D) after 8 days of culture.

pm grown for 8 days on 6 g/L Cytodex 1with 70%medium replacements on days 4,

ncentrations below 1 mM. (G) Cell concentration from Vero cell cultures containing
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difference in cell growth, we nevertheless selected modified medium
for further studies to avoid D-glucose depletion (Figure 1H).

Finally, we sought to scale up the optimized 6-day Vero cell growth
protocol with modified medium to 1-L bioreactors. Here, bioreactor
runs had 6 g/L of Cytodex 1 with 5 cpm, 70% medium changes on
days 2, 4, and 6, and D-glucose top-ups on days 1, 3, and 5. A total
of 10 mM HEPES was also added to all of the cell culture medium.
In these experiments, Vero cell growth was nearly identical in either
125-mL or 1 L-bioreactors (p = 0.7586) (Figure 1I). This scalable pro-
tocol for establishing a high-yield Vero cell culture in stirred-tank bio-
reactors is summarized in Figure 1J.

Production of VSV-DG-SCTD21 and VSV-DG-SOmicron-CTD21-GFP

in stirred-tank bioreactors

Using the optimized Vero cell culture protocol described above, we
evaluated the production of VSV-DG-SCTD21, a replicating viral-
vectored rVSV vaccine pseudotyped with the ancestral SARS-
CoV-2 strain S protein, against a standard plate-based method for
virus production. First, we sought to optimize MOI for both plates
(Figure S1) and 125-mL bioreactors (Figure S2). Virus titers gener-
ated by plates or bioreactors infected at various MOIs showed no sig-
nificant difference after 72 h of infection. Second, we infected either
plates or 125-mL bioreactors with an MOI of 0.05 plaque-forming
unit (PFU)/cell and medium was harvested and titered at the indi-
cated time points. Plate-based production resulted in a peak mean
titer of 7.02 ± 0.05 � 106 PFU/mL at 24 h postinfection (hpi) that
decreased to 1.84 ± 0.30 � 106 PFU/mL at 72 hpi, whereas 125-mL
bioreactor-based production resulted in a mean titer of 3.63 ±

2.38 � 107 PFU/mL at 24 hpi that further increased to 5.88 ±

2.59 � 107 PFU/mL by 72 hpi (Figure 2A). Cytopathic effect (CPE)
was also seen in all growth conditions (Figure 2B). We also sought
to examine virus production when scaled up to 1 L. VSV-DG-
SCTD21 growth was similar in 125-mL and 1-L bioreactors; however,
the 1-L bioreactors had a higher mean cell-specific virus yield of
45.7 ± 12.2 PFU/cell compared to 8.57 ± 2.60 PFU/cell in 125-mL bio-
reactors (Table S1).

Next, we compared the production of an rVSV pseudotyped with the
BA.1 omicron S protein, VSV-DG-SOmicron-CTD21-GFP, again in
plates and bioreactors. Using the same optimized culturing condi-
tions (Figure 1J), VSV-DG-SOmicron-CTD21-GFP reached a mean titer
of 3.75 ± 0.35 � 106 PFU/mL at 48 h that further increased to 5.58 ±
0.35 � 106 PFU/mL at 72 h in the 125-mL bioreactors (Figure 2C).
Meanwhile, plates had a peak titer of 1.09 ± 0.02 � 106 PFU/mL at
48 h that decreased to 8.59 ± 4.12 � 105 PFU/mL at 72 h The
125-mL bioreactors had a significantly higher titer than plates at
72 h (p = 0.0282). Scaling up to the 1-L bioreactor produced similar
titers to the 125-mL bioreactor runs at each time point (Figure 2C).
Despite this, the PFU/cell yield for this omicron variant was
highest in plates at 3.70 ± 0.07 PFU/cell compared to 1.12 ± 0.06
and 1.82 PFU/cell in 125-mL and 1-L bioreactors, respectively
(Table S1). In addition, VSV-DG-SOmicron-CTD21-GFP caused more
syncytia-like morphology both on plates and microcarriers with less
4 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
CPE (Figure 2D). The virus infection protocol and the downstream
processing steps for bioreactors are summarized in Figure 2E.

Characterization of VSV-DG-SCTD21 produced in stirred-tank

bioreactors

Finally, we wanted to compare the physical and functional proper-
ties of VSV-DG-SCTD21 produced by either the plate- or bioreactor-
based method. Defective interfering (DI) particles are noninfec-
tious viral genome–containing particles generated during viral
replication. Many viruses, including VSV,39 make DIs that have
been shown to trigger the innate immune response.40 To determine
the ratio of DI particles to infectious particles, we used a tunable
resistive pulse sensing (TRPS) instrument, which allows for single
particle–based quantification and size profiling. This revealed no
significant difference in the ratio of infectious to noninfectious
viral particles generated in plates versus bioreactors (4.75 ±

1.12 �102 and 3.89 ± 0.66 �102 particles:PFU, respectively,
p = 0.5085) (Figure S3).

Next, we sought to determine the immunogenicity of VSV-DG-
SCTD21 produced by either the plate- or bioreactor-based method.
We used Golden Syrian hamsters for these studies, which are an
established model system for recapitulating respiratory disease
caused by SARS-CoV-2 and generating neutralizing antibodies
(nAbs) in response to SARS-CoV-2 vaccination.41,42 Golden Syrian
hamsters were immunized with 1 � 103 PFU VSV-DG-SCTD21
delivered intranasally, using plate- or bioreactor-produced vaccine
(Figure 3A). Blood was collected over 28 days for measuring
serum neutralizing titer 50 (NT50), determined by a pseudovirus
plaque reduction neutralization test (PRNT) using both ancestral
and omicron SARS-CoV-2 S-pseudotyped rVSVs. Vaccination
with either plate- or bioreactor-produced VSV-DG-SCTD21 gener-
ated a sharp initial increase in serum nAb titers against both the
ancestral and omicron variant S-pseudotyped rVSVs (Figures 3B
and 3C). nAb titers against the ancestral S-pseudotyped rVSV
steadily increased up to 28 days postvaccination, with no signifi-
cant difference between plate- or bioreactor-produced virus (Fig-
ure S4). In contrast, nAb titers against the omicron SARS-CoV-2
S-pseudotyped rVSV plateaued after the initial increase. However,
there was still no significant difference between plate or bioreactor
produced virus.

Taken together, these data demonstrate that VSV-DG-SCTD21 pro-
duced using stirred-tank bioreactors were physically and functionally
like those produced using conventional plate-based manufacturing.
Stirred-tank bioreactors grew cells to a higher density, had greater
cell-specific virus yield, and produced higher-titer ancestral strain
S-pseudotyped rVSV for a reduced cost compared to plate-based
manufacturing (Tables S1 and S2).

DISCUSSION
Scalable virus manufacturing is essential to the production of both
live and inactivated viral-vectored vaccines. Replicating viral vectors
not only provide promise as vaccines but also play a critical role in
024
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Figure 2. Optimization of VSV-DG-SCTD21 and VSV-DG-SOmicron-CTD21-GFP production in 125-mL and 1-L bioreactors

(A) Growth curves with VSV-DG-SCTD21 in plate- and bioreactor-based virus production runs. We infected 145-cm2 tissue culture plates and 125-mL and 1-L Celstir

bioreactors at an MOI of 0.05 PFU/cell. Cultures were harvested at the indicated times and titered on Vero cells. (B) Bright-field images of Vero cells in a 145-cm2 plate or

crystal violet–stained Vero cells grown on Cytodex 1 microcarriers in 125-mL Celstir bioreactors. Cultures were infected with an MOI of 0.05 PFU/cell with VSV-DG-SCTD21.

Scale bar, 360 mm. (C) Growth curves with VSV-DG-SOmicron-CTD21-GFP in plate- and bioreactor-based virus production runs. We infected 145-cm2 tissue culture plates and

125-mL and 1-L bioreactors with an MOI of 0.002 PFU/cell and harvested at the indicated times and titered on Vero cells. (D) Bright-field images of Vero cells in a 145-cm2

plate or crystal violet–stained Vero cells grown on Cytodex 1 microcarriers in 125-mL bioreactors. Cultures were infected with an MOI of 0.002 PFU/cell with VSV-DG-

SOmicron-CTD21-GFP. Scale bar, 360 mm. (E) Schematic of optimized 72-h VSV-DG-SCTD21 virus production protocol in 125-mL and 1-L Celstir bioreactors. Mean ± SD is

shown. Two-way ANOVA using Sidak’s HSD was used in (A) and (B). For (A), n = 2 for plates, n = 4 for 125-mL and 1-L bioreactors. p values from pairwise comparisons

between plates and 125-mL bioreactors are shown below the line graph; comparisons between 125-mL and 1-L bioreactors are shown above the line graph. For (B), n = 2 for

plates, n = 2 for 125-mL bioreactor, and n = 1 for 1-L bioreactor. p values are generated only from comparisons between plates and 125-mL bioreactors.
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basic research (e.g., understanding pathogenic virus entry mecha-
nisms19) and diagnostic assays (e.g., PRNTs9). The COVID-19
pandemic has resulted in an unprecedented development of vaccines,
but a major bottleneck for viral-vectored vaccine production is
scalability. Here, we show a multifactor optimization of Vero cell
Molecu
growth in stirred-tank bioreactors and the scalable production
of a replication-competent pseudotyped rVSV expressing the
SARS-CoV-2 ancestral (VSV-DG-SCTD21) and omicron S (VSV-
DG-SOmicron-CTD21-GFP) that could also be adapted for other viral-
vectored vaccines.
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Figure 3. Characterization of virus produced using

bioreactors

(A) Animal experiment schematic of retro-orbital (RO) bleed

schedule. (B) Mean NT50 values using VSV-DM51-DG-

SCTD21-GFP in vitro from animals vaccinated intranasally

with 1 � 103 PFU of plate- or 1-L bioreactor-produced

pellet stocks of VSV-DG-SCTD21. (C) Mean NT50 values

using VSV-DG-SOmicron-CTD21-GFP in vitro from animals

vaccinated intranasally with 1 � 103 PFU of plate- or 1-L

bioreactor-produced pellet stocks of VSV-DG-SCTD21.

Mean ± SD is shown. Two-way ANOVA using Sidak’s

HSD was used in (B) and (C). For (B) and (C), n = 4.
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Although several cell lines have been used as virus manufacturing
platforms, Vero cells are the most widely accepted continuous
adherent cell line for manufacturing human viral vaccines.24,43 Orig-
inating from the African vervet monkey, these cells have been used for
decades to produce polio and rabies vaccines, with an absence of
interferon production and oncogenic properties, making them a
safe and attractive platform for human use.25 In this study, we were
interested in exploring microcarriers in stirred-tank bioreactors as a
cost-effective solution for lab-based scalable vaccine production. In
general, monolayer cultures using roller bottles or multilayer cultures
such as the Corning HYPERStack cell culture vessels have been used
for virus manufacturing. However, at larger scales, these systems can
become labor intensive and difficult to monitor. More recently, fixed-
or packed-bed bioreactors systems such as the CelCradle and iCELLis
have been developed. These systems have been shown to reach Vero
cell densities of 4.0–6.7 �106 cells/mL.44–46 However, they are not
well suited for lab-scale virus production, having high upfront costs
and difficult cell visualization.

Stirred-tank bioreactors are widely used in cell culture–based viral
vaccine production and provide an efficient and cost-effective plat-
form. We therefore compared several common microcarriers, Cyto-
dex 1, Cytodex 3, collagen-coated, and BioNOC II, and found that Cy-
todex 1 and 3 supported cell growth similarly in initial 4-day cultures.
Our batch-mode 125-mL bioreactors had a mean cell density of
4.62 ± 0.42 �106 cells/mL after first optimizing microcarrier and
inoculum concentrations. Similarly, Trabelsi et al. achieved cell den-
sities of 3.6 ± 0.2�106 cells/mL on 6 g/L of Cytodex 1 after optimizing
microcarrier concentration,47 with several additional studies report-
ing efficient Vero cell growth on Cytodex 1 microcarriers.47–49 Mean-
while, our BioNOC II carriers only achieved cell densities of 6.37 ±

7.65 �104 cells/mL, which is lower than other reports using fixed-
bed systems.44 This may be due to our use of a stirred-tank bioreactor
instead of a tide-motion bioreactor. Supplementation with HEPES
buffer and D-glucose top-ups achieved mean final cell densities of
5.28 ± 1.36 �106 cells/mL in 125-mL stirred-tank bioreactors in
6 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
6 days as compared to 4.78 ± 0.08 �106 cells/
mL in the original 6-day fed-batch protocol.
The manufacturing process was successfully
scaled up to 1-L bioreactors while maintaining
cell densities at 3.95 ± 0.42 �106 cells/mL. Over-
all, our optimization of the fed-batch process was able to achieve
similar or higher cell densities as those reported in the literature for
serum-containing cultures.

A recent report from Ton et al. showed successful scaling of Vero cells
on Cytodex 1 or similar Cytodex 1-Gamma microcarriers from 2 to
2,000 L using commercial serum-free medium in a comparable fed-
batch system.50 The full description of their Good Manufacturing
Practice (GMP)-scale bioreactor protocols provides a potential
pathway for larger-scale production beyond our 1-L system using
the parameters optimized here. However, the microcarrier and inoc-
ulum densities they used were shown to be less effective in our system,
limiting their cell densities and virus titers of an rVSV-SARS-CoV-2
vaccine to a maximum of 2.7 �106 cells/mL and 2.9 � 107 PFU/mL,
respectively.

Although we attempted to optimize the MOI used for our plate- and
bioreactor-based virus production, we found no effect of increasing
MOI from 0.01 to 0.10 PFU/cell on VSV-DG-SCTD21 growth or
peak titer. Although this was unexpected, Rosen et al. also found no
significant difference in peak medium titer when inoculating with
MOIs of 0.001–1.0 PFU/cell of VSV-DG-S in a serum-free Ambr15
system.51 In addition, our 1-L bioreactor peak mean titer of 2.05 ±

0.58 � 108 PFU/mL for rVSV-DG-SCTD21 is similar to their titer for
a comparable vaccine (rVSV-DG-S) of 1.5–3.5 � 108 PFU/mL in a
14-mL microbioreactor at 37�C. With VSV-DG-SOmicron-CTD21-
GFP, our mean medium titer of 5.58 ± 0.35 � 106 PFU/mL in
125-mL bioreactors is, to our knowledge, the first described for an
omicron S-pseudotyped rVSV in a bioreactor system. The lower virus
titers for omicron S-pseudotyped rVSV suggest that further optimiza-
tion is needed to improve the yield of this virus.

These successful small-scale culture protocols can allow larger
batches of vaccine doses to be prepared for preclinical work during
future pandemic responses. A 1-L bioreactor was able to produce
higher total cell numbers, greater PFU/cell, and reduced cost/PFU,
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while occupying a smaller area inside an incubator and using a similar
run length compared to plate-based production of the ancestral strain
S-pseudotyped rVSV. In addition, plastic waste is reduced signifi-
cantly compared to single-use tissue culture dishes. Using peak titers
of ancestral strain S-pseudotyped rVSV, it would take 272 plates to
culture the same number of cells as a single 1-L bioreactor, and
1,284 plates to produce the same amount of PFUs (Table S1). Being
more efficient and scalable than plate-based production, this well-
optimized process could also be used to produce virus that is suitable
for vaccine challenge studies, diagnostic assays, and fundamental vac-
cine and virology research.

The limitations of our study include the small size of each experi-
mental group. This substantially affected our statistical power, espe-
cially when the effect size was small or the biological variability was
high. As such, our interpretations are sometimes based on nonsignif-
icant data trends.We also only tested virus production usingwild-type
Vero (CCL-81) cells. Further titer increases may be achievable with
Vero cells ectopically expressing angiotensin-converting enzyme 2
(ACE2) and/or TMPRSS2.52 We also did not test every commercially
available microcarrier or optimize every manufacturing parameter.
Improvements could be made by converting our system to micropo-
rous microcarriers such as CultiSpher-G to obtain higher cell yields.
The porous features of the CultiSpher-G microcarriers have been
shown to yield 3-fold higher cell densities than onCytodex 1.53 Others
have shown improvements in virus production, including reducing
the temperature to 32.5�C –34�C.13,50,54,55 We may also produce
higher cell densities and virus yields using perfusion as demonstrated
for other vectors.56 Finally, transitioning to serum-free medium as
others have done with rVSV-ZEBOV and rVSV-SARS-CoV-2 would
help align with GMP when expanding beyond a 1-L scale.13,50,55

In summary, our study provides a method for producing high titer
and functional SARS-CoV-2 ancestral strain and omicron variant
BA.1 S-pseudotyped rVSV using a laboratory-scale stirred-tank
bioreactor. Assuming the middle human vaccine dose used in the
IIBR-100 vaccine clinical trial of 1 � 106 PFU,23 approximately
200,000 doses could be manufactured from a 1-L culture, and there
is likely still room for additional optimization and improvement.
The method is scalable, amenable to GMP, and likely transferrable
to the production of other viruses and vaccines in Vero cells.

MATERIALS AND METHODS
Animals and study design

Animal experiments and procedures were approved by the University
of Calgary Health Sciences Animal Care Committee (AC20-0053).
Animal health and wellness was monitored using the Health Sciences
Animal Care Committee Rodent Wellness Assessment form and
standard operating procedure. Male Golden Syrian hamsters
6–8 weeks old (Charles River, strain code no. 049) were vaccinated
by intranasal inoculation. Anesthetized animals were inoculated
with 1 �103 PFU of VSV-DG-SCTD21 in 25 mL delivered dropwise
into the nostrils of the hamster under anesthesia. Animals were
randomly allocated to groups, and group sizes are indicated within
Molecu
each figure legend. Blood was collected by retro-orbital bleeding in
accordance with University of Calgary animal care protocols, and
serum was harvested and stored using a standard procedure. At the
end of the study, hamsters were humanely euthanized via cardiac
puncture while under isoflurane anesthesia.

Cell lines

Vero (CCL-81) cells were obtained from the American Type Culture
Collection. The Lenti-X 293T (catalog no. 632180) cell line was ob-
tained from Takara Bio. Vero and Lenti-X 293T cell lines were main-
tained in DMEM (Thermo Fisher Scientific, catalog no. 11965118)
medium supplemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, catalog no. 12484028) and were cultured at 37�C in
5% CO2 at high humidity. All of the lines were routinely tested for,
and found free of, mycoplasma, either by Hoechst 33342 staining
(Thermo Fisher Scientific) and fluorescence imaging or using the
LookOut Mycoplasma PCR detection kit (Sigma-Aldrich).

Spike pseudotyped VSV

pVSV-DG-SCTD21 and VSV-DG-SOmicron-CTD21 plasmids were con-
structed by replacing the native VSV (Indiana strain) glycoprotein
sequence with the Wuhan-Hu-1 (GenBank: MN908947.3) or BA.1
isolates (GenBank: OL672836.1) of SARS-CoV-2 S sequence that
was codon optimized by GenScript USA for human expression
from VSV and contained a 21-amino acid deletion in the cytoplasmic
tail. GFP-expressing viruses were also constructed by introducing the
sequence downstream of S. To rescue infectious virions, Lenti-X 293T
cells constitutively expressing human ACE2 were infected with
vaccinia virus encoding the T7 RNA polymerase. Cells were then
transfected with plasmids encoding VSV N, P, L, and G, and pVSV
plasmid described above. Rescued virus was collected 72 h posttrans-
fection, clarified (15 min at 3,000 � g), and filtered twice through a
0.22-mm filter. Virus was triple plaque purified on Vero cells and
clones were verified by next-generation sequencing to contain no
erroneous mutations with greater than 10% read frequency. Viral
stocks were prepared by infecting Vero cells at an MOI of
0.02 PFU/cell. At 72 hpi, medium was collected and clarified
(15 min at 3,000 � g). Virus was then pelleted with the J-Lite JLA-
10.500 Fixed-Angle Rotor (Beckman Coulter) at 18,600 � g and
4�C and then resuspended in PBS, aliquoted, and stored at �80�C.

Plate-based virus preparation

Viral stocks were prepared by infecting Vero cells at an MOI of 0.05
or 0.002 PFU/cell for VSV-DG-SCTD21 and VSV-DG-SOmicron-CTD21-
GFP, respectively. At 72 hpi, medium was collected and clarified
(15 min at 3,000 � g). Virus was then pelleted with the J-Lite JLA-
10.500 Fixed-Angle Rotor (Beckman Coulter) at 18,600 � g and
4�C, then resuspended in PBS, aliquoted, and stored at �80�C.

Bioreactor setup

Initial setup

The 125-mL or 1-L Celstir spinner flasks (catalog nos. 356876 and
356884) were assembled and siliconized using Sigmacote (Millipore
Sigma, catalog no. SL2-100ML) according to the manufacturers’
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 7
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instructions. Cytodex 1, 2,200 cm2/L (Cytiva, catalog no. 17044801),
Cytodex 3 (Cytiva, catalog no. 17048502), collagen-coated (Corning,
catalog no. 3786), and BioNOC II (Chemglass Life Sciences, catalog
no. CLS-1344-01) were rehydrated and sterilized in siliconized Erlen-
meyer flasks according to their respective manufacturer’s instruc-
tions. After this microcarrier comparison, 6 g/L of Cytodex 1 was
consistently used. Microcarriers were rinsed with DMEM supple-
mented with 10% FBS and 100 U/mL penicillin-streptomycin
(Thermo Fisher Scientific, catalog no. 15140122) before being trans-
ferred to a sterilized bioreactor using a siliconized 5-mL glass pipette.
The working volume was increased to 70% using the medium above
and allowed to equilibrate at 37�C in 5% CO2 and a 60 rpm stirring
rate for a minimum of 3 h. Unless stated otherwise, bioreactors
were inoculated with 5 cells per microcarrier. After 24 h, the working
volume was increased to 100%.

Medium changes

The 6-day bioreactor run schedule had medium changes on days 2, 4,
and 6; the 8-day schedule had medium changes on days 4, 6, and 8.
Medium changes began with the removal of a 3.5-mL sample while
the impeller was spinning at 60 rpm to obtain an evenly distributed
microcarrier sample. An additional 0.5-mL sample was collected
from the clear overlying medium once the impeller stopped and mi-
crocarriers had settled to the bottom. A total of 70% of the bioreactor
medium was then removed via tilting and carefully pipetting the cul-
ture medium out without aspirating anymicrocarriers. Freshmedium
was then added to restore the working volume to 100% and the biore-
actor was returned to incubation at 37�C, 5% CO2, high humidity,
and a 60-rpm stirring rate.

Infection

The 6-day bioreactor run schedule had infection on day 6; the 8-day
schedule had infection on day 8. After 70% of the culture medium
was removed during the final medium change, fresh culture
medium was added to restore the working volume to 70%, and the
bioreactor was returned to the incubator while cell counts were per-
formed. Using the bioreactor’s total cell count, the cells were infected
at an MOI of 0.01, 0.03, 0.05, or 0.10 PFU/cell using VSV-DG-SCTD21
from a plate viral stock added directly to the bioreactor medium. The
infection was allowed to progress at 70% working volume for 90 min
incubating at 37�C, 5% CO2, high humidity, and a 60-rpm stirring
rate before culture medium was added to increase the working volume
to 100%.

Harvesting

Bioreactors incubated for 72 h after infection before the impeller was
stopped, microcarriers settled, and all of the infected culture medium
was collected via careful pipetting at an angle. The infected medium
was clarified, concentrated, and stored as described above.

Medium modifications

A concentrated D-glucose stock was prepared by dissolving 13.81 g
of D-glucose in 50 mL DMEM (which already contains 4.5 g/L
D-glucose) and filter sterilizing the solution through a 0.22-mm filter
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to produce a 307.5-g/L stock. The top-up volume was 1 mL for the
125-mL bioreactor runs and 8 mL for the 1-L bioreactor runs, which
was accounted for during subsequent medium changes to ensure a
constant working volume of 125 mL or 1 L. Bioreactor runs with
modified medium had 10 mMHEPES (Thermo Fisher Scientific, cat-
alog no. 15630106) always added and D-glucose top-ups added peri-
odically on days 1, 3, and 5 for 6-day bioreactor run schedules and
days 2, 5, and 7 for 8-day schedules.

Crystal violet cell counts, imaging, and microcarrier loading

estimates

Cells were counted in triplicate as described by Rourou et al.29 Briefly,
3 mL of the 3.5-mL Vero cell culture sample was divided into three
1-mL aliquots, washed 3 times with 700 mL PBS, and then treated
in 700 mL of 0.1 M citric acid (Millipore Sigma, catalog no. 251275)
containing 0.1% crystal violet (Millipore Sigma, catalog no. C6158)
and 0.1% Triton X-100 (Millipore Sigma, catalog no. X100), and incu-
bated at least for 1 h at 37�C. The released nuclei were counted using a
hemacytometer. For imaging, the remaining 500 mL of the 3.5-mL
sample was added to a 6-well polystyrene plate containing 750 mL
PBS and 20 mL 0.5% crystal violet in >99.9% methanol (Millipore
Sigma, catalog no. MX0486) for 10 min. A total of 750 mL of a 30%
Percoll (Cytiva, catalog no. 17089102) in PBS mounting solution
was added to the stained sample, gently mixed, and then microcar-
riers were immediately imaged using an Echo Revolve inverted mi-
croscope and counted.

D-Glucose quantification

Medium samples were collected and stored at �80�C until use.
Samples were diluted 2- or 5-fold in ultrapure distilled water
(Thermo Fisher, catalog no. 10977015) and analyzed in triplicate us-
ing a D-glucose assay kit in a 96-well plate format (Megazyme, catalog
no. K-GLUC) per the manufacturer’s instructions. Briefly, D-glucose
was converted to the pink compound quinoneimine by reacting with
glucose oxidase followed by peroxidase. D-Glucose concentrations
were quantified based on each processed sample’s absorbance at
510 nm using a SpectraMax i3 plate reader (Molecular Devices),
with each absorbance value averaged from duplicate readings and
the path length corrected to 1 cm.

L-Glutamine quantification

Medium samples were collected and stored at �80�C until use.
Samples were diluted 25-fold in ultrapure distilled water and
analyzed in duplicate using an L-glutamine assay kit in a 96-well
plate format (Abcam, catalog no. ab197011) per the manufacturer’s
instructions. Briefly, L-glutamine was converted to L-glutamate and
ammonium by reacting with glutaminase, followed by the ammo-
nium by-products reacting with a proprietary developer enzyme
to produce an L-glutamine-equivalent amount of an unknown
yellow compound. L-Glutamine concentrations were quantified
based on each processed sample’s absorbance at 450 nm using a
SpectraMax i3 plate reader (Molecular Devices), with each absor-
bance value averaged from duplicate readings and the path length
corrected to 1 cm.
024
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Titering

Medium from infected cells was collected at the indicated times.
This medium was diluted in serum free DMEM and plated in dupli-
cate on Vero cells in 6-well plates. Infected Vero cells were cultured
in DMEM supplemented with 5% FBS containing 1% carboxy-
methyl cellulose (CMC) (Millipore Sigma, catalog no. C5013) for
3 days, and then fixed and stained with crystal violet. Where
possible, plaque counts were determined from wells containing
30–150 plaques.

Particle counting

Virus particles were quantified using TRPS with the Izon qNano Par-
ticle Counter (IZON Science) per the manufacturer’s instructions.
Briefly, calibration beads and virus samples were diluted in PBS
with 0.1% Tween 20 detergent (Millipore Sigma, catalog no.
P1379). Samples were run on a 150-nm pore (IZON Science, catalog
no. NP150) until 1,000 events were captured. IZON Control Suite 3.2
software was used to process the data and determine the particle con-
centration and size.

PRNT

For the pseudovirus PRNT assays, Vero cells were seeded into
96-well plates at 2 �104 cells/well. Hamster serum was heat inac-
tivated for 30 min at 56�C, then 2-fold serially diluted in PBS.
Diluted serum was mixed 1:1 with 100 PFU of replication-compe-
tent VSV pseudotyped with the S gene of ancestral SARS-CoV-2
containing a 21-amino acid C-terminal truncation and expressing
GFP (VSV-DM51-DG-SCTD21-GFP) or VSV-DG-SOmicron-CTD21-
GFP (as described above) to a final serum dilution of 1:32 to
1:1,024. Serum-virus mixture was incubated for 1 h at 37�C and
then added to Vero cells and incubated for 1 h at 37�C. DMEM
supplemented with 5% FBS containing 1% CMC was then added
and the cells were incubated at 37�C for 24 h. GFP+ plaques
were imaged at 4� magnification using an InCell 6000 (Cytiva)
and counted automatically using the MIPAR image analysis suite.
The dilution achieving 50% neutralization (NT50) was estimated by
nonlinear regression curve fit using GraphPad Prism 9.1.1
(GraphPad Software). All of the samples were run in duplicate
by a blinded technician.

Statistical analyses

Data analysis was performed using GraphPad Prism 9.1.1. Statistical
significance was given when p values were <0.05. Statistical tests,
number of animals or samples, average values, and statistical compar-
ison groups are indicated in the figure legends. All of the values are
reported as mean ± SD.
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Figure S1: Growth curves of VSV-ΔG-SCT∆21 in tissue-culture plates. 145 cm2 tissue culture 

plates were infected at indicated MOIs (pfu/cell) with VSV-∆G-SCT∆21. Cultures were harvested 

at the indicated times and titered on Vero cells. Mean ± SD is shown (n=2). 

 

 

Figure S2: Growth curves with VSV-ΔG-SCT∆21 in 125 mL bioreactors. Cultures were 

infected at indicated MOIs (pfu/cell) with VSV-∆G-SCT∆21. Cultures were harvested at the 

indicated times and titered on Vero cells. Mean ± SD is shown, n=2. 
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Figure S3: Particle to pfu ratio of VSV-ΔG-SCT∆21 as measured by Tunable Resistive Pulse 

Sensing (TRPS). Virus was produced in 145 cm2 tissue culture plates or 125 mL Celstir 

bioreactors as described in Materials and Methods. Mean ± SD is shown and two-tailed t-test 

was used, n=3-4.  
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Figure S4: Neutralization against ancestral SARS-CoV-2 pseudovirus measured in serum 

harvested from hamsters. Hamsters were vaccinated with a single intranasal (IN) injection of 

1×103 pfu VSV-∆G-SCT∆21 of plate- or bioreactor-based virus. Serum neutralizing antibody titers 

were monitored over 28 days by pseudovirus PRNT assay using either VSV-∆M51-∆G-SCT∆21-

GFP or VSV-∆G-SOmicron-CT∆21-GFP in vitro. Mean ± SD is shown, n=4.  
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Table S1: Comparison of plate-based and bioreactor-based Vero growth and VSV-∆G-

SCT∆21 and VSV-∆G-SOmicron-CT∆21-GFP production. *Determined using the peak virus titers in 

the culture medium at 24 or 48 hpi for plates and 72 hpi for both bioreactor sizes. **n=1 for 1 L. 

 1 145 cm2 

Plate 

125 mL 

Bioreactor 

1 L Bioreactor 

Available growth area (cm2) 145 2 200 26 400 

Mean cells per cm2 1.00 + 0. 64 

×105 

2.98 + 0.47 

×105 

1.49 + 0.16 

×105 

Mean total cells grown 1.45 + 0.93 

×107 

6.55 + 1.02 

×108 

3.95 + 0.42 

×109 

Mean peak* virus yield for VSV-∆G-SCT∆21 

(pfu/mL) 

7.02 + 0.05 

×106 

5.88 + 2.59 

×107 

2.05 + 0.58 

×108 

Mean peak* cell-specific virus yield for 

VSV-∆G-SCT∆21 (pfu/cell) 

9.68 + 4.46 8.57 + 2.60 45.77 + 12.2 

Mean peak* virus yield for VSV-∆G-

SOmicron-CT∆21 (pfu/mL) 

1.09 + 0.02 

×106 

5.58 + 0.35 

×106 

5.50 ×106** 

Mean peak* cell-specific virus yield for 

VSV-∆G-SOmicron-CT∆21 (pfu/cell) 

3.70 + 0.07 1.12 + 0.06 1.82** 

Number of plates/runs that would produce 

an equivalent number of mean total cells 

272 plates 6 runs 1 run 

Number of plates/runs that would produce 

an equivalent number of mean total pfu of 

VSV-∆G-SCT∆21 

1284 plates 32 runs 1 run 
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Table S2: Cost considerations for plate-based and bioreactor-based Vero growth and VSV-

∆G-SCT∆21 production. 

 1 145 cm2 

Plate 

125 mL 

Bioreactor 

1 L Bioreactor 

Fixed costs (USD) $20.12 $31.70 $54.63 

Variable costs (USD) $31.62 $143.83 $965.36 

Cost per million pfu (USD) $0.37 + $0.00 $0.03 + $0.02 <$0.01 + 

$0.00 
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