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Process intensification for Peste des Petites Ruminants Virus (PPRV) vaccine production in anchorage
dependent Vero cells is challenging, involving substantial amount of bioprocess development.
In this study, we describe the implementation of a new, scalable bioprocess for PPRV vaccine produc-

tion in Vero cells using serum-free medium (SFM), microcarrier technology in stirred-tank bioreactors
(STB), in-situ cell detachment from microcarriers and perfusion. Vero cells were successfully adapted
to ProVeroTM-1 SFM, reaching growth rates similar to serum-containing cultures (0.030 1/h vs 0.026 1/h,
respectively). An in-situ cell detachment method was successfully implemented, with efficiencies above
85%. Up to 2.5-fold increase in maximum cell concentration was obtained using perfusion when com-
pared to batch culture. Combining perfusion with the in-situ cell detachment method enabled the
scale-up to 20 L STB directly from a 2 L STB, surpassing the need for a mid-scale platform (i.e. 5 L STB)
and thus reducing seed train duration. Head-to-head comparison of cell growth and PPRV production
in the 2 L and 20 L STB was performed, and no significant differences could be observed. Estimated infec-
tious PPRV titers in Tissue Culture Infection Dose (TCID50) (TCID50/mL = 5 � 106 and TCID50/cell = 5) are
within the log-range reported in literature for PPRV production in STB and SFM by Silva et al. (2008), thus
confirming the feasibility and scalability of the seed train designed [1].
The novel and scalable vaccine production process herein proposed has the potential to assist the

upcoming Peste des Petites Ruminants (PPR) Global Eradication Program (targeted by FAAO for 2030)
by providing African local and/or regional manufacturers with a platform capable of generating over
25,000 doses of Nigeria 75/1 strain in just 19 days using a 20 L STB.
� 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Presently, the most effective manner to control PPR in endemic
Peste des Petites Ruminants (PPR) is a highly contagious disease
affecting small ruminants in Africa, Middle East and India [2]. Dis-
ease is caused by a Morbillivirus virus from the Paramyxoviridae
family, antigenically related to the Rinderpest virus [2,3]. With a
relevant negative economic impact of 1.45–2.1 billion USD per year
[4], it is estimated that more than 60% of global domestic small
ruminant population (greater than1.2 billion) is at risk of getting
infected with PPRV [5]; PPR has become the next veterinary dis-
ease for eradication (targeted by FAAO for 2030), after the success-
ful eradication of Rinderpest in 2011 [6,7].
regions is vaccination [8]. PPR vaccine Nigeria strain 75/1 is the
only vaccine authorized for sheep and goats immunization confer-
ring solid protection for periods of 3 years using low viral concen-
tration vaccine doses of approximately 103 TCID50/dose [9–13].
PPRV Nigeria strain 75/1 was attenuated in Vero (African green
monkey kidney) cell cultures [11] and is currently produced using
the same cell line in planar, 2D culture systems (e.g. roller-bottle
and cell factory) [1]. To support the upcoming PPR global eradica-
tion program, a novel vaccine production process capable of sur-
passing the bottlenecks of these methodologies (i.e. high cost and
limited scalability) is essential. The platform implemented by Silva
et al. (2008) provides already a step forward in that direction, with
microcarrier-based stirring cultures (spinner flasks) and serum-
free medium (SFM) being used for PPR vaccine production [1].
However, further developments are still needed such as the imple-
mentation of scalable production systems (e.g. STB) and reduction
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of production time using process intensification (e.g. in-situ cell
detachment and perfusion).

Vero cells are traditionally cultured in serum containing med-
ium (SCM) [14–16]. However, the un-defined composition, batch-
to-batch variability and contamination source of serum makes it
an highly undesirable supplement in vaccine production processes
[17]. Adapting a cell to SFM might be challenging, as the beneficial
effect of serum on protecting cells from shear stress is lost, com-
monly interfering with its growth and virus production ability
[18]. This becomes more evident at large-scale, with the added
(negative) impact of O2 and CO2 gradients on cell’s physiological
state [19]. Despite the difficulties, Vero cells growth in SFM has
been successfully demonstrated [1,20–22].

Anchorage dependent cell culture at industrial scale requires
the use of microcarrier’s technology. Determining the agitation
requirements for microcarrier-based bioreactor cultures is key for
a successful scale-up strategy. It must guarantee homogenous
environment while avoiding exposing cells to shear stress levels
that induce cell growth cessation, detachment or death [18]. An
engineering evaluation of culture systems and operation condi-
tions is critical for a successful implementation of this technology
during scale-up of a vaccine production process [23]. In STB, scale-
up is generally performed keeping constant bioengineering param-
eters such as energy dissipation rate (EDR), Kolmogorov eddy size
(KES) and shear stress rate (SSR) [24,25]. Several authors have
established threshold for those parameters [26–29]. Nonetheless,
scale-up is not linear [30] and must be dealt on the case-by-case
basis; keeping low shear levels while maintaining STB homoge-
nous state, avoiding microcarriers sedimentation [18] and main-
taining cell growth [24,25].

The culture of anchorage dependent cells for seed-train prepa-
ration requires cell detachment from microcarriers. This is mostly
performed by enzymatic digestion using recombinant and non-
animal derived proteases or trypsin-like enzymes, and requires
complex steps such as PBS washing (removal of proteases inhibi-
tion proteins) and addition of proteases inhibitors [31]. Non-
enzymatic procedures are less reported, but theoretically reduce
cell damaged or limit changes cell’s phenotype [32,33]. Cell migra-
tion by bead-to-bead cell transfer is one example [34], a technique
highly dependent on cell line and nature of the microcarrier
[31,35]. Recently, Nienow and co-workers (2014) described a
new protocol for mesenchymal stem cell harvesting combining
enzymatic and mechanical detachment [36]. The method is based
on the theory that short periods of intense agitation in the pres-
ence of a suitable enzyme should enhance cell detachment from
relatively large microcarriers. The results shown by the authors
are promising; however, this routine has not been described for
larger-scale settings than 5 L STB.

Perfusion is a commonly used operation mode to control the
macro-environment of a given culture, maximizing cell growth
and product formation [37]. It can be also used to achieve high-
cell density cultures during seed-train preparation [38,39], sur-
passing mid-scale platform and thus reducing seed-train prepara-
tion time.

In this study, we developed of a new, scalable bioprocess for
PPRV vaccine production in Vero cells using SFM, microcarrier
technology in STB, in-situ cell detachment from microcarriers and
perfusion. This platform is capable of generating over 25,000 doses
of Nigeria 75/1 strain in just 19 days using a 20 L STB.

2. Material and methods

2.1. Cell line and culture conditions

Vero African Green monkey kidney cells (Catalog number
84113001, ECACC) routinely culture in DMEM supplemented with
10% (v/v) of FBS were adapted to grow in ProVeroTM-1 serum free
medium (SFM) (Lonza) supplemented with 5 lg/L of Epithelial
Growth Factor (EGF) and 0.1% (v/v) Pluronic� F-68. At the end of
the adaptation process, a master cell bank was generated by freez-
ing cells in CryoStor� CS-10 cryopreservation medium (Sigma) and
stored in N2 liquid (vapor phase).

2.1.1. Growth in static culture
Cells were routinely sub-cultured to 1–2 � 104 cell/cm2 every

3–4 days when confluency is reached in tissue culture flasks
(225 cm2) or roller-bottles (1700 cm2) using TrypLE Select Enzyme
(1�) (Gibco) for cell detachment and Trypsin inhibitor (1 mg/mL,
dissolved in cell culture medium) (Sigma) for protease inactivation.
Cultures were kept at 37 �C in humidified atmosphere of 5% CO2.

2.1.2. Growth in stirred tanks
Spinner cultures were performed in Wheaton� vessels (125 mL

working volume – wv) at 37 �C and 50 rpm. Cells were seeded at a
concentration of 0.1 � 106 cell/mL and cultured on 3 g/L of
CytodexTM-1 microcarrier (prepared according to manufacturing
instructions). Microcarrier colonization was promoted using con-
tinuous stirring.

Bioreactor cultures were performed in Biostat DCU-3 (2 L wv)
and Biostat Cplus (20 L wv) (Sartorius). All bioreactors were
equipped with two 3-blade segment impellers, 30� angled, appro-
priate for homogeneous mixing at low shear rates. An internal
stainless steel spin-filter (cell-microcarrier retention device) of
pore size 75 lm (Sartorius) was mounted on the 2 L STB only for
perfusion cultures. STB process control and monitoring were car-
ried out using Multi Fermenter Control Software (Sartorius). Dis-
solved oxygen was controlled at 40% (in air) by sequentially
varying the percentage of N2 and O2 in gas inlet using a dual aera-
tion strategy: (i) 0–2 days post-inoculation, aeration was per-
formed via headspace at 0.1 vvm; (ii) >2 days post-inoculation,
aeration was performed via submerged ring-sparger with pore
diameter of 0.8 mm (0.005 vvm). Anti-foam C (Sigma) at a concen-
tration of 0.01% (v/v) was added before starting sparging aeration.
pH was controlled at 7.2 using the addition of CO2 or NaHCO3.
Temperature was set to 37 �C. Stirring conditions were defined
based on bioengineering correlations (see Section 2.5 and Table 1).
Cells were seeded at a concentration of 0.1 � 106 cell/mL and cul-
tured on 3 g/L of CytodexTM-1 microcarrier. Microcarrier coloniza-
tion was promoted using intermittent stirring for 5 h: ON for
2 min at corresponding NFS (Table 1) and OFF for 18 min. For per-
fusion cultures, cells were grown to 0.4 � 106 cell/mL (day 2), after
which a dilution rate of 0.5–1 d-1 was applied to maintain glu-
tamine and glucose above limiting concentrations, 1.5 and 5 mM,
respectively.

2.2. Vero cells detachment from microcarriers

2.2.1. Enzymatic method
The enzymatic method consisted in: (i) turn off agitation and

allow microcarriers to settle-down for 15 min; (ii) remove spent
medium and wash microcarriers twice with PBS at 50 RPM (Spin-
ner) or 60 RPM (2 L STB) for 10 min; (iii) remove PBS and add Try-
pLE Select (ratio of 1.5 volumes of TrypLE Select to 1 volume of
settled microcarriers); (iv) agitate continuously the cell-
microcarriers suspension for 20–25 min at 50 RPM (Spinner) or
60 RPM (2 L STB); (v) add Trypsin inhibitor (1 mg/mL, dissolved
in cell culture medium) (ratio of 1 volumes of Trypsin inhibitor
to 1 volume of TrypLE Select) once maximum cell detachment is
reached; (vi) turn off agitation and allow microcarriers to settle-
down for 20 min; (vii) harvest supernatant-containing cells and
centrifuge at 200 xg for 10 min; and (viii) re-suspend cell pellet
in SFM. All steps were performed at 37 �C.



Table 1
Operational conditions for microcarrier-based bioreactor cultures.

Bioreactor scale (L) 2 20

Agitation rate for off-bottom suspension of microcarriers, NFS (RPM) 120 65

Agitation rate for cell culture, NC (RPM) 70–99 33–47

Mean specific energy dissipation rate, E
�
T (�103 W/kg or m2 s�3)

E
�
T ¼ P0 �N3 �D5

i
V

Average 0.5–1.4 0.5–1.4

Maximum local energy dissipation rate, ETð Þmax (�103 W/kg or m2 s�3)

ETð Þmax ¼ P0 � N3 � D2
i : � T

2H
V

At impeller Asm #1 8–22 5–14

ETð Þmax ¼ P0 �N3 �:D3
i

ðp=4Þ�Wi

Asm #2 20–57 11–31

Kolmogorov length scale, k (lm)

k ¼
ffiffiffiffi
m3
e

4
q

Average 164–126 164–126

At impeller Asm #1 82–63 91–70
Asm #2 64–50 75–58

Shear stress rate, s (N/m2)

s ¼ e
m
� �1

2 � l Average 0.02–0.03 0.02–0.03

At impeller Asm #1 0.07–0.12 0.06–0.10
Asm #2 0.12–0.20 0.09–0.15

Tip speed, TS (m/s)
TS ¼ p � N � Di At Impeller 0.20–0.29 0.24–0.34

Bioreactor and impeller specifications

Bioreactor Type Biostat DCU-3 Biostat Cplus
Working volume (L) 2 20
Diameter (m) 0.122 0.26
Height (m) 0.18 0.38

Impeller Type 3-blade segment, 30� angled
Diameter (m) 0.055 0.136
Width (m) 0.02 0.06

Di (m) - impeller diameter; H (m) - STB height; N (1/s) - stirring rate; P0 (dimensionless) - power number for the impeller; T (m) - STB diameter; V (m3) - STB working volume;
Vimp (m3) - volume swept out by the impeller as it rotates; Wi (m) - impeller blade width; m (m2/s) - kinematic viscosity; l (N�s�m2) - viscosity of the fluid.

M. Sousa et al. / Vaccine 37 (2019) 7041–7051 7043
2.2.2. Enzymatic-mechanical method
The enzymatic and mechanical method consisted in: (i) turn off

agitation and allow microcarriers to settled-down; (ii) remove
spent medium and add TrypLE Select at a ratio of 1.5 volumes of
TrypLE Select to 1 volume of settled microcarriers; (iii) agitate con-
tinuously the cell-microcarriers suspension for 4 cycles of 7 min at
155 rpm, with a 5 s pulse at 250 rpm in between cycles; (iv) add
Trypsin inhibitor (1 mg/mL, dissolved in cell culture medium) once
maximum cell detachment is reached, at a ratio of 1 volume of
Trypsin inhibitor to 1 volume of TrypLE Select. All steps were per-
formed at 37 �C.

2.2.3. Detachment efficiency
The detachment efficiency of Vero cells from microcarriers, Deff

(%), was defined as:

Deff ¼ Nvc;AD=Nvc;BD � 100% ð1Þ
where Nvc,AD is the number of viable cells in suspension obtained
after the detachment protocol and Nvc,BD is the number of viable
cells expected in the culture prior to detachment frommicrocarriers
as estimated by crystal violet staining and trypan blue dye exclu-
sion methods (see Section 2.6.1 for details).

2.3. Bead-to-bead transfer of Vero cells

Vero cells were cultured on 3 g/L of CytodexTM-1 microcarrier in
a 2 L STB until confluence is reached. Confluent microcarriers were
then seeded to a new 2 L STB containing bare microcarriers at a
ratio of 4:1 (bare:confluent) and bead-to-bead cell transfer pro-
moted by intermittent mode of agitation, i.e. 2 min ON at 80–
100 RPM and 28 min OFF, for 48 h. All steps were performed at
37 �C.
2.3.1. Bead-to-bead transfer efficiency
The bead-to-bead transfer efficiency of Vero cells, BtBeff (%), was

defined as:

BtBeff ¼ NcMC=NbMC � 100% ð2Þ
where NcMC is the number of colonized microcarriers and NbMC is
the total number of microcarriers in the culture after the bead-to-
bead transfer protocol.

2.4. Production of PPRV

Vero cells at 0.2 � 106 cell/mL were infected with PPRV Nigeria
75/1 virus strain, kindly provided by Dr. Geneviève Libeau (CIRAD-
EMVT, France), at a multiplicity of infection (MOI) of 0.01 TCID50/-
cell. Prior to infection, one complete medium exchange was per-
formed. Cultures were harvested at day 5–6 post-infection. For
bioreactor cultures, microcarriers were allowed to settle-down
and PPRV bulk clarified using depth filters with 75 lm pore size
and 0.018 m2 (Sartopure PP3, 2 L STB) or 0.12 m2 (Sartopure PP3,
20 L STB) area.

2.5. Bioengineering correlations

Operational conditions including stirring rates and scale-up cri-
teria were estimated using the bioengineering correlations Kol-
mogorov eddy size, shear stress rate and tip speed, as described
elsewhere [28,27,36]. The power input, P (W or kg�m2/s3), through-
out the STB can be determined by:

P ¼ P0 � q � N3 � D5
i ð3Þ

where P0 is the power number for the impeller (1.2 for both 2L and
20L STB, [40]), q is medium density (kg/m3), N (1/s) is the stirring



Fig. 1. Whiskers chart of Vero cells growth rate (l) during the adaptation process to
serum free conditions. Control culture: cells growing in DMEM supplemented with
5% (v/v) of FBS. Adapted culture: cells growing in ProVeroTM-1 SFM. Horizontal lines
are medians, boxes represent the interquartile range and error bars show the full
range of estimated rates.
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rate, and Di (m) the impeller diameter. The specific power input,

P/M, or mean specific energy dissipation rate, E
�
T (W/kg or m2/s3),

can be estimated by:

P
M

¼ E
�
T ¼ P0 � N3 � D5

i

V
ð4Þ

were M (kg) is the fluid mass and V (m3) is the STB working volume.
Notwithstanding the substantial data already known on the flow
and turbulence levels in STB, the estimation of maximum local
energy dissipation rate, ETð Þmax, still remains challenging with mul-
tiple approximate relations that can be used for such. In this study,
two different assumptions (Asm) were considered for estimating
ETð Þmax [41–43]:

Asm #1 ETð Þmax=E
�
T
T2H

D3
i

; from ½41� ð5Þ

Asm #2 ETð Þmax ¼ ETð Þimp ¼
P

qVimp
; from ½42;43� ð6Þ

where T (m) is the STB diameter, H (m) the STB height, and Vimp

(m3) is the volume swept out by the impeller as it rotates. Vimp is
defined by (p/4) Di

2 Wi [55], in which Wi (m) is the impeller blade
width. Based on these, ETð Þmax was estimated by:

ETð Þmax ¼ P0:N
3:D2

i :
T2H
V

; from ½41� ð7Þ

ETð Þmax ¼
P0:N

3:D3
i

ðp=4Þ:Wi
; from ½42;43� ð8Þ

The Kolmogorov eddy size (KES), k (lm), and the shear stress
rate (SSR), s (N/m2) can be estimated by:

k ¼ ðm=eÞ1=4 ð9Þ

s ¼ ðe=mÞ1=2 � l ð10Þ
where m (m2/s) is the kinematic viscosity, and l (N�s�m2) is the vis-
cosity of the fluid. The viscosity of the fluid (0.0071 g/cm�sec) and
the kinematic viscosity (0.007 cm2/sec) used for calculations were
taken from literature for a microcarrier-based cell culture per-
formed at 37 �C [28]. The tip speed, TS (m/s) can be estimated by:

TS ¼ p �N � Di ð11Þ
The agitation rate needed for off-bottom suspension of micro-

carriers, i.e. fully re-suspend settled-down microcarriers, NFS (1/
s), can be calculated using the Zwietering equation as proposed
by Ibrahim & Nienow [44]:

NFs ¼ S � m0:1 � d0:2
p � ðg � Dq=qÞ0:45X0:13=D0:85

i ð12Þ
where S (6.4, [45]) is a dimensionless parameter, dp (147–248 lm
for CytodexTM-1, with average diameter of approximately 190 lm
according to manufacturer) is the diameter of microcarriers, g
(9.8 m/s2) is the gravity acceleration, Dq (kg/m3) is the density dif-
ference between submerged microcarriers and fluid, and X (%, w/w)
is the weight ratio between microcarriers and fluid.

2.6. Analytics

2.6.1. Cell counting and viability
Total cell concentration was estimated using crystal violet

staining. Briefly, after cells disruption with solution of 0.1 M citric
acid with 1% (v/v) Triton X-100 incubated for at least 1 h at 37 �C
with agitation, nuclei were stained with 0.1% (w/v) crystal violet
and counted in a hemocytometer chamber. Viable cell concentra-
tion was estimated using Fuchs–Rosenthal hemocytometer
chamber and trypan blue dye exclusion method. Microcarrier col-
onization was assessed by staining cells with fluorescein diacetate
(FDA, green, viable cells) and propidium iodide (PI, red, dead cells)
followed by visual inspection under a fluorescence microscope as
described in Serra et al. [46].

2.6.2. Metabolite analysis
Glutamine, glucose and lactate concentrations were determined

using YSI 7100MBS (YSI Incorporated). Ammonia concentration
was quantified enzymatically using a commercially available UV
test (Nzytech). All samples were analyzed in triplicate. The specific
consumption or production rates, qX (pmol/cell�h) were estimated
applying a general mass balance equation for a batch or perfusion
system as described elsewhere [47].

2.6.3. PPRV titration
Virus titer was determined using TCID50 protocol as described

by Silva et al. [1]. Briefly, 100 lL of viral samples 10-fold serial
diluted in MEM supplemented with 10% (v/v) of FBS and 100 lL
of Vero cells suspension (2 � 104/well) were prepared and transfer
to 96-well microtiter plate. Plates were kept at 37 �C in humidified
atmosphere of 5% CO2 and cytopathic effect checked microscopi-
cally at day 10. Data collected was analyzed using GraphPad Prism
software (4-parameters variable slope) estimating virus titers in
TCID50.
3. Results

3.1. Vero cells adaptation to ProVeroTM-1 serum-free medium

Vero cells adaptation to ProVeroTM-1 SFM was performed using a
step-wise strategy. It consisted in sub-culturing cells in tissue cul-
ture flasks using SFM supplemented with progressively reduced
percentages of FBS, namely 5%, 2.5%, 1.25% and 0%. Prior to each
FBS reduction stage, at least 3 cell passages were needed to achieve
constant specific growth rate (l). Results are shown in Fig. 1. Con-
trol culture (DMEM supplemented with 5% FBS) and adapted cul-
ture (ProVeroTM-1 SFM) have similar growth rates,
l = 0.026 ± 0.006 1/h vs l = 0.030 ± 0.006 1/h, respectively. Like-
wise, maximum cell concentrations achieved in control
(1.9 ± 0.5 � 105 cell/cm2) and adapted (1.8 ± 1.0 � 105 cell/cm2)
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cultures were remarkably similar. These results confirm that Vero
cells adaptation to SFM was successfully achieved.
3.2. Determining agitation requirements for microcarrier-based
bioreactor cultures

The minimum agitation rate for cell culture, Nc,min, was defined
as the stirring needed to ensure that microcarriers are uniformly
suspended and oxygen mass transfer is sufficient to support cell
growth and product formation. The Nc,min used for the 2 L STB
has been selected based on work previously done in-house
[48,49]. To define the Nc,min of the 20 L STB, hydrodynamic param-
eters were computed, including: the EDR, KLS, SSR and TS (Eqs.
(3)–(11)). By retaining constant the power input per volume (P/
V) as the scale-up criteria from 2 L to 20 L, it was possible to esti-
mate the Nc,min of the 20 L STB (33 RPM) (Table 1).

The maximum agitation rate for cell culture, Nc,max, was defined
as the stirring needed to start inducing cell growth inhibition and/
or cell death. The study of Croughan and co-workers on the corre-
lation between KLS and cell growth was herein used to assist the
definition of Nc,max for the 2 L and 20 L STB [28]. The theory is that
KLS lower than 2/3 of microcarrier’s diameter have significant,
immediate impact on cell growth [28]. Assuming that average
diameter of CytodexTM-1 microcarrier is 190 lm, the stirring rate
inducing a KES of 126 lm in the 2 L STB is 99 RPM, and thus this
was the rate considered as Nc,max (Table 1). By retaining constant
the P/V as the scale-up criteria from 2 L to 20 L, it was possible
to estimate the Nc,max of the 20 L STB (47 RPM) (Table 1).
Fig. 2. Strategies for scale-up of Vero cells in microcarrier-based bioreactor cultures. Ove
reattachment (Strategy II). Data are mean ± standard deviation obtained from at least thr
flask; MC: microcarrier.
Overall, the operational conditions (Nc,min and Nc,max) defined
for the 2 L and 20 L STB were within non-detrimental SSR
(<0.2 N/m2, [26,27]) and tip speed (<0.4 m/s, [26,27]) values
(Table 1).

The agitation rate needed for off-bottom suspension of micro-
carriers, i.e. fully re-suspend settled-down microcarriers, NFS, was
calculated using Eq. (12) [44]. The values obtained for the 2 L
and 20 L STB were 155 and 73, respectively. In situ testing revealed
that these agitation rates were 12–29% higher than those experi-
mentally assessed by visual inspection/monitoring. Therefore, to
minimize the impact of stirring on cell growth, the NFS observed
experimentally for the 2 L (120 RPM) and 20 L (65 RPM) STB were
the ones used throughout the experiments (Table 1).

3.3. Improved seed-train process for inoculation of a 20 L bioreactor

Conventional seed-train process for inoculation of a 20 L STB
begins with thawing of a cryopreserved working cell bank vial, fol-
lowed by successive expansions into larger culture vessels: (i)
225 cm2 T-flask, (ii) 1700 cm2 roller bottle, (iii) 2 L STB, and (iv)
5 L STB. This approach presents two mains challenges: (i) the strat-
egy for scale-up of Vero cells in microcarrier-based bioreactor cul-
tures, and (ii) the number of N-1 seed train bioreactors needed.

3.3.1. Detachment-reattachment as strategy for scale-up of Vero cells
in microcarrier-based bioreactor cultures

Two strategies for scale-up of Vero cells in microcarrier cultures
were evaluated: I. bead-to-bead transfer, and II. detachment-
reattachment (Fig. 2). Experiments were performed in 2 L STB. In
rall process efficiency (%) using bead-to-bead transfer (Strategy I) and detachment-
ee independent biological replicates (n = 3). STB: stirred tank bioreactor; SP: spinner



Fig. 3. Impact of the strategy for scale-up of Vero cells in microcarrier-based
bioreactor cultures on growth kinetics (A) and PPRV production (B). Strategy I:
bead-to-bead transfer; Strategy II: detachment-reattachment using the enzymatic
method. Experiments were performed in 2 L STB. Data are mean ± standard
deviation obtained from at least three independent measurements (n = 3).
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Strategy I, bead-to-bead cell transfer was promoted as described in
M&M (see Section 2.3), with overall process efficiency (BtBeff, Eq.
(2)) of 59 ± 18%, meaning that over 41% of microcarriers remained
empty until the end of the production run. In Strategy II, cells were
detached from microcarriers using the enzymatic method as
described in M&M (see Section 2.2.1), with detachment efficiency
(Deff, Eq. (1)) of 35 ± 7%. Two reasons for this low value were: (i)
inefficient detachment process as cells remained attached to
microcarriers even after 20–25 min in TrypLE Select, and (ii) cell
loss during PBS washing and harvesting procedures. The reattach-
ment process was more efficient (95 ± 4%), giving an overall pro-
cess efficiency of 29 ± 4%. Cells obtained from both strategies
were then used for PPRV production (Fig. 3). The kinetics of cell
growth and virus production are considerably different, with cells
from Strategy I presenting lower specific growth rate, peak viable
cell concentration and maximum PPRV titers than those achieved
with cells from Strategy II. These results suggest that
detachment-reattachment as cell culture seed-train strategy is bet-
ter than bead-to-bead transfer. However, the overall process effi-
ciency is low (�30%) and thus require optimization.

3.3.2. Improving detachment efficiency using an enzymatic-
mechanical method

To better understand the basics of Vero cells detachment from
microcarriers, and therefore optimize Deff, a set of experiments
were designed and run in 125 mL spinner flasks (Fig. 4). Results
obtained show that: (i) increasing the concentration of TrypLE
Select does not improve Deff and has a negative impact on cell via-
bility; (ii) combining short period of intense agitation with the
presence of TrypLE Select increases Deff without impacting on cell
viability; and (iii) removing the PBS washing step prior to cell
detachment has no impact on Deff (Fig. 4A). Based on this data,
an enzymatic-mechanical method for Vero cells detachment from
microcarriers was proposed (see M&M, Section 2.2.2). Head-to-
head comparison of cells obtained from the two methods (enzy-
matic vs enzymatic-mechanical) was performed in 125 mL spinner
flasks, with no significant differences in the kinetics of cells reat-
tachment to microcarriers, cell growth and PPRV production being
observed (Fig. 4B). The in-situ cells detachment method was suc-
cessfully scaled-up to 2 L STB, with Deff of 85 ± 4% (Fig. 2).

3.3.3. Perfusion strategy to reduce the number of N-1 seed train
bioreactors needed

To achieve higher cell densities in the N-1 seed train bioreactor,
and thus reduce the time to production bioreactor, a perfusion
strategy was explored. First, we evaluated the impact of perfusion
on Vero cells growth in 2 L STB (Fig. 5A). Growth rate and cell con-
fluence on microcarriers was higher in perfusion than in batch. In
addition, cell concentration of up to 2.4 � 106 cell/mL could be
achieved using perfusion, contrasting with the 1 � 106 cell/mL
obtained in batch. The metabolic profile of cells were assessed,
and specific rates estimated (Table 2). No significant differences
in major nutrients (glucose and glutamine) consumption or by-
product (lactate) formation were observed between both culture
systems, and values recorded were within the normally obtained
for animal cell cultures [50]. The exception is the specific NH3 pro-
duction rate, which was 2-fold higher in perfusion than in batch.
The follow-up study consisted in assessing the effect of cell con-
centration on detachment efficiency (Deff) (Fig. 5B). Experiments
were performed in 2 L STB operated in perfusion and using the
enzymatic-mechanical method as cell detachment strategy.
Results show that Deff is dependent on the cell concentration at
time of harvest, with the highest Deff (�88%) being achieved at cell
concentration of 1.7 � 106 cell/mL. Lastly, the impact of perfusion
on PPRV production was assessed by comparing the performance
of two 2 L STB, one seeded with cells originated from batch mode
and another seeded with cells originated from perfusion mode.
Results are shown in Fig. 5C and demonstrate that perfusion had
no impact on cell growth and PPRV production as similar kinetics
(i.e. regression coefficient (b) and Pearson’s correlation (r) close
to 1) were obtained in both conditions tested.

Based on aforementioned data, the perfusion strategy for the
N-1 seed train bioreactor will be implemented when scaling-up
PPRV vaccine production from 2 L to 20 L STB.

3.4. Scale-up PPRV vaccine production from 2 L to 20 L STB

The feasibility and scalability of the seed-train strategy herein
proposed (i.e. perfusion for the N-1 bioreactor followed by
detachment-reattachment using the enzymatic-mechanical cell
detachment method) was demonstrated by comparing perfor-
mances of the 2 L and 20 L STB for cell growth and PPRV production
(Fig. 6).

The kinetics of microcarrier colonization for the two STB are
presented in Fig. 6A. More than 90% of microcarriers were colo-
nized within the first 24 h post inoculation, with no significant dif-
ferences being observed between both culture systems. Likewise,
cell growth and PPRV production in the 2L and 20L STB followed
similar kinetics (Fig. 6B). Cells were able to grow until day 4
post-infection, reaching maximum concentrations of 0.9–1 � 106 -
cell/mL, after which cell concentration and viability started
decreasing. This growth kinetics is typical of cell cultures infected
at low MOIs (<1 virus/cell) and/or with viruses having impaired
replication capacity (e.g. attenuated PPRV Nigeria 75/1 virus strain
herein used), and has been previously observed elsewhere [1,11].
The morphology of Vero cells during PPRV infection process is
shown in Fig. 6C. In both STB, cells are attached and spread on
microcarriers at the time of infection (day 0 PI), become swollen
as infection progresses (day 3 PI), and start lysing and/or detaching
from microcarriers at day 5 PI. Metabolic profiles of cells before
and after infection were assessed, and specific rates estimated
(Table 2). No significant differences were observed between both
systems, and recorded values are within those normally obtained



Fig. 4. Implementation of an enzymatic-mechanical method for Vero cells detachment from microcarriers. Panel A - Improving cell detachment efficiency by evaluating the
impact of: (I) cell-dissociation enzyme, (II) cell detachment method, and (III) cell/microcarriers PBS washing step, on cell detachment efficiency (Deff, %) and cell viability.
Panel B - Head-to-head comparison of two cell detachment methods for: (I) cell reattachment efficiency, (II) cell growth kinetics, and (III) PPRV production kinetics.
Experiments were performed in Wheaton� spinner vessels (125 mL working volume). Data are mean ± standard deviation obtained from at least three independent
measurements (n = 3).
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for batch cultures [50]. Infectious PPRV titers of approx. 5 � 106 -
TCID50/mL or 5 TCID50/cell were achieved at day 4–5 post-
infection irrespective of the culture system. These titers are within
those reported in literature for PPRV production in STB and SFM
[1]. Finally, PPRV recovery yields after clarification by depth filtra-
tion were comparable (85 ± 9% in the 2L STB and 90 ± 17% in the
20L STB).
4. Discussion

Process intensification for PPRV vaccine production in anchor-
age dependent Vero cells is challenging, involving substantial
amount of bioprocess development. In this study we developed a
new, scalable bioprocess for PPRV vaccine production based on
Vero cells and microcarrier technology in bioreactors, using
ProVeroTM-1 as serum-free medium (SFM), an enzymatic-
mechanical method for in-situ cell detachment from microcarriers,
and perfusion. This process will ultimately support the eradication
program of PPR targeted by the Food and Agriculture Organization
(FAAO) for 2030 [6–8].

One of the aims of this work was to adapt Vero cells to SFM.
SFM is preferable not only from an economic perspective (process
costs are potentially reduced) but also from a safety standpoint
(eliminates the risk of unwanted contamination originated from
the use of bovine serum) [51]. Using a stepwise adaptation strategy
we were able to minimize the impact of switching from serum-
containing to serum-free medium on cell’s physiological state,
with growth rates varying from 0.022 1/h to 0.029 1/h throughout
the adaptation process (Fig. 1). Cell’s ability to attach and detach
from microcarriers was not compromised, and aggregation was
not observed. Importantly, cell growth rate in SFM is similar to
control culture and literature data [1,21,22,52].

Determining the agitation requirements for microcarrier-based
bioreactor cultures is key for a successful scale-up strategy. Cells
growing on microcarriers are sensible to increases on energy dissi-
pation and shear forces, associated to the agitation and aeration
rates applied for homogenous mixing (microcarriers are uniformly



Fig. 5. Impact of perfusion on Vero cells growth and PPRV production. (A) Cell growth kinetics in batch (grey symbols) and perfusion (black symbols); experiments were
performed in 2 L STB. Immunofluorescence microscopy images of cells growing in batch and perfusion are shown (green: live cells stained with fluorescein diacetate; red:
dead cells stained with propidium iodide; scale bars: 200 lm). (B) Correlation of cell detachment efficiency (Deff, %) with cell concentration and incubation time with cell-
dissociation enzyme; experiments were performed in 125 mL Spinner flasks. (C) linear regression of total cell concentration (XT, cell/mL) (upper panel) and PPRV infectious
titer (TCID50/mL) (lower panel) from cells originated from batch and perfusion, with ensuing Pearson’s correlation (r) and regression coefficient (b); experiments were
performed in 2 L STB. Data are mean ± standard deviation obtained from at least three independent biological replicates (n = 3).

Table 2
Specific rates of nutrient consumption and by-product formation during (i) Vero cells growth in batch and perfusion, and (ii) PPRV production in 2 L and 20 L STB.

Process Phase Operation mode/Scale Specific rates (pmol/cell�h)
Glucose
Rate ± SD

Glutamine
Rate ± SD

Lactate
Rate ± SD

Ammonia
Rate ± SD

Vero cells growth Batch �0.30 ± 0.03 �0.042 ± 0.004 0.55 ± 0.06 0.025 ± 0.005
Perfusion �0.32 ± 0.02 �0.051 ± 0.003 0.48 ± 0.04 0.053 ± 0.003

PPRV production 2 L STB �0.31 ± 0.07 �0.04 ± 0.01 0.5 ± 0.1 0.024 ± 0.006
20 L STB �0.22 ± 0.01 �0.058 ± 0.005 0.30 ± 0.03 0.05 ± 0.02

Cultures were performed as described in Materials and Methods. Three independent biological replicates (n = 3) were considered for assessing specific rates during Vero cells
growth; a single production run (n = 1) was considered for assessing specific rates during PPRV production. Negative values indicate nutrient consumption. SD - standard
deviation (SD).
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suspended) and efficient oxygen transfer [23]. Aiming at providing
bioengineering correlations to guide bioprocess engineers during
process development, Croughan et al. (1987) have established a
relationship between KLS and cell growth identifying a critical
KES threshold above which no harm to cells occurs [28]. In
microcarrier-based cultures this corresponds to 2/3 of microcar-
rier’s diameter, which for our culture system using CytodexTM-1
would be 126 lm. Recently, Nienow et al. (2016) reported that
KLS as small as 30% of microcarrier diameter can be used for
human mesenchymal stem cell cultures without negatively
impacting on cell proliferation and quality attributes [53]. Based
on these results, one could speculate that Vero cells may withstand
higher shear levels than those reported in earlier studies. However,
since this has not been experimentally validated, the KES threshold



Fig. 6. Scale-up PPRV vaccine production from 2 L to 20 L STB. Kinetics of (A) microcarriers colonization, (B) cell growth and PPRV production for the 2 L STB (grey symbols
and bars) and 20 L STB (black symbols and bars) using a MOI of 0.01 TCID50/cell. (C) Immunofluorescence microscopy images of cells growing in the two culture systems
(green: live cells stained with fluorescein diacetate; red: dead cells stained with propidium iodide; scale bars: 200 lm). Data expressed as mean ± standard deviation (relative
to three measurements of microcarriers colonization, cell concentration and PPRV titer).
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of 2/3 of microcarrier’s diameter as described by Croughan et al.
(1987) was kept as our main criteria for setting the agitation
requirements [28]. In two other studies, Nienow (1998) and Cherry
and Papoutsakis (1989) proposed that cell damage is proportional
to the increase in average energy dissipation rate and microcarriers
size [54,27]. In fact, it is stated that SSR below 0.7 N/m2 and TS
below 0.4 m/s have reduced impact on cell growth. To comply with
these limits, the maximum agitation rates for the 2 L and 20 L STB
were set to 99 RPM and 47 RPM, respectively (Table 1). At such
operational conditions, KES, SSR and TS are below their respective
thresholds, thus ensuring optimal process conditions for cell
growth.

Another parameter to account for in microcarrier-based cul-
tures is the agitation rate needed for off-bottom suspension of
microcarriers (NFS). Settled-down microcarriers must be fully re-
suspended at a minimized power input per unit of volume to limit
the impact of agitation on cell growth. This is particularly impor-
tant during seed train process, as often multiple N-1 bioreactors
are needed and microcarrier colonization is promoted via intermit-
tent stirring. NFS can be estimated using the Zwietering equation
[44]. However, in over 50% of carefully executed microcarrier
studies (incl. our study), its value is overestimated [44]. George
et al. (2010) observed identical discrepancies but using a different
bioreactor design [55]. Nienow et al. (2016) strongly suggest to
visual assess the NFS value and, then, estimate S value for that
impeller type [53]. These findings suggest that NFS determination
must be done experimentally, as done in this study (Table 1).

The ability of Vero cells in microcarrier-based cultures to detach
and reattach or to migrate to new/bare microcarriers is limited,
posing a major problem for process seed train and scale-up [31].
Therefore, revising the basis of cell detachment and reattachment
to microcarriers is important, in particular when cells are culti-
vated in SFM and non-animal origin reagents. Recently, a new pro-
tocol for mesenchymal stem cell harvesting from microcarriers has
been proposed, which is based on the theory that short periods of
intense agitation in the presence of a suitable enzyme should
enhance cell detachment from relatively large microcarriers [36].
Once in suspension, cells should not be damaged since their diam-
eter is smaller than KES. Based on this theory, we developed an
enzymatic-mechanical method for in-situ Vero cells detachment
from CytodexTM-1 microcarriers. Upon fine-tuning (i.e. elimination
of PBS washing prior to cell detachment and centrifugation for



Fig. 7. New, scalable bioprocess for PPRV vaccine production in Vero cells using serum-free medium and microcarrier technology in bioreactors. CCI: cell concentration at
infection; D: dilution rate; MCB: master cell bank; MOI: multiplicity of infection; RB: roller bottle; TOH: time of harvest; WCB: working cell bank.
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removal of protease-inhibitor mix), this method provided a signif-
icant improvement in overall process efficacy (�85%) when com-
pared to detachment-reattachment strategy using enzymatic
method (�29%) or bead-to-bead transfer (�59%) (Fig. 2). This value
is in-line with what is reported in literature for Vero cells growing
in a SFM [22].

The number of N-1 seed train bioreactors is critical for the eco-
nomic viability of any vaccine production platform. Keeping this
number to its minimum reduces process time and production cost.
Therefore, strategies capable of maximizing cell concentration
before detachment must be consider and evaluated accordingly.
In this study, perfusion was explored as strategy to achieve higher
cell densities in the N-1 seed train bioreactor. Up to 2-fold increase
in growth rate and cell concentration was obtained when com-
pared to batch processes, with peak cell density being achieved
one day earlier (Fig. 5). The perfusion strategy combined with
the in-situ cell detachment enabled scale-up to 20L directly from
2L, surpassing a mid-scale platform (i.e. 5 L STB) and thus reducing
seed train duration.

Head-to-head comparison of cell growth and PPRV production
in the 2 L and 20 L STB was performed (Fig. 6). No significant dif-
ferences were observed between both culture systems, with infec-
tious PPRV titers of 5x106 TCID50/mL being achieved 4–5 days
post-infection. Silva et al. (2008) reported similar values for PPRV
production in STB and SFM, i.e. maximum infectious PPRV titers
around 106 TCID50/mL and 5–8 TCID50/cell achieved between day
4 and 6 post-infection [1]. Together, the results aforementioned
confirm the feasibility and scalability of the new bioprocess for
PPRV vaccine production in Vero cells herein proposed (Fig. 7).
5. Conclusion

This work demonstrates the suitability of a new, scalable bio-
process for PPRV vaccine production in Vero cells using serum-
free medium and microcarrier technology in bioreactors (Fig. 7).
Over 25,000 doses of Nigeria 75/1 strain can be potentially gener-
ated in just 19 days using a 20 L STB. Due to its small footprint and
fast turn-around time, this process may allow African local and/or
regional manufacturers to produce high quantities of PPRV vaccine
in short time-frames, supporting the eradication program of PPR
targeted by FAAO for 2030.
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