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Vero cells were grown adherent to microcarriers (Cytodex 1; 3 gL~") using animal component free media
in stirred-tank type bioreactors. Different strategies for media refreshment, daily media replacement
(semi-batch), continuous media replacement (perfusion) and recirculation of media, were compared

Keywords: with batch cultivation. Cell densities increased using a feed strategy from 1 x 10° cellsmL~' during
Microc‘arriers batch cultivation to 1.8, 2.7 and 5.0 x 106 cellsmL~! during semi-batch, perfusion and recirculation,
Perfusion respectively.

;Zec?rculation The effects of these different cell culture strategies on subsequent poliovirus production were investi-
Batch gated. Increased cell densities allowed up to 3 times higher p-antigen levels when compared with that

obtained from batch-wise Vero cell culture. However, the cell specific p-antigen production was lower
when cells were infected at higher cell densities. This cell density effect is in good agreement with obser-
vations for different cell lines and virus types. From the evaluated alternative culture methods, application
of a semi-batch mode of operations allowed the highest cell specific p-antigen production.

The increased product yields that can easily be reached using these higher cell density cultivation
methods, showed the possibility for better use of bioreactor capacity for the manufacturing of polio
vaccines to ultimately reduce vaccine cost per dose. Further, the use of animal-component-free cell- and

Adherent

virus culture media shows opportunities for modernization of human viral vaccine manufacturing.

© 2014 Published by Elsevier Ltd. Open access under CCBY license,

1. Introduction

Recently, we have produced Sabin-IPV (inactivated polio vac-
cine based on attenuated Sabin strains) clinical lots under cGMP for
phase I safety (and indicative immunogenicity) studies in human
adults and infants [1,2]. The applied production process was based
on a scale-down model of the Salk-IPV manufacturing process [3].
The use of this scale-down model allowed fast development of a
first generation Sabin-IPV, for which the specifications are closely
related to that for the regular IPV product [2]. Parallel to this fast-
track development an optimization and modernization research
program for the manufacturing of Sabin-IPV was started. Exam-
ples of modernization are replacement of the used animal derived
components (e.g. bovine serum and porcine trypsin) and antibi-
otics. These components should preferably be omitted (for the
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antibiotics primarily to prevent any potential allergic reaction), or
respectively replaced by animal component free (ACF) alternatives
to minimize the risk of adverse effects (e.g. the potential transfer of
viruses and/or prions). Moreover, a better scientific understanding
of the process, resulting in improved process control and ability for
troubleshooting, can be created. Optimization improvements can
possibly be found in the currently used, low cell densities (1 x 106
cellsmL~1). Assuming comparable virus quality and yields per cell,
the use of increased cell densities can potentially result in more
efficient use of bioreactor capacity, and ultimately reduce the cost
per dose. The demand for IPV is increasing as in 2012 the WHO
SAGE group advised all countries to introduce at least one dose IPV
in their routine immunization schedules [4]. With the increased
IPV demands, which will further increase after oral polio vaccine
(OPV) cessation, the production capacity will have to increase by
scale-up and optimization causing the current IPV price of $ 3.00
per dose to decrease to $ 0.52-$ 1.95 [5]. This is still four to fifteen
times the current price of OPV (cost per dose $ 0.14), the vaccine
used in most countries. Process optimization for IPV manufactur-
ing will be needed to be able to further reduce manufacturing costs
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below $ 0.50 to keep polio vaccination economically feasible when
switching from OPV to IPV [6].

Here we report initial studies where four different adherent
Vero cell cultivation methods were applied using ACF cell cul-
ture media: (i) batch, the currently used method for Sabin-IPV
preparation; (ii) semi-batch, where daily media refreshments were
applied; (iii) perfusion where continuous media refreshment was
applied; and (iv) recirculation where media was circulated through
the bioreactor and re-used. With these commonly known cell
culture methods [7] higher cell densities were obtained and the
subsequent virus culture, also using ACF virus culture media, pro-
duced higher quantities of infectious and immunogenic poliovirus.

2. Materials and methods
2.1. Cells, virus

Vero cells obtained from WHO (10-87) originally derived
from ATCC (CCL-81) were used as host for poliovirus production.
Poliovirus seeds [1] Sabin type 1 (LSc 2ab KP,; SO +3), Sabin type
2 (P712 Ch2ab-KP,; SO+3) and Sabin type 3 (Lot 457-IlI-Pfizer;
RSO3) were used.

2.2. Cultivation methods

2.2.1. Pre-cultures

Vero cells were cultured in T-flasks and Hyperflasks (Corning) in
VP-SFM (Invitrogen) to expand the cell number. After trypisiniza-
tion (TrypLE Select; Invitrogen) cells were resuspended in VP-SFM
and added to the bioreactor.

2.2.2. Bioreactor Vero cell cultures

Different cultivation methods have been applied where Vero
cells were grown adherent to microcarriers (3gL~! Cytodex 1; GE
Healthcare). The cultures were maintained at pH 7.2, 37°C, 50%
dissolved oxygen (DO) by headspace aeration only (1Lmin~!) and
sampled at least once a day.

Cell cultures were carried out in standard glass stirred-tank type
bioreactors, optionally equipped with a spin filter (70 pm) to retain
cells on microcarriers in the bioreactor when needed (perfusion
and recirculation culture mode). Alternatively, a harvest pipe with
a 75 um sieve was used to remove media while retaining micro-
carriers. Cultivations were controlled using Sartorius DCU-3 control
units and MFCS-win software (Sartorius AG, Melsungen, Germany).

Batch cultivations were carried out at 4 L working volume with
inoculation densities of 0.1 x 106 cellsmL~'. During cultivation,
glucose and glutamine were added by bolus feeding to 10 mM glu-
cose and 2 mM glutamine when concentrations were below 5 mM
and 0.5 mM respectively.

Semi-batch cultivations were essentially performed as
described by Mendonga (1998) [8] at 3 L working volume with an
inoculation density of 0.1 x 106 cells mL~!. From day two onwards,
daily 1L culture medium (1/3 culture volume) was replaced with
fresh medium. Media replacement was done after sedimentation
of the microcarriers without agitation. In addition, bolus feeding
of glucose and glutamine was done once 4 days after the start of
cultivation to obtain concentrations of 20 mM glucose and 2 mM
glutamine.

Perfusion cultivations were carried out using 1.5 L working vol-
ume. Cells were inoculated at 0.1 x 108 cellsmL~! and retained in
the bioreactor. After 2 days of batch cultivation, continuous media
feed was started at 1.5L day~! (1 culture volume per day). Media
feed rate was kept constant for the remainder of the perfusion
cultures.

Recirculation cultures, where cells are retained in the bioreac-
tor (3 Lworking volume) while medium (15 L total volume = culture
volume + circulated volume) is circulated, were carried out essen-
tially as described previously [9]. Cells were inoculated at a cell
density of 0.6 x 10° cellsmL~1. After 1 day, a continuous recircu-
lation flow was started with 15L day~! (5 culture volumes per
day), followed by daily increments to 22L day~! and 30L day~!
(respectively 7.3 and 10 culture volume per day) at days 3 and 4.

2.2.3. Virus culture

Prior to virus infection, using the same bioreactor vessel used
for Vero cell culture, the media feed was stopped and pH, DO and
temperature settings were adjusted to 7.4, 25% and 32.5 °C, respec-
tively. Media was not refreshed but glucose and glutamine were fed
when concentrations were below 5 mM and 0.5 mM, respectively.
Cells were infected with poliovirus with an MOI (multiplicity of
infection) of 0.01. Virus cultivation was considered finished when
100% CPE (cytopathic effect) was observed microscopically.

2.3. Analytics

Cells were counted daily using a Nucleocounter NC-100
(Chemometec).

Cell culture metabolites such as glucose, lactate, glutamine, glu-
tamate and ammonia were monitored using a Bioprofile 100 Plus
(Nova Biomedical Waltham, MA).

Poliovirus was quantified with a virus titer assay as described
previously [10]. The amount of b-antigen was assessed using a D-
antigen ELISA [11].

3. Results
3.1. Vero cell growth

Vero cell cultures were performed in four different cultivation
modes, batch, semi-batch, perfusion and recirculation. Batch cul-
tivations were performed to obtain a reference growth curve for
later comparison with the more sophisticated culture methods
where either media is refreshed (semi-batch and perfusion) or cir-
culated (recirculation). After 3-4 days of cultivation, a cell density
at 1.0 x 108 cellsmL-! was reached in batch cultivation with an
average growth rate of 0.036 h~! during exponential growth and a
growth rate of 0.022 h~1 at the moment of virus infection on day 4
(Fig. 1; Table 1). At this point cells are present as a monolayer on
the microcarriers (Fig. 2). Applying a daily partial medium renewal
in a semi-batch mode allowed cell growth to continue and after 2
additional days of culture (6 days in total) a cell density of 1.8 x 106
cellsmL~! was obtained. Here comparable growth rates to batch
cultivation were observed. The growth rate declined during the
feed phase from 0.034h-! at day 3 to 0.006 h~! at day 6. Using a
perfusion mode, where medium renewal is continuous, cell growth
could be prolonged to yield a cell density of 2.7 x 10° cellsmL~! in
7 days. The growth rates of the Vero cells were lower during the
feed phase compared to the growth rates observed in semi-batch
cultivations and decreased from 0.018 h~! at day 3 to 0.005h~!
at day 7. Cells were present in a multilayer on the microcarriers
at these cell concentrations (Fig. 2). In the so-called recirculation
method [9] cells were retained in the bioreactor while medium
from an external container was circulated. When starting with an
inoculation density of 0.6 x 106 cells mL~! a monolayer was already
formed after one day of cultivation, and cells started to grow in a
multilayer rapidly. Cell concentrations of 5.0 x 106 cells mL~! were
found after a culture time of 4 days, while growth rates decreased
linearly during the feed phase from 0.025 h~! at day 2 to 0.0004 h~!
at day 4. It should be noted, that the latter cultivation method was
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Fig. 1. Growth curves of Vero cells using different cultivation modes batch (B), semi-batch (S), perfusion (P) and recirculation (R). Different batches are indicated with
different grey shades and symbols, where squares, circles and triangles represent cultures that were infected with poliovirus type 1, 2 and 3 respectively. Infection of cultures
was done at the end of the shown growth curve.

semi-batch perfusion recirculation

Fig. 2. Photographs of Vero cells on microcarriers at the time of virus inoculation. Presence of multilayers at higher cell concentrations (1.0, 1.8, 2.7 and 5.0 x 106 cells mL~!
for respectively batch, semi-batch, perfusion and recirculation) is clearly visible.

Table 1
Cell culture characteristics of different Vero cell cultivation methods.
Cultivation method Inoculation cell density Cell density at time of infection Culture time (days) Growth rate at virus
(%106 cells mL-1) (%106 cells mL-1) infection (h~1)
Batch (n=5) 0.10+0.04 1.02 £0.07 4 0.022
Semi-batch (n=3) 0.14+0.01 1.75+0.32 6 0.006
Perfusion (n=3) 0.08 +£0.01 2.72+0.10 7 0.005
Recirculation (n=3) 0.64°+0.11 5.014+0.40 42 0.0004

2 Requires a larger pre-culture volume.
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Fig. 3. Glucose (squares) and glutamine (diamonds) concentrations present in Vero cell cultivations using batch (B), semi-batch (S), perfusion (P) or recirculation (R). Figures
are averaged numbers. Daily media exchange was started at day 2 (S), media feed at day 3 (P) and circulation at day 1 (R).

applied using higher inoculation densities, which implies that a
more extensive (or longer) pre-culture was needed.

3.2. Glucose and glutamine concentrations during cell culture

The concentrations of glucose and glutamine were analyzed
during the Vero cell growth in different cultivation modes. Glu-
cose and glutamine concentrations decreased rapidly when the
culture was in batch mode (Fig. 3). When media was refreshed
daily (semi-batch) or continuously (perfusion) or when media was
circulated (recirculation), sufficient glucose and glutamine were
present during the complete cultivation time. During perfusion and
recirculation cultivations it is clear that from the moment the feed
was started the glucose and glutamine levels remained reasonably
constant, whereas during semi-batch cultivations glucose and glu-
tamine concentrations varied more. This was directly correlated to
the feeding times. It should be noted that during semi-batch cul-
tivations, an additional bolus feed of glucose and glutamine was
given at day 4 (Fig. 3).

3.3. Lactate and ammonia concentrations

During the batch cultivation lactate and ammonia concentra-
tions increased and within 3 days concentrations up to 30 mM
lactate were reached. Daily media replacements allowed to keep

Table 2

lactate concentration below 30 mM whereas continuous media
replacement lowered the lactate concentration. Recirculation of
media caused a relative constant lactate and ammonia concen-
tration during the cultivation time. Although lactate levels reach
high concentrations (above 20 mM), the Vero cell growth contin-
ued and therefore it was concluded that this did not inhibit cell
growth severely. Ammonia concentrations were below 2 mM under
all growth conditions (Fig. 4).

3.4. Virus culture

To determine the variability in poliovirus yields, three cell
cultures (in batch mode) were infected with poliovirus type 3.
When virus culture was complete, virus titers were measured to
determine the amount of infectious poliovirus and p-antigen was
measured to quantify the amount of immunogenic poliovirus. The
RSD (relative standard deviations) were 9% for the virus titer and 8%
for the p-antigen concentration. Both are within 10%, which can be
considered comparable. This means that cultures were very com-
parable as the virus titer assay is valid within 0.5 log (=6%) and the
RSD for test reproducibility for the p-antigen ELISA is 10.6% [11].
Based on good virus culture reproducibility, it was chosen to com-
pare the effects of different cell culture strategies on the virus yield
with n=1 for all three virus types.

Virus titers and D-antigen concentrations observed using different Vero cell culture methods before virus replication.

Cultivation method
during cell culture

Poliovirus type 1

Poliovirus type 2

Poliovirus type 3

Virus titer (10 LOG D-antigen Virus titer (10 LOG D-antigen Virus titer (10 LOG D-antigen

TCIDsp mL~") (DU mL1) TCIDsp mL~1) (DU mL~") TCIDsp mL~1) (DU mL")
Batch 8.7 175 8.8 44 8.8+0.8(n=3) 78+6(n=3)
Semi-batch 8.8 356 8.7 72 79 137
Perfusion 9.3 320 8.3 65 8.6 115
Recirculation 9.5 508 8.8 115 8.9 185
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Fig. 4. Lactate (squares) and NH4* (diamonds) concentrations present in Vero cell cultivations using batch (B), semi-batch (S), perfusion (P) or recirculation (R). Figures are
averaged numbers. Daily media exchange was started at day 2 (S), media feed at day 3 (P) and circulation at day 1 (R).

Comparable virus titers were found independent of the cell cul-
ture method that was applied (Table 2). On the other hand, for
all three poliovirus types differences in p-antigen concentrations
were more pronounced. In all cases where media refreshments
were used during cell cultures an increase of the p-antigen yield
was observed, when compared with batch-wise cell culture. These
increases ranged from approx. 1.5- to 2-fold when cell cultures
were carried out in semi-batch and perfusion mode to approx. 2.4-
to 2.9-fold when cell cultures were executed in recirculation mode.
Since cell concentrations at the start of virus culture were differ-
ent in the different settings (Table 1), the cell specific p-antigen
yields were calculated and compared (Fig. 5). Cell specific D-antigen
yields were the highest when virus culture was carried out based on
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Fig. 5. Cell specific p-antigen yields (poliovirus type 1, black; type 2, grey; type 3,
white) after different cell culture methods. Similar virus culture conditions were
applied.

semi-batch cell cultures for poliovirus type 1 and batch or semi-
batch cell cultures for type 2 and 3. When perfusion or recirculation
cultures were used prior to virus culture, the cell specific D-antigen
yields were a factor 2 lower.

4. Discussion

The Vero cell line is one of the commonly used cell lines to
produce viral vaccines [12]. Classic cell culture processes used in
vaccine manufacturing are often based on batch-wise cell and virus
cultivations followed by extensive downstream processing, con-
centration, purification and inactivation to yield a product [13,14].
While downstream processing is important, the virus of interest
is generated during upstream processing, i.e. cell and virus cul-
ture. It is also at this stage where the intrinsic product quality is
determined. Whereas product yields may be related to both the cell
concentration and the metabolic state of the cells, product quality
is likely largely influenced by the cells metabolic condition and the
virus culture conditions. In other words, the cell culture method
may impact product quality. The cell cultures are discussed first,
followed by the observed p-antigen levels as indicator of product
quality.

The application of different cell culture strategies resulted in
higher cell densities, up to 5 x 10® cellsmL~! during recircula-
tion cultures. These cell concentrations were at comparable levels
to those previously reported for recirculation cultures [15]. In
addition, the cell densities reached using perfusion, semi-batch
and batch cultures were comparable to those reported by others
[8,16,17].

At the higher cell densities, cells were growing in multilayers
on the microcarriers. Recently it has been reported that the tumor-
genicity of Vero cells is dependent not only on the passage level
as reported previously [ 18], but also on the culture conditions [19].
The growth in dense cultures as well as the adaptation to serum free
media may result in the acquisition of a tumorgenic phenotype.
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Moreover differences in cell morphology, i.e. the compactness of
the monolayer, have been reported for Vero cell growth in differ-
ent serum free media [20]. As such, tumorgenicity of the Vero cells
growing in multilayers in a specific ACF medium should be inves-
tigated before these cells are used to produce clinical materials.

During all cell cultures, sufficient concentrations of glucose and
glutamine were present. At the end of cell culture lactate concentra-
tions were high, up to 36 mM during batch, approx. 20 mM during
semi-batch and recirculation and 12 mM during perfusion cultures.
Reports of high lactate concentrations during Vero cell growth are
abundant when the carbon source is glucose, see for example Petiot
etal.(2010)[17], and are caused by the overflow metabolism. High
lactate concentrations may be prevented by using other carbon
sources like fructose or galactose [8,17]. The ammonia concentra-
tion was around 1 mM at the end of the cultivations, which is at an
acceptable level that does not inhibit cell growth [21]. Since media
was not changed prior to virus culture, these lactate and ammonia
concentrations were present at virus infection.

The use of VP-SFM during cell and virus culture appeared ben-
eficial for virus yields when compared to cultivation using serum
containing medium during cell culture and M199 during virus cul-
ture. In earlier studies [1], using the latter media, p-antigen levels
reported for production at 350-Lscale were 120, 25 and 56 DUmL™!
for respectively Sabin poliovirus type 1, 2 and 3. The use of VP-SFM
resulted in a 1.5 times higher level of antigenic product concentra-
tion using batch cultivations and 4 fold when using a recirculation
culture prior to virus infection. It should be noted that here virus
cultures were carried out using spent media. Regarding the nutri-
ent and waste metabolite concentrations it might be even more
beneficial to change the media prior to virus culture or to feed
possible depleted nutrients during virus culture. This type of opti-
mization may result in a favourable host cell metabolic condition
with respect to virus production.

Differences in p-antigen yield per cell between batch or semi-
batch and perfusion or recirculation were observed (Fig. 5). At
higher cell densities the virus yield per cell decreased. This might be
an example of the so-called “cell density effect” first described by
Wood etal.[22]and observed for different virus cultivation systems
[16,20,23,24]. In several cases nutrient limitation or the presence
of inhibitory factors may have caused this effect [16,23,24]. In oth-
ers, the cause remains to be found [20,25]. Here, the concentrations
of the main nutrients, glucose and glutamine, and waste products,
lactate and ammonia, were at less favourable levels during batch or
semi-batch, while the highest specific product yields were observed
under these conditions. We thus concluded that these concentra-
tions are less relevant when compared with other phenomena that
influence the cells ability to produce virus. These other aspects
could be the growth rate at virus infection, the presence of multilay-
ers, or the capacity (surface space) to continue growth after virus
infection. Cell growth rates at time of virus infection were lower
under all high cell density strategies compared to the growth rates
observed in batch cultivations and thus do not explain for the differ-
ence in cell specific p-antigen yield observed between semi-batch
and perfusion or recirculation cultures. Possibly, the presence of a
multilayer has a more important negative effect. It could be that in
a multilayer not all cells present on the microcarrier support virus
replication in the same way. Moreover, the capacity to continue
cell growth at the moment of virus infection may be important as
the applied MOI was 0.01 which means 99% of the cells will not be
infected during the first virus replication cycle and can potentially
grow further. These topics are currently under investigation to be
able to further optimize the virus culture at increased cell densities.

The highest virus yields, based on p-antigen concentrations,
were observed using the recirculation mode for cell culture. At
the first glance, to maximize bioreactor capacity, this seems to
be the best choice. However, it should be mentioned that a larger

pre-culture needs to be prepared as here the cell culture is started at
0.6 x 106 instead of 0.1 x 106 cells mL~! used for the other cell cul-
ture strategies. Hence, extending the overall process throughput
time. Further, considering the cell specific p-antigen productiv-
ity, the semi-batch cell culture strategy appeared to be a good
alternative. In addition, this method can be applied in existing man-
ufacturing equipment without large investments. At present, we
are optimizing this method with respect to microcarrier concentra-
tion, feed frequency and feed/bioreactor volume ratio. In addition,
adaptation of downstream processing to concentrate and purify the
poliovirus obtained from increased cell density cultures is studied.
Focus points are the filter load with cell debris during clarification
and concentration and the removal of the increased concentrations
of host cell proteins and host cell DNA during column chromatog-
raphy. Also, product quality and immunogenicity after purification
remains to be assessed. In that way, discrimination between intact
virus particles and virus progeny, which may have attributed to the
observed increased D-antigen levels, can be made.

5. Conclusions

This study shows that adherent Vero cell culture using differ-
ent methods of medium refreshment allows higher cell densities.
Increased cell densities allowed up to 3 times higher p-antigen lev-
els when compared with that obtained from batch-wise Vero cell
culture. The cell specific D-antigen production was lower when cells
were infected at higher cell densities. Application of a semi-batch
mode of operations allowed the highest cell specific p-antigen
production, while 2 fold lower cell specific p-antigen yields were
found using perfusion or recirculation cultures. This reduction may
be related to the presence of multilayers of cells on the micro-
carriers, which were observed at higher cell densities that were
reached using perfusion or recirculation mode. In our view, the
most promising concept for polio p-antigen yield optimization
would be semi-batch cultivations. This strategy has potential to be
further improved and can be implemented in current manufactur-
ing facilities. Using the here presented method for semi-batch cell
culture and subsequent virus culture, b-antigen yields per run can
be doubled.

Concluding, the use of increased cell densities can result in more
efficient use of bioreactor capacity, and may so reduce the vaccine
cost per dose.

Acknowledgements

This work was supported by the World Health Organization
using funds provided by a grant from the Bill and Melinda Gates
Foundation.

References

[1] Bakker WAM, Thomassen YE, van't Oever AG, Westdijk ], van Oijen MGCT,
Sundermann LG, et al. Inactivated polio vaccine development for technology
transfer using attenuated Sabin poliovirus strains to shift from Salk-IPV to
Sabin-IPV. Vaccine 2011;29(41):7188-96.

[2] Thomassen YE, van’t Oever AG, Van Oijen MGCT, Wijffels RH, Van der Pol LA,
Bakker WAM. Next generation inactivated polio vaccine manufacturing to sup-
port post polio-eradication biosafety goals. PLoS ONE 2013;8(12):e83374.

[3] Thomassen YE, van't Oever AG, Vinke M, Spiekstra A, Wijffels RH, van der
Pol LA, et al. Scale-down of the inactivated polio vaccine production process.
Biotechnol Bioeng 2013;110(5):1354-65.

[4] WHO. Meeting of the strategic advisory group of experts on immunization.
November 2012 - conclusions and recommendations. Wkly Epidemiol Rec
2013;88(1):1-16.

[5] Venczel L, Landry S, Aylward B, Sutter R, Sabow A, Smith G. Global
post-eradication IPV supply and demand assessment: integrated findings com-
missioned by the Bill & Melinda Gates Foundation and prepared by Oliver
Wyman Inc. Available online at: www.polioeradication.org. 2009, [accessed
16 September 2013].


http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0005
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0010
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0015
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0020
http://www.polioeradication.org/

2788 Y.E. Thomassen et al. / Vaccine 32 (2014) 2782-2788

[6] Sangrujee N, Caceres VM, Cochi SL. Cost analysis of post-polio certification
immunization policies. Bull World Health Organ 2004;82(January (1)):9-15.

[7] Pirt S]. Principles of Microbe and Cell Cultivation. Oxford, United Kingdom:
Blackwell Scientific Publication; 1975.

[8] Mendonga RZ, Pereira CA. Cell metabolism and medium perfusion in

VERO cell cultures on microcarriers in a bioreactor. Bioproc Biosyst Eng

1998;18(3):213-8.

van Wezel AL. Monolayer growth systems: homogeneous unit processes. In:

Spier RE, Griffith JB, editors. Animal Cell Biotechnology. London: Academic

Press; 1985. p. 265-82.

[10] Thomassen YE, van der Welle JE, van Eikenhorst G, van der Pol LA, Bakker WAM.
Transfer of an adherent Vero cell culture method between two different rock-
ing motion type bioreactors with respect to cell growth and metabolic rates.
Process Biochem 2012;47(2):288-96.

[11] ten Have R, Thomassen YE, Hamzink MR], Bakker WAM, Nijst OEM, Kersten G,
et al. Development of a fast ELISA for quantifying polio D-antigen in in-process
samples. Biologicals 2012;40(1):84-7.

[12] Barrett PN, Mundt W, Kistner O, Howard MK. Vero cell platform in vaccine pro-
duction: moving towards cell culture-based viral vaccines. Expert Rev Vaccines
2009;8(5):607-18.

[13] Montagnon BJ, Fanget B, Vincent-Falquet JC. Industrial-scale production of
inactivated poliovirus vaccine prepared by culture of Vero cells on microcarrier.
Rev Infect Dis 1984;6(Suppl 2):S341-4.

[14] van Wezel AL, van SG, van der MP, Osterhaus AD. Inactivated poliovirus
vaccine: current production methods and new developments. Rev Infect Dis
1984;6(Suppl 2):5335-40.

[15] Trabelsi K, Rourou S, Loukil H, Majoul S, Kallel H. Comparison of various culture
modes for the production of rabies virus by Vero cells grown on microcarriers
in a 2-1 bioreactor. Enzyme Microb Technol 2005;36(4):514-9.

[9

[16] Rourou S, van der Ark A, van der Velden T, Kallel H. A microcarrier cell culture
process for propagating rabies virus in Vero cells grown in a stirred biore-
actor under fully animal component free conditions. Vaccine 2007;25(19):
3879-89.

[17] Petiot E, Guedon E, Blanchard F, Geny C, Pinton H, Marc A. Kinetic characteriza-
tion of vero cell metabolism in a serum-free batch culture process. Biotechnol
Bioeng 2010;107(1):143-53.

[18] Levenbook IS, Petricciani ]JC, Elisberg BL. Tumorigenicity of Vero cells. ] Biol
Stand Oct 1984;12(4):391-8.

[19] Manohar M, Orrison B, Peden K, Lewis Jr AM. Assessing the tumorigenic
phenotype of VERO cells in adult and newborn nude mice. Biologicals
2008;36(January (1)):65-72.

[20] Chen A, Poh SL, Dietzsch C, Roethl E, Yan ML, Ng SK. Serum-free microcar-
rier based production of replication deficient influenza vaccine candidate virus
lacking NS1 using Vero cells. BMC Biotechnol 2011;11:81.

[21] Hassell T, Gleave S, Butler M. Growth inhibition in animal cell culture. The effect
of lactate and ammonia. Appl Biochem Biotechnol 1991;30(1):29-41.

[22] Wood HA, Johnston LB, Burand JP. Inhibition of Autographa californica nuclear
polyhedrosis virus replication in high-density Trichoplusia ni cell cultures.
Virology 1982;119(June (2)):245-54.

[23] Bock A, Schulze-Horsel J, Schwarzer ], Rapp E, Genzel Y, Reichl U. High-density
microcarrier cell cultures for influenza virus production. Biotechnol Progr
2011;27(1):241-50.

[24] Kamen A, Henry O. Development and optimization of an adenovirus production
process. ] Gene Med 2004;6(S1):5184-92.

[25] Le RuA, Jacob D, Transfiguracion J, Ansorge S, Henry O, Kamen AA. Scalable pro-
duction of influenza virus in HEK-293 cells for efficient vaccine manufacturing.
Vaccine 2010 May 7;28(21):3661-71.


http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0030
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0035
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0040
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0045
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0050
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0055
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0060
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0065
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0070
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0075
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0080
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0085
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0090
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0095
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0100
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0105
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0110
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0115
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0120
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125
http://refhub.elsevier.com/S0264-410X(14)00195-9/sbref0125

	Improved poliovirus d-antigen yields by application of different Vero cell cultivation methods
	1 Introduction
	2 Materials and methods
	2.1 Cells, virus
	2.2 Cultivation methods
	2.2.1 Pre-cultures
	2.2.2 Bioreactor Vero cell cultures
	2.2.3 Virus culture

	2.3 Analytics

	3 Results
	3.1 Vero cell growth
	3.2 Glucose and glutamine concentrations during cell culture
	3.3 Lactate and ammonia concentrations
	3.4 Virus culture

	4 Discussion
	5 Conclusions
	Acknowledgements
	References


