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Abstract Fixed-bed bioreactors packed with macro-
carriers show great potential to be used for vaccine
process development and large-scale production due
to distinguishing features of low shear force, high cell
adhering surface area, and easy replacement of culture
media in situ. As an initial step of utilizing this type of
bioreactors for Pseudorabies virus production (PRV)
by African green monkey kidney (Vero) cells, we
developed a tube-fixed-bed bioreactor in the previous
study, which represents a scale-down model for
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further process optimization. By using this scale-
down model, here we evaluated impacts of two
strategies (use of serum-free medium and low cell
inoculum density) on PRV production, which have
benefits of simplifying downstream process and
reducing risk of contamination. We first compared
Vero cell cultures with different media, bioreactors
and inoculum densities, and conclude that cell growth
with serum-free medium is comparable to that with
serum-containing medium in tube-fixed-bed bioreac-
tor, and low inoculum density supports cell growth
only in this bioreactor. Next, we applied serum-free
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medium and low inoculum cell density for PRV
production. By optimization of time of infection
(TOI), multiplicity of infection (MOI) and the har-
vesting strategy, we obtained total amount of virus
particles ~ 9 logy TCIDs, at 5 days post-infection
(dpi) in the tube-fixed-bed bioreactor. This process
was then scaled up by 25-fold to a Xcell 1-L fixed-bed
bioreactor, which yields totally virus particles of 10.5
log;o TCIDsg, corresponding to ~ 3 x 10° doses of
vaccine. The process studied in this work holds
promise to be developed as a generic platform for
the production of vaccines for animal and human
health.

Keywords Fixed-bed bioreactor - Scale-down - Low
cell inoculum density - Serum-free - Pseudorabies
virus

Introduction

Pseudorabies virus (PRV) is a member of the family
Herpesviridae and the causative agent of Aujeszky’s
disease (Dong et al. 2014; Nauwynck et al. 2007),
which is consider to be the most economically
devastating viral disease for swine industry. Swine is
the natural host of PRV, but other mammals, including
cattle, sheep and goats, can also be infected. Nowa-
days, attenuated live or inactivated vaccines have been
developed and applied to prevent swine from this fatal
disease in industry (Slivac et al. 2006; Wittmann
1991), among which the strain PRV Bartha-K61 is the
most common one used worldwide (Green 1986;
McFerran and Dow 1975).

Chick embryo fibroblasts (CEF), BHK-21 fibrob-
last cell line and Swine testicular (ST) cell line were
used for PRV production (Onyekaba et al. 1987; Srcek
et al. 2004), while Vero cells from the kidney of an
African green monkey are mammalian cell lines
regularly used for human vaccine production (Barrett
et al. 2017; Organization 1987). Considering high
safety and productivity of Vero cells, along with the
broad market of PRV, we intend to develop an
optimized industry-scale process of using such cell
lines for PRV production.

Regarding to large-scale production of adherent
Vero cell-based vaccines, stirred tank bioreactors
(STR bioreactors) with microcarriers and fixed-bed
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bioreactors with macrocarriers are the two main
systems used for process development (Wen and
Yang 2011). Shear force is typically generated by
agitation and collisions between microcarriers in STR
bioreactors, which causes cell damage (Cherry and
Papoutsakis 1986; Wen and Yang 2011). In contrast,
fixed-bed bioreactors contain statically packed macro-
carriers where cells adhere and grow, and the design
results in physical sequestration of cells from the
agitation system, which greatly reduces shear force
and hence becomes more preferred for vaccine
production (Meuwly et al. 2007; Wen and Yang
2011). In our previous study, we successfully devel-
oped and characterized the tube-bed-fixed bioreactor,
a scale-down model of fixed-bed bioreactors, which
was used for PRV production by Vero cells in a serum-
containing medium with initial cell inoculum density
of 2 x 10 cells/mL (Nie et al. 2019).

Serum in culture media and cell inoculum density
are two key factors impacting the whole process of
vaccine production. Serum is typically supplied in a
mammalian cell culture medium, which provides
growth factors and attachment factors supporting cell
growth. However, addition of serum also increases
potential risk of virus contamination, as well as costs
of down-stream process (Toriniwa and Komiya 2007).
As an alternative, serum-free media for adherent
mammalian cells have been developed and success-
fully used for vaccine production in STR bioreactors
and fixed-bed bioreactors (Mattos et al. 2015;
Toriniwa and Komiya 2007), in which recombinant
growth factors and attachment factors are additionally
supplied (Gallo-Ramirez et al. 2015; Varani et al.
1993). Cells become more sensitive in a serum-free
medium than in a serum-containing medium, since
quite a few components of serum increase viscosity
and hence protect cells from shear force (Ozturk and
Palsson 1991). This issue can be solved through
addition of the shear protectant Pluronic F-68 (Wu
1999; Zhang et al. 1992).

Large-scale production of vaccine by mammalian
cells requires considerable seed inoculum, and hence
use of great number of seed fermenters (such as roller
bottles or Cell Factory systems). Not only this rises
cost, but more importantly, manual operations in a
large-scale process increase risk of contamination
during inoculation. Meanwhile, gene expression and
phenotype can vary between low passage and high
passage cell lines, which is related to the so-called
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passage number effects and should be seriously
considered (Abdul-Hamid et al. 2019; Krell 1996).
Reduced inoculum density is thus desired. Since cells
are able to adhere, migrate and then propagate on
macrocarriers (Gallo-Ramirez et al. 2015), fixed-bed
bioreactors may provide a solution for effective
vaccine production with low inoculum density.

In this study, we validated PRV production by Vero
cells in fixed-bed bioreactors using serum-free med-
ium with low inoculum density. We first verified that
the tube-fixed-bed bioreactor developed in previous
study (Nie et al. 2019) is suitable for Vero cell culture
in serum-free medium with low inoculum density. We
then optimized TOI, MOI and the harvesting strategy
for PRV production. Finally, this process was scaled-
up by 25-fold to a 1 L Xcell fixed-bed bioreactor,
which totally yields virus particles of 10.5 log;o
TCIDs, corresponding to ~ 3 X 10° doses of vac-
cine. Such process could be developed as a generic
platform for production of other vaccines for animal
and human health.

Materials and methods
Culture media, cell line and virus strain

The ready-to-use Vero-A serum-free medium was
purchased from TBD (TBD Science, Cat. No.
JNVASO001, China). To protect cells from shear force,
Pluronic F-68 (Gibco, Cat. No. 24040032, USA) was
supplemented into this medium with final concentra-
tion of 0.75 mL/L in all experiments. The DMEM
medium (HyClone, Cat. No. SH30243.01, USA)
supplemented with 10% fetal bovine serum (Biolog-
ical Industries, Cat. No. 04-001-1ACS, Israel) was
used as the serum-containing medium.

Adherent Vero cells were obtained from ATCC
(CCL-81) and pre-cultured in a T-flask (Thermo
Scientific Nunc, Cat. No. 156367, USA) with serum-
containing medium at 37 °C and 5% CO, atmosphere.
Before inoculation, sub-culture was prepared by
passing seed culture three times with serum-free
medium using direct adaptation strategy according to
TrypLE Express Enzyme (GIBCO, Cat. No.
12605028, USA) user manual.

PRV strain Bartha-K61 was obtained from Zhe-
jilang Ceva Ebvac Biotech Co., Ltd. (Hangzhou,
China). Bartha-K61 continuously passed three times

through Vero cells in the serum-free medium to
produce working seed virus. Virus stocks were stored
in 1-mL aliquots (7.5 log;o TCIDsy/mL) at — 70 °C.

Cell cultures in the tube-fixed-bed bioreactor
and the spinner flask

As for culture in tube-fixed-bed bioreactor, Vero cells
were inoculated into 20 mL working media. Culture
media were replaced with fresh media daily post
inoculation. Cells were grown at 37 °C, 50 rpm and
5% CO, atmosphere. As for culture in 250 mL spinner
flasks, Vero cells were inoculated into 50 mL culture
media with 4 g/l Cytodex-1 microcarriers (GE
Healthcare, Cat. No.17-0448-04, Sweden). Half cul-
ture media were replaced daily with fresh media when
glucose concentration was lower than 1.5 g/L. Normal
inoculum density and low inoculum density are
2 x 10° cells/mL and 5 x 10 cells/mL, respectively.
Samples were taken daily to measure cell density and
metabolites (glucose and lactate) in supernatants.
Experiments were run in triplicate.

Optimization of PRV production in the tube-fixed-
bed bioreactor

Vero cells grown in serum-free medium were infected
by PRV with different doses (MOI = 0.0001, 0.001,
0.01, 0.05, 0.1) and at different time points (TOI = day
3, 5 and 7). Three harvesting strategies were com-
pared, including “one harvest” (no medium replaced),
“half-medium harvest” (50% medium replaced with
fresh medium daily) and “full-medium harvest”
(100% medium replaced with fresh medium daily).
Samples were collected daily to measure virus titer by
a TCIDs, assay described in Sect. “Analytical meth-
ods” below, and experiments were carried out in
duplicate.

PRV production in a Xcell 1-L fixed-bed
bioreactor

PRV production was scaled up to a Xcell 1-L fixed-
bed bioreactor, using the serum-free medium. Two
inoculum densities (2 x 10° cells/mL and 5 x 10*
cells/mL) were compared. MOI = 0.001, TOI = day 3
(for normal inoculum density) and TOI = day 6 (for
low inoculum density), and full-harvest process were
optimized parameters used. Temperature was set to
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37 °C, pH was maintained at 7.2 by injection of CO,
or addition of 7.5% (w/v) NaHCO;, and pO, was
controlled at 50% air-saturation by injecting air or
pure oxygen. Experiments were carried out in
duplicate.

Analytical methods

Cell density was measured using crystal violet staining
method (Ho et al. 2004; Nie et al. 2019). Macrocarriers
in a tube-fixed-bed bioreactor or microcarriers from a
spinner flask, attached with adherent Vero cells, were
transferred into a centrifuge tube, mixed with crystal
violet reagent (0.1% crystal violet in 0.1 M citric acid
solution), incubated in water bath for 2 h at 37 °C and
shaked with interval to detach cells from carriers.
Cells were counted using blood cell counting chamber
and hence cell density was calculated.

Concentrations of glucose and lactate in culture
media were determined using commercially available
enzymatic kits (Nanjing Jiancheng Bioengineering
Institute, Cat. No. F006-1-1 & Cat. No. A019-2-1,
China).

PRV titer was quantified by the median endpoint of
a tissue culture’s infectious dose (TCIDs) described
by (Liu et al. 2011). Cytopathic effects (CPE) in
infected Vero cells were counted and the TCIDs,
value was calculated by the Reed-Muench method
(MUENCH 1937). Number of virus particles was
calculated by multiplying virus titer (TCIDsy/mL)
with volume of the medium harvested (mL). Cumu-
lative virus particles were summation of virus particles
harvested each day. All assays were performed in
duplicate.

Results
Culture of Vero cells in the serum-free medium

PRV production in fixed-bed bioreactors with serum-
containing medium was described in our previous
work (Nie et al. 2019). Due to obvious advantages of
serum-free medium in vaccine production, we first
compared growth of Vero cells in these two media
with normal inoculum density (2 x 10° cells/mL). As
shown in Fig. 1a, during seven days of culture, serum-
containing medium supported better cell growth than
serum-free medium in either tube-fixed-bed bioreactor
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or spinner flask. Serum-free medium was refreshed
daily in tube-fixed-bed bioreactor, while only half of
the used medium in spinner flask was refreshed daily,
due to lack of a filter module to separate microcarriers
from the medium completely. This may help to
explain the observed more glucose (Fig. 1c) and less
lactate (Fig. 1d) detected in tube-fixed-bed bioreactor,
and hence better cell growth (Fig. 1a). Next, we briefly
evaluated morphological characteristics of adherent
Vero cells grown on the microcarriers in serum-free
medium with serum-containing medium on day 3 and
day 7, which indicates Vero cells are able to propagate
well on both media (Fig. 1b). Based on results above,
we conclude that with normal inoculum density, Vero
cells are able to grow in either serum-containing
medium or serum-free medium, although better in the
former. However, difference is almost negligible in
the tube-fixed-bed bioreactor (Fig. 1a).

Next, we examined growth of Vero cells with
reduced inoculum densities (Fig. 2). We set inoculum
densities 5 x 10* cells/mL for tube-fixed-bed biore-
actor and 1.8 x 10* cells/mL for spinner flask,
respectively, which results in equal cell density per
surface area of the carriers (1 x 10° cells/cm?). As
shown in Fig. 2a, after 14 days of culture in tube-
fixed-bed bioreactor, Vero cells were grown to
1.1 x 107 cells/mL in serum-containing medium and
7.7 x 10° cells/mL in serum-free medium, respec-
tively, which are 220-fold and 154-fold over the initial
density. In comparison, after 14 days of culture in
spinner flask, Vero cells reached 3.2 x 10° cells/mL
in serum-containing medium and only 2 x 10’ cells/
mL in serum-free medium, respectively, which repre-
sent 178-fold and only 11-fold over the initial density.
Actually, cells were grown very poorly with serum-
free medium in spinner flask (Fig. 2a). We also
measured glucose and lactate during these culture
processes. Besides the case of poor cell growth in
spinner flask with serum-free medium (no fresh media
replaced due to low nutrients consumption), all other
three culturing processes follow the trend that faster
growing cells consume more glucose and accumulate
more lactate (Fig. 2b, c). With low inoculum density,
Vero cells grown in serum-free medium reached 70%
final density of that in serum-containing medium in
tube-fixed-bed bioreactor.

To summarize, Vero cells show close (slightly
inferior) growth in serum-free medium to serum-
containing medium. But considering its potential
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Fig. 1 Comparison of Vero cell growth in tube-fixed-bed
bioreactor and in spinner flask, with inoculum density 2 x 10°
cells/mL. a Cell growth with serum-free medium and serum-
containing medium. b Glucose and ¢ lactate concentrations
measured from culture media. Tube-fixed-bed bioreactor with
serum-containing medium (open circle); tube-fixed-bed biore-
actor with serum-free medium (open square); spinner flask with

benefits of avoiding virus contamination and simpli-
fying down-stream process, we still used it for
following PRV production in fix-bed bioreactors.

-

serum-containing medium (open inverted triangle); spinner
flask with serum-containing medium (open triangle). d Micro-
scopic images of Vero cells on Cytodex 1 microcarriers in
serum-free medium and serum-containing medium at day 3 and
day 7. Scale bars represent 200 um. Standard deviations are for
triplicate flasks/bioreactors

PRV production and process optimization in tube-
fixed-bed bioreactor

We then infected Vero cells with PRV and optimized
its production process in serum-free medium in tube-
fixed-bed bioreactor by evaluating different TOIs,
MOIs and harvesting strategies, similar to our

@ Springer



Biotechnol Lett (2020) 42:2551-2560

2556

28
L 9
£z
g = 7
BAOANAANANAMANNNANANAMANNANNNNANNNNY g S 1RR0RRRIIRIIRIIRRHRIRKY - 1)
i PIIHXXIHXHXICIXXIHXHIHXHX XXX AKX AXKXIHXHXHXRIK 0 5
%mﬁxxxx“xxxxunxxxxuﬁuﬁxxxu“xxxu Vi B3
A Y £ E
7 NN ER I |\ 7777777777777 772777/7%
TAAAAAAAAAAN AN NN 71 & e
- <+ PO <+ \ 'S
Srrriiidiiiiiirereiiz U | NN {
3
% 7, £z Y 7|
S \AAAAAAAAANANAA NN AN NAANNNANY EE R IIIKIRIIKLIR e ~
ettt ettt Tttt ettt tetotetotetotetetetotes e POSSIBSSISIIISISIIISIIEIIEI 0~ c & 2
R a R ldbeeeerrizta B g 5 [N | ©
) AT R = £ .5 -
o 9
7 g Rl £ E W 7777777777777, E
= AGETHHTHTERTRTRRERETRTRERERYY & LoR e ssares S
- BB e~ = = m
N ULl bl e zeererrrrrrrid |
. |
RGN NN NN Y T\ B
m, M,m, L7 S S S SRR w 3 PRI —
R — > — DO DDD- — R
L 2 8 3 & W 0027272707 ! RN
2wt KR FETFS Y s s
o000 oo = <
EEE eeecee 777777777777, S _o
\[<14 ATy, =233 2 AAAALAARANANANNNNNNY ﬂ . S
N m % e NNl RERSIBIIBES N
N}:17 mmmm& SN . . ; : . > !
r T T T T T T T T r T T T T T T T T T o > oo o < (o] =3
I=N %) o~ . N3 v <t o o —_ o o ) ~ 6 s} <+ o o~ — (=1 - ]A w _;ﬁ:U,_. .:mc vhuu: snap
< (1w L "3op) o snup g (1w @iod “'Soy) s snup ST SO
("drpl o) soronged snaia oApeNUINY
" ) " m m = m 2
- + £E£2¥35
o] 1 — - o S = @
N 2= S
e =] @ 2 235
mb _Of B g % m4 =
‘2 o) P N ~ < =<2 O
g a — w O .5
8~ 5 5&a, =
=8 — — ] W @ X o4
g < " T §7 2«
EEm = S 5 48— 5§
22 & B 2 wg O
% %v g A~ O~ = S g =
=8 A m he] = =2 Q 5 M
PR =E) ~ QO O <
2808 ®© 9 ®q o5 85 2
PR g E B _S8&ES
0 0 o= R=| o =
g2 m m e TR o x5°3% =
55949 © © TETZ S
ho i e BN L= o ]
00 £ 327 99
ol " " ER R
Lo 9] =
PR 5 XX g
KK oHn < < = = 2
I B DIET) N
b9 m m = w ..W ~ %
S
EER Y - T zeE2 X
| &t N N BmE S m 2
86 b4 Y2 E2 5
A - - =~ =353
P BE3g°=
K= >
[ T T T T T T 4 T T T T r T T T T T = =5 8
+ a4 © o0 v T A kY 154 ] 2 v a Q < b S " < (3] .W = = ~
- = = . g
« (1w \m:uowoc Ausuap 112D o (J/|0Wwu) UONBIIUIIUOD ISOIN[D) © (1/j0ww) uonenuaduod ayeoe| e m X S
= .2n

¢ lactate concentration. Tube-fixed-bed bioreactor with serum-
containing medium (open circle); tube-fixed-bed bioreactor

with serum-free medium (open square); spinner flask with

serum-containing medium (open inverted triangle);

Fig. 3 PRV production process optimization in tube-fixed-bed

b MOI

(0.0001, 0.001, 0.01, 0.05, and 0.1) and ¢ harvest strategies (one

day 5 and day 7),

>

bioreactor. Effects of a TOIs (day 3

spinner

harvest, half-medium harvest and full-medium harvest) on PRV

flask with serum-containing medium (open triangle). Standard

deviations are for triplicate flasks/bioreactors

virus titers and cumulative total virus

particles are shown in columns and lines, respectively. One

yield were tested. In ¢

>

triangle); full-medium harvest (KRN, open inverted triangle).

harvest (ZZ4, open square); half-medium harvest (3, open
Standard deviations are for duplicate bioreactors

previous study in serum-containing medium (Nie et al.

2019).

We first tested effect of TOI on PRV production

with normal inoculum density of Vero cells (2 x 10°

pringer

as



Biotechnol Lett (2020) 42:2551-2560

cells/mL). As shown in Fig. 3a, the highest virus titer
reached 7.7 log;o TCIDso/mL at 4 days post infection
(dpi) with TOI = day 3. In general, virus titer reached
the plateau at 2 dpi, and TOI = day 3 and day 5
resulted in similar PRV titer, higher than TOI = day 7.
Therefore, TOI = day 3 was chosen for the following
experiments. We next evaluated effect of MOI on PRV
production (Fig. 3a). PRV titer also reached the
plateau at 2 dpi, and obviously higher MOI resulted
in lower virus production. The highest virus titer
reached 7.6 log;y TCIDs¢/mL at 3 dpi with MOI of
0.001, which was applied in the following experi-
ments. We finally tested different virus harvesting
strategies on PRV production (Fig. 3c). Virus titers
varied among different strategies, but there’s a trend
that virus titer decreases with increased daily refreshed
medium at 5 dpi, which is probably due to detachment
of infected cells from macrocarriers and subsequently
removal from bioreactors during change of the
medium. However, full-medium harvesting strategy
indeed increased total PRV yield. We obtained
cumulative PRV virus particles of 9.3 log,o TCIDs,
at 5 dpi in a total of 100 mL virus-containing medium
by this strategy, as compared to 8.9 log;, TCIDs, by
one harvesting and 9.1 log;y TCIDs( by half-medium
harvesting, respectively (Fig. 3c).

We next examined effect of reduced Vero cell
inoculum density (5 x 10* cells/mL) on PRV pro-
duction. This time we applied TOI =day 6 for
infection with virus (MOI = 0.001) in tube-fixed-bed
bioreactor, when cell density reached the similar value
(~ 1.2 x 10° cells/mL) at TOI = day 3 at normal
inoculum density. In this case, the highest daily virus
titer and the highest cumulative PRV particles reached
7.31og;o TCIDso/mL at 2 dpi and 8.9 log;, TCID5g at 5
dpi, respectively (Fig. 4), which are close to normal
inoculum density.

PRV production in a Xcell 1-L fixed-bed
bioreactor

Finally, we scaled up PRV production from the tube-
fixed-bed bioreactor to the Xcell 1-L fixed-bed
bioreactor with normal (2 x 10° cells/mL) and low
(5 x 10* cells/mL) densities, using process parame-
ters optimized in previous section: MOI = 0.001,
TOI = day 3 (for normal inoculum density) and
TOI = day 6 (for low inoculum density), and full-
medium harvesting strategy. As shown in Fig. 4 and
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Fig. 4 PRV production in tube-fixed-bed bioreactor (low cell
inoculum density of 5 x 10* cells/mL (ZZZ, open inverted
triangle)) and Xcell 1 L fixed-bed bioreactor (normal cell
inoculum density of 2 x 10° cells/mL (B, filled square), low
cell inoculum density of 5 x 10* cells/mL (XY, 0pen square)).
Virus titers and cumulative virus particles are shown in columns
and lines, respectively. Error bars represent standard deviations
from two independent determinations

compared to Fig. 3, two bioreactors show similar virus
titers at each dpi, and in this 1-L bioreactor two
inoculum densities resulted in comparable total virus
particles. With low inoculum density, the highest virus
titer reached 7.5 log;y TCIDso/mL at 2 dpi and the
highest cumulative virus particles reached 10.5 log;g
TCIDs, from a total of 2.5 L PRV-containing medium
at 5 dpi, which corresponds to 3.1 x 10° doses of
vaccine [one vaccine dose requires 5.0 log;o TCID5y/
mL (Srcek et al. 2004)].

Discussion

The attenuated modified live Bartha-K61 virus is
nowadays used worldwide to control pseudorabies,
providing sound protection against PRV challenge in
growing pigs (Zhou et al. 2017). Development of PRV
vaccine production process include two steps: (1)
Optimization of production by continuous cell lines
(BHK-21 cells, swine testicular cells and PK-15 cells)
in scale-down models (T-flasks, roller bottles or lab-
scale bioreactors) (Slivac et al. 2006). Key process
parameters, such as MOI, TOI (Hu et al. 2008; Silva
et al. 2008; Yuk et al. 2006) and harvesting strategy
(Srcek et al. 2004; Tapia et al. 2014), are optimized to
improve virus yield in this step. Especially by using
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tube-fixed-bed bioreactors, optimization can be done
in a high through-put manner (Nie et al. 2019); (2)
Large-scale production by STR bioreactors with
microcarriers or fixed-bed bioreactors with macrocar-
riers (Gallo-Ramirez et al. 2015). STR bioreactors
with microcarriers (surface-to-mass ratio 4400 cm2/g,
2-12 g/L (Bock et al. 2011) in culture) are commonly
used for virus production, due to several merits
including quasi-suspension and bead-to-bead transfer
process (Gallo-Ramirez et al. 2015). A sparger is
introduced into the bottom of a STR bioreactor, which
helps to improve oxygen transfer efficiency. However,
shear force (caused by the stirred impeller or break of
bubbles) and collision (between microcarriers or
between impeller and microcarriers) often result in
severe cell damage and hence sub-optimal PRV
production (Cherry and Papoutsakis 1986; Wen and
Yang 2011).

As an alternative, fixed-bed bioreactors with
macrocarriers overcome limitations of STR bioreac-
tors, and have gained growing attention in culture of
mammalian cells in past a few years (Portner et al.
2007). This type of bioreactors uses a unique mixing
strategy which allows separation of cells from foams
and hence protects them from shear force caused by
break of bubbles (Wang et al. 1995). Meanwhile, the
impeller of a fixed-bed bioreactor is typically designed
far away from static macrocarriers, where cells adhere,
which further avoids the negative impact of shear
force on cells (Wen and Yang 2011). This type of
bioreactor also allows easy full-medium exchange
without loss of cells during the culturing process,
which enables replenishment of nutrients (e.g. glu-
cose) and removal of accumulated metabolites that
impair cell growth (e.g. lactate). In contrast, spinner
flask or STR bioreactor only allows replacement of up
to 70% media. Therefore, fixed-bed bioreactor has
been widely applied for production of antibodies and
virus vaccines (Gallo-Ramirez et al. 2015; Meuwly
et al. 2007). We also developed a tube-fixed bed
bioreactor in the previous study, which represents a
scale-down model of a large-scale fixed-bed bioreac-
tors (Nie et al. 2019). The only demerit of fixed-bed
bioreactors is that cells adhere to macrocarriers, so that
cell density can only be estimated based on concen-
trations of metabolites, such as glutamine or glucose
(Kaufman et al. 2000; Tapia et al. 2014).

In order to achieve optimized large-scale vaccine
production in a fixed-bed bioreactor, two factors,

@ Springer

serum in the medium and cell inoculum density, also
need to be seriously considered. As for an important
component for mammalian cell culture, animal serum
provides nutrients, hormones and growth factors for
cell growth, which is widely used for virus production
(Butler 2015). However, addition of serum also results
in complication of the downstream purification pro-
cess and increases risk of virus contamination, espe-
cially for production of biopharmaceuticals (Butler
2015). In some special cases, serum in media even
needs to be removed in the upstream process. For
example, the hemagglutinin glycoprotein HA needs be
cleaved into HA| and HA, by trypsin to achieve cell
infection for influenza virus production (Le Ru et al.
2010). Presence of serum leads to loss of trypsin
activity and thus it must be removed before virus
infection (Le Ru et al. 2010). Therefore, use of serum-
free medium began to draw attention in recent years in
pharmaceutical industry, which overcomes drawbacks
of using serum-containing media (Butler 2015; Genzel
and Reichl 2009; Huang et al. 2015). Cells grown in
serum-free media show increased sensitivity to shear
force due to impaired adhesive ability on macrocar-
riers without serum (Ozturk and Palsson 1991), but
this issue typically can be solved through addition of
shear protectant Pluronic F-68 (Wu 1999). In this
study, we comprehensively investigated growth of
Vero cells in a serum-free medium with different
culture conditions. We found use of serum-free
medium resulted ~ 30% less cell density than
serum-containing medium (2.5 x 10° cells/mL vs.
3.7 x 10° cells/mL) after seven days in spinner flask.
When culture was transferred into tube-fixed bed
bioreactor, cell densities in both serum-free and
serum-containing media reached similar level
(> 5 x 10° cells/mL), which may be due to signifi-
cantly reduced shear stress. These values are all at
close range from other reports of bioreactors with
different process parameters (1.5-3.6 x 10° cells/mL
in batch mode and 1 x 107 cells/mL in recirculation
mode in serum-containing media of STR with micro-
carriers (Silva et al. 2008; Trabelsi et al. 2006), and
1.8-2.5 x 10° cells/mL in in serum-free media VP-
SFM (Liu et al. 2011; Rourou et al. 2007).
Traditional expansion in roller bottles or Cell
Factory systems is still the most common method to
prepare inoculum for virus production in fixed-bed
bioreactor. Thus substantial numbers of vessels are
needed for large-scale culture process, and hence risk
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of contamination increases. Since cells are able to
migrant and propagate on macrocarriers in fixed-bed
bioreactor, we hypothesized inoculation of Vero cells
with low inoculum density is possible. In this study,
we tested cell growth with inoculum density of
5 x 10* cells/mL (equal to 1042 cells/cm?), fourfold
lower than the normal inoculum density. In this case,
cells are able to grow up either in serum-containing
medium or serum-free medium. During the first eight
days of culture, cell densities are comparable for two
media. At the end of culture on 14th day, cell density
in serum-free medium still shows 70% of that in
serum-containing medium (Fig. 2a). In contrast, low
inoculum density resulted in poor growth in spinner
flask, which is probably due to high shear force in this
type of bioreactor (Fig. 2a).

We then applied PRV production in tube-fixed-bed
bioreactor using serum-free medium. TOI = day 3,
MOI = 0.001 and full-harvesting strategy turned out
to be the optimal parameters, which resulted in
cumulative virus particles of ~ 9 log;y TCIDs, at 5
dpi for either normal inoculum density or low
inoculum density. Such process was then finally
scale-up to a Xcell 1-L fixed-bed bioreactor, which
gives cumulative virus particles of 10.5 log;o TCIDs5
in totally 2.5 L PRV containing medium, which
corresponds to 3.1 x 10° doses of vaccine.

In summary, we investigated PRV production
process with serum-free medium and low inoculum
density in fixed-bed bioreactors, which proves its
comparable performance to the strategy with serum-
containing medium and normal inoculum density in
our previous study (Nie et al. 2019). Such strategy has
benefits of simplifying downstream process and
reducing risk of contamination, which holds potential
as a generic platform for producing other vaccines for
animal and human health.
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