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Philippe Lawton'?"

Abstract

Background To produce viral vaccines, avian cell lines are interesting alternatives to replace the egg-derived
processes for viruses that do not grow well on mammalian cells. The avian suspension cell line DuckCelt®-T17 was
previously studied and investigated to produce a live attenuated metapneumovirus (hMPV)/respiratory syncytial virus
(RSV) and influenza virus vaccines. However, a better understanding of its culture process is necessary for an efficient
production of viral particles in bioreactors.

Results The growth and metabolic requirements of the avian cell line DuckCelt®-T17 were investigated to improve
its cultivation parameters. Several nutrient supplementation strategies were studied in shake flasks highlighting the
interest of (i) replacing L-glutamine by glutamax as main nutrient or (i) adding these two nutrients in the serum-free
growth medium in a fed-batch strategy. The scale-up in a 3 L bioreactor was successful for these types of strategies
confirming their efficiencies in improving the cells’growth and viability. Moreover, a perfusion feasibility test allowed
to achieve up to ~ 3 times the maximum number of viable cells obtained with the batch or fed-batch strategies.
Finally, a strong oxygen supply — 50% dO, — had a deleterious effect on DuckCelt®-T17 viability, certainly because of
the greater hydrodynamic stress imposed.

Conclusions The culture process using glutamax supplementation with a batch or a fed-batch strategy was
successfully scaled-up to 3 L bioreactor. In addition, perfusion appeared as a very promising culture process for
subsequent continuous virus harvesting.
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Introduction
Embryonated eggs are widely used for the production of
viral vaccines since this system allows post-translational
modifications and high productivity [1]. Industrially, this
method offers the advantage of a fully validated process
performed in compliance with global pharmaceutical
standards (cGMP). However, the presence of residual
contaminants causing many allergic reactions and the
longer process time should be in favor of the use of cell
culture systems [2]. The strong needs for vaccines against
seasonal epidemics or new viruses are pushing research
to focus on alternative production systems that are just
as safe, robust and, above all, faster and more profitable
than the traditional method. The use of mammalian con-
tinuous cell lines has many advantages in terms of ethics
but also of production yields [3]. Viral vaccine production
in cell culture depends on the type of cells used and the
type of vaccine desired. In the case of influenza vaccines,
the Madin-Darby Canine Kidney (MDCK) cell line has
become a reference [4] and produce viral titers equivalent
to eggs [5]. The first seasonal influenza vaccine Flucel-
vax tetra® produced on MDCK cells received a European
marketing authorization issued in 2018. Moreover, this
line is adherent (as opposed to suspension culture), i.e.
it requires a physical support to be able to divide, which
complicates the process, especially during the scaling up.
Another cell line that may have a real potential for large
scale influenza vaccines production is the human embry-
onic retinal cell (PER.C6) line cultivated in suspension
[6]. The PER.C6 cell line provides a robust host system
that can replace embryonated eggs for the production
of influenza virus vaccines [7]. In addition, a number of
avian cell lines is increasingly used to replace the egg-
derived processes or for those viruses that do not grow
well on mammalian cells such as the highly attenuated
modified vaccinia Ankara vaccine (MVA) [8]. Three avian
cell lines are competing with traditional mammalian cell
platforms used for influenza vaccine productions [9]. The
proprietary duck embryonic stem cell line EB66 [10-12]
as well as other avian suspension duck retina AGE.CR [8,
13-18] and BA3 ciPC are at an advanced stage of com-
mercial development for the manufacture of biological
vaccines. Suspension cell lines present many advantages
for the industrialization of a vaccine production process:
easy up-scalability, growth in serum-free media, easy
handling as well as growth potential at high density [19].
In this context, the avian suspension cell line
DuckCelt*-T17 was previously studied and investigated
for the production of a live attenuated metapneumovi-
rus (hMPV)/respiratory syncytial virus (RSV) and influ-
enza virus vaccines [20-22]. Infection of DuckCelt®-T17
cells with the vaccine candidate Metavac® was initiated as
soon as 1x10° cells/mL were reached with a cell viabil-
ity around 90% to allow efficient viral replication. Upon
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infection, there was a loss of about 20% in the number of
cells and a decrease in their viability [22]. Although the
production of influenza particles was reported to be effi-
cient in 400 mL bioreactors [20], hMPV production in
bioreactors remained difficult. A thorough understand-
ing of the DuckCelt*-T17 culture process is thus essential
since at present the production systems in use are either
TubeSpin50 or shake flasks [22].

Cells use the canonical metabolic pathways, the Krebs
cycle and glutaminolysis, so they necessarily need carbon
sources such as glucose or glutamine to multiply. A better
understanding of cell growth is thus required to scale-up
the culture process and eventually optimize the produc-
tion of viral particles. Hence, the purpose of this study
was to improve and control the growth kinetics and the
metabolic requirements of this cell line both at lab and at
pilot scales. For this, we looked at the dO, parameter in
the 3 L bioreactor system and at various supplementation
strategies in both shake flasks and 3 L bioreactor.

Materials and methods

Materials

The OptiPRO™ SFM serum-free medium with penicil-
lin/streptomycin and the surfactant Pluronic F68 was the
culture medium. L-glutamine and the L-alanyl-L-gluta-
mine dipeptide (GlutaMAX™ and hereinafter referred to
as glutamax) were used as additional nutrients. All these
reagents were purchased from Gibco/Thermo Fisher Sci-
entific (Illkirch-Graffenstaden, France).

Cell culture

The DuckCelt®-T17 cell line was grown in suspension in
OptiPRO™ SFM medium supplemented with 1% (v/v)
penicillin/streptomycin (10,000 U/mL), 2% (v/v) L-gluta-
mine and 0.2% (v/v) Pluronic F68 as previously described
[20]. For lab-scale experiments and routine culture, the
cells were cultured at 37 °C in a CO, Kithner LT-XC
shaker incubator (Kithner, Birsfelden, Switzerland) with
5% CO, and 85% humidity. After thawing, the cells were
cultured in TubeSpin® tubes (TPP°® Techno Plastic Prod-
ucts, Trasadingen, Switzerland) at 175 rpm at a working
volume of 10 mL for the first passages. Cell amplification
was subsequently performed in Erlenmeyer unbaffled
shake flasks (DuoCAP®, TriForest, Irvine, CA, USA) at
115 rpm under volumes ranging from 20 to 200 mL until
enough cells was obtained for the production phase in
bioreactor. Cells were passaged every 2 to 3 days at cell
concentrations of 0.7x10° cells//mL. The cell passage
number was kept between 17 and 30.

Supplementation studies

The supplementation studies (see Table 1) were per-
formed in 125 mL shake flasks with aerated caps in a
working volume of 30 mL inoculated at 0.7x10° viable
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Table 1 Description of the different supplementation strategies studied at lab-scale in shake flasks with the corresponding
DuckCelt®-T17 growth kinetic parameters. For each strategy, the supplemented basic culture medium is the OptiPRO™ SFM medium

with antibiotics and Pluronic F68

Strategy Description Hmax (h™1) tp (h) Ivee2
(106 cells.d/mL)

A Glutamine (4 mM, DO) 0.023 30.7 261+1.1
B Glutamax (4 mM, DO) 0.019 35.7 30.0£1.5(%)
C Without glutamine - - 35402
D Glutamine (4 mM, D0) + Glutamax (4 mM, DO) 0.016 431 230+1.1
E Glutamax (4 mM, DO0) + Glutamax (4 mM, DO) 0.019 359 296+1.1 (%)
F Glutamine (4 mM, D0) + Glucose (D3, D6) 0.019 36.1 29.8+0.7 (*)
G Glutamax (D0) + Glucose (D3, D6) 0.018 392 278+0.7
H Glutamine (4 mM, D0) + Glutamax (4 mM, D3) 0.018 394 266+0.7
| Glutamine (2mM, DO) + Glutamine 2mM, D3) 0.019 373 314422 (%
J Glutamax 2mM, DO) + Glutamax (2mM, D3) 0.019 373 31.0£1.7 (%
K Glutamine (4 mM, D0) + SFM (D3, D6, D9) 0.019 359 3154104 (%)
L Glutamine (4 mM, D0) + SFM w/o GIn (D3, D6, D9) 0.019 354 29.0+06 (%)
M Glutamax (4 mM, DO)+SFM (D3, D6, D9) 0016 439 27.0£0.7

2 Results are presented as mean+SEM (n=6), asterisk (*) indicates a p-value<0.05 in t-test analysis

cells/mL and the cultures were carried on for 11 days.
Samples were taken daily for growth, metabolic con-
sumption (glucose and glutamine) and production (lac-
tate and ammonium). All supplementations were made
with fresh OptiPRO™ SFM medium supplemented with
glutamine, surfactant and antibiotics as described above.

Bioreactor assays

The cells were cultured in an Applikon 3 L glass bioreac-
tor equipped with a marine impeller of the elephant ears
type and connected to an eZ-control device (Getinge,
Goteborg, Sweden). The working volume was 1.610 L.
Oxygen supply was performed by pulsed aeration with
air at 300 mL/min when the dissolved oxygen (dO,) in
the bioreactor fell below the given setpoint (10, 30 or
50%), with a 100% value corresponding to O, saturation
concentration in the culture medium in equilibrium with
the gas phase (ambient air). The operating parameters
were stirring speed (100 rpm), pH (7.2) and tempera-
ture (37 °C). The pH was controlled by CO, injection or
sodium bicarbonate addition.

Perfusion cell culture was achieved with the implemen-
tation of the XCell™ Lab System (Repligen,

Waltham, USA). Cell retention in the bioreactor was
done by alternating tangential flow filtration (ATF 2 Sys-
tem) using hollow fiber-based membrane filters (0.2 um
pore size, 0.13 m?® surface area). Fresh medium was
added, and waste products and depleted medium were
continuously removed via peristaltic pumps. The per-
fusion process was initiated on day 3 when the glucose
concentration fell close to the limit concentration of
1 g/L (reference conditions, see part 3.1). Fresh medium
was provided at the same rate that product and depleted
medium were removed from the bioreactor to maintain
a constant working volume. The flow rate was manually

increased over the process time from 0.8 mL/min at day
3 to 1 mL/min from day 5 until the end of the culture;
the other parameters of the ATF 2 controller were kept as
given by the supplier.

Culture process monitoring

Cell growth monitoring was performed by cell counting
and viability evaluation with trypan blue with an Auto-
mated TC20 Counter (Bio-Rad. Hercules, USA). Trap-
ezoidal integration of the viable cell concentration over
time using GraphPad Prism Software (San Diego, USA)
led to the integral of viable cell concentration (IVCC).
The growth kinetics parameters gmax and tp, were graph-
ically determined. Metabolite analyses were performed
off-line with a Nova Bioprofile Flex] Analyzer (Nova
biomedical, Waltham, USA) in 1mL samples. To obtain
information on the cellular metabolism, consumptions of
glutamine and glucose, as well as productions of lactate
and ammonium were monitored. Means comparisons
were done using Student’s ¢-test with the two-sided level
of significance, («=0.05).

Results

Preliminary experiment in a 3 L bioreactor

Prior to our investigations, a preliminary experiment
was performed to replicate the DuckCelt®-T17 cultiva-
tion process as described by Petiot et al. [20] in order to
have a reference experiment. Cells were thus cultivated
in a 3 L bioreactor with a 50% dO, setpoint and 100 rpm
stirring. As shown in Fig. 1a, the growth curve displayed
a classical profile, with a maximal viable cell concentra-
tion (VCC,,,,) of about 4x10° cells/mL reached on day
4. The kinetic parameters showed a maximum growth
rate (,,,,) of 0.020 h™! (+0.003 h™!) corresponding to
a doubling time (tp) of 34.7 h (0.4 h). The cell viability
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Fig. 1 Characterization of the DuckCelt®-T17 culture process performed using reference operating conditions from [20] in a 3 L stirred bioreactor. Time
evolution of cell growth (solid line) and viability percentage (dotted line) (a), of the concentration of metabolites involved in glutaminolysis (b) and gly-
colysis (c). GIn: glutamine (solid line); NH,": ammonium (dotted line); Glc: glucose (solid line); Lac: lactate (dotted line). Results are presented as means +SD

(n=3)

dropped below 70% from day 5, confirmed by the meta-
bolic kinetic profiles with glucose and glutamine concen-
trations being close to zero, while the catabolic products
lactate and ammonium rose (Fig. 1b and c). The maximal
amounts of lactate and ammonium reached during the
experiment were 2.8 g/L and 3.5 mM, respectively.

To improve the cultivation process, two strategies were
investigated in this study: (i) the modification of the dO,
parameter in the 3 L bioreactor system and (ii) the use of
different supplementation strategies in both shake flasks
and 3 L bioreactor.

Impact of dO, on the growth and metabolic profiles of
DuckCelt®-T17 cells in a 3 L bioreactor

Since the oxygen needs of the DuckCelt*-T17 line were
unknown, the impact of dO, on cell growth was studied
at 50, 30 and 10% setpoints with stirring set at 100 rpm
(Fig. 2). The growth kinetics were quite similar at 30 and
50% indicating that no O, limitation occurred at 30%. In

contrast, the cells seemed to grow significantly slower
when the dO, was set at 10%, the peak of cell growth
being reached on day 8, compared to days 5 and 6 at 50
and 30%, respectively (Fig. 2a). The maximum growth
rate was half as high at 10% than at 30 or 50% (Fig. 2c).
Although the VCC_,, was similar.

whatever the dO, setpoint (about 3.5-4x10° viable
cells/mL), viability was not. It remained stable until day 3
regardless of dO,, but while it dropped drastically at 50%
dO,, it remained above 70% for a long time at 10% dO,
and at 30% dO, it was more stable than at 50% (Fig. 2b).

A clear difference was noticed for metabolic profiles
(see Figure S1 in Supplementary Information). For the
10 and 30% dO, setpoints, glutamine was still available at
day 7 contrary to 50% (Figures S1a). Ammonium stayed
at acceptable levels until days 67 (Figures S1b). All these
results drove us to set at 30% the dO, parameter as a
good compromise for subsequent experiments.
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Fig. 2 Effect of dO, on cell growth (a), viability (b) and growth kinetic parameters (c) for DuckCelt®-T17 cells cultivated in a 3 L bioreactor. The cells were
grown at 10% (grey line), 30% (blue line) or 50% (green line) dO,. Results are presented as means+SD (n=3 for 30% and n=2 for 10% dO). The data for

50% dO, (n=3) originate from the reference process experiments

Study of various supplementation strategies in shake
flasks

Given the rapid glucose depletion (see Figure Slc in
Supplementary Information) and the high lactate pro-
duction (data not shown), we especially investigated the
effect of glutamax in our system. Indeed, the thermo-
stable dipeptide L-alanine-L-glutamine is cleaved by the
proteases produced by the cells, resulting in a sustained
release of glutamine in the culture medium. We experi-
mentally observed another advantage of glutamax com-
pared to glutamine: a cell-free process performed for 11
days in the OptiPRO™ SFM medium exhibited spontane-
ous ammonium production when glutamine was used as
a medium supplement while no significant ammonium
production was observed with glutamax (see Figure S2 in
Supplementary Information).

We compared the effect on both cell growth and meta-
bolic profiles of the reference feeding conditions based
on glutamine supplementation (strategy A) with various
supplementation strategies (Table 1). Strategy B consisted
in replacing glutamine by glutamax and as a control, we
also performed the cell culture without glutamine (strat-
egy C). The results in terms of cell growth and metabolic
profile are shown in Fig. 3. As expected, cells did not
grow without glutamine supplementation (strategy C).
Strategy B induced the production of greater amounts
of glutamine between day 2 and day 5 with a complete
depletion observed at day 5 compared to day 4 with strat-
egy A (Fig. 3b). Compared to strategy A, the VCC_,, was
significantly improved with strategy B, since 6.2x10°
cells/mL were produced on day 5 compared to 4.7x10°

cells/mL with the reference strategy A (Figs. 3a and 4).
IVCC also increased significantly (+15% compared to
strategy A) (Table 1). However, the kinetic parameters
(Mmax and tp) as well as viability were statistically simi-
lar for both conditions (Table 1). Regarding metabolites,
glutamax addition had no influence on glucose depletion
and ammonium production while interestingly it slightly
limited the amount of produced lactate (Fig. 3b and c).
Due to its beneficial effect, glutamax was also added on
day O (Table 1), either to the reference medium (strategy
D) or to the glutamax-supplemented one (strategy E).
The combination of glutamine and glutamax had obvi-
ously an important influence on the glutamine profile
(Fig. 5a). The addition of both nutrients on day 0 led to
the highest amounts of glutamine in the medium with
~3.5 mM of glutamine still available in the medium at
day 4 with a complete depletion only observed on day 7
or 8. But such combinations of nutrients also exhibited
the most deleterious effect from an ammonium pro-
duction point of view (Fig. 5b). Strategy D appeared the
most deleterious with a final concentration of ammo-
nium higher than 7 mM inducing low VCC_,, and IVCC
(Fig. 4; Table 1). Although strategy E showed a signifi-
cant increase of VCC,,,. (6.8x10° cells/mL) and IVCC
compared to strategy A, it produced greater amounts of
ammonium (Figs. 4 and 5b). A similar addition was also
tested on day 3 (strategy H) to control the glutamine
profile at lower concentration over days and limit the
amount of ammonium produced. Although obtaining an
intermediate concentration of glutamine in the medium
until day 7, no statistically significant difference in both
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viability and metabolic profiles was observed compared
to strategies E and F (Figs. 4 and 5).

To observe the impact of glutamine concentration on
cell culture, either 4 mM glutamine or glutamax were
added one half on day 0 and the other half on day 3 in
strategies I and ], respectively. Glutamine concentration
remained between 0.5 and 2 mM until day 7 indicating a
lower nutrient consumption by the cells than for strate-
gies A and B (Fig. 5). Considering the metabolic profiles,
this limited consumption only slightly decreased the lac-
tate produced, the concentration of the other metabolites
remaining comparable to strategies A and B, but such
supplementation improved the cell viability and espe-
cially IVCC (~+20% compared to strategy A). The best
results were obtained with strategy J that allowed main-
taining more than 70% cell viability until day 7 whereas
with most strategies it dropped below 70% as early as day
5 (strategies A and D) or 6 (strategies E, H, and I) (see
Figures S3 and S4 in Supplementary Information). From
these results, we hypothesized that a fed-batch type strat-
egy might be an interesting supplementation strategy.

Several fed-batch-mimicking strategies were thus
investigated. The effect of glucose addition was first

studied through strategies F and G that corresponded
to A and B, respectively with the addition of 3 g/L glu-
cose on days 3 and 6. Although the VCC_,, significantly
increased (Fig. 4), glucose supplementation during culti-
vation did not seem to be a good alternative in view of
the metabolic profiles observed (see Figure S4 in Supple-
mentary Information). Especially, the lactate concentra-
tion sharply increased inducing an acidification of the
culture medium. Finally, strategies K and L corresponded
to the reference strategy with the addition every 3 days of
fresh Optipro SFM medium with or without glutamine,
respectively. In strategy M, the initial medium was the
glutamax-supplemented one and fresh Optipro SFM with
glutamax was added every 3 days. Among these mim-
icking fed-batch feedings, strategies K and M appeared
interesting with VCC,,, values similar to those of strat-
egy B (Figs. 4 and 6a) and a viability that remained above
70% until 7 and 8 days compared to 5 and 6 days for strat-
egies A and B, respectively (Fig. 6b). Strategy M exhib-
ited slower growth kinetics with lower p . and higher
tp than the other strategies while no significant evolution
of IVCC was observed (Fig. 6a; Table 1). Furthermore,
the amounts of ammonium and lactate were among the
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indicate p-value <0.05 and 0.01, respectively with Student’s t-test

lowest produced as for strategy B (Fig. 6¢). Strategies
B and M were thus considered as the most promising
strategies.

Scale-up in 3 L-bioreactor and feasibility test

To test the robustness of the DuckCelt*-T17 culture pro-
cess from shake flask to pilot scale, the cells were cultured
in a 3 L bioreactor using the two promising supplementa-
tion strategies B and M. Each culture was repeated twice
at 100 rpm using 30% dO, and compared to the reference
strategy A.

As observed at lab scale, the substitution of glutamine
by glutamax significantly improved the DuckCelt*-T17
cell growth in terms of VCC,,,, (from 3.4x10° cells/mL
to 5.3x10° cells/mL, p-value<0.05) (Fig. 7a). The pro-
duction of lactate remained below 1.5 g/L compared to
2 g/L for the reference strategy A (Fig. 7c), while no dif-
ference in ammonium production and viability profile
was observed (Fig. 7b and c). The significant improve-
ment of both cell growth and viability using the fed-batch
condition (strategy M) was also observed at pilot scale
with a VCC,,. ~ 5.1x10° cells/mL The most promising
results in a context of virus production were obtained for
the cell viability which remained above 80% during the

eight first days of culture against 5 days for strategies A
and B (Fig. 7b).

Due to the good results observed with fed-batch cell
cultivation, we finally performed a feasibility assay to
test the interest of a perfusion strategy. Similar viabil-
ity profiles were observed with fed-batch and perfusion
strategies (Fig. 7b) with a viability maintained above
80% throughout the culture process. But perfusion cell
cultivation also greatly improved the cell growth with a
VCC,,, ~1.1x107 cells/mL and limited the concentration
of lactate and ammonium in the culture medium below
0.5 g/L and 2 mM at the end of the culture, respectively
(Fig. 7a, c and d). On the other hand, this process must
be optimized since glutamine and glucose (<0.5 mM and
close to 0 g/L respectively) did not remain available to the
cells until the end of the culture in the bioreactor despite
their continuous addition (Fig. 7d).

Discussion

As an avian cell line, DuckCelt*-T17 VCC,_,,, remains in
the low range when compared to the maximum densi-
ties reached by AGE1.CR (4-20x10° cells/mL) [13] or
EB66 cells (8—30x10° cells/mL) [10]. Their growth per-
formance, although satisfactory, was slightly lower than
some mammalian cell lines classically used for virus
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production such as Vero (1.0x107 cells/mL) [23], MDCK
(1.3x10° cells/mL) [4] and PER.C6 cells (1x107 cells/
mL) [6]. After 5 days, their viability loss was confirmed
by their metabolic kinetic profiles, consistent with the lit-
erature. It is generally agreed that lactate and ammonium
should not exceed 1.8 g/L and 2 mM, respectively in the
medium to minimize their impact on growth [24] and
that the ammonium detrimental effects are often reached
at concentrations approximately ten-fold less (e.g., 2—4
mM) than lactate (e.g., 20-40 mM, i.e. 1.8-3.6 g/L) [25].
Thus, decreasing lactate at the expense of even a small
increase in ammonium is certainly not desirable.

Oxygen is an essential parameter for aerobic cells’
growth and metabolism [26] and in a bioreactor, dO, is
the classical parameter used to control the oxygen supply
to the cells. The challenge is to meet the oxygen require-
ments of the cells without causing cell damage due to
bubble burst [27]. Oxygen requirements vary depending
on the cell type and the cell line. For example, CHO cells
require high levels of oxygen to be very efficient (VCC_,,
around 2.107 cells/mL) and hence dO, is regulated
between 30 and 60% with pure oxygen [28, 29]. Avian cells
such as the AGE1.CR line are usually grown at 40-55%
dO, by pulsed aeration with air enriched with 7.5% CO,
and 20% O, [13, 14] or by O, sparging [18]. For the EB66
line, the dO, is set at 50% [10, 11] and for CAP cells, it

is around 40-50% by pulsed aeration with pure oxygen
[30]. Between 10 and 50% dO,, the DuckCelt’-T17 line
had similar VCC_,, but its viability dropped at 50% dO,,
possibly due to the more frequent air supply resulting in a
greater hydrodynamic stress and cell damage. Such issues
could be addressed using pure oxygen or other sparger
types, but our configuration did not allow the use of oxy-
gen. The slow cell growth observed at 10% dO, was also
associated with better viability, which could be interest-
ing during a virus production phase. But it could be too
risky for subsequent virus production if the exponential
phase of growth (u,,,, and t) were not efficient enough
to support an infection and if oxygen limitation occurred.
In addition, the overproduction of metabolic waste prod-
ucts observed at 10% dO, may have a detrimental influ-
ence on viral production performance over time. From
an ammonium and lactate production point of view, the
intermediate O, supply condition at 30% dO, appeared
as a good compromise since ammonium was produced
in greatest amounts at 50% dO, and lactate concentra-
tions were well above 1.8 g/L at 10% dO, at the end of the
culture.

It is well known that the amounts of nutrients in the
medium, essentially glucose and glutamine, are also a
limiting criterion for cell growth [31], their rapid deple-
tion leading to a drop in cell viability. In our reference
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experiment, the glutamine and glucose depletion at day
5 could explain the decline in cell growth. Consequently,
we decided to down-scale the culture process using shake
flasks, one of the best alternative for carrying out experi-
ments at small-scale level because of their easy operation
and lower cost [32]. Due to glutaminolysis and glycolysis
associated with the Krebs cycle, the consumption of glu-
cose and glutamine is associated with a high production
of lactate and ammonium [24]. Many strategies such as
the replacement of glucose with alternative sugars, adapt-
ing cells to a lactate-supplemented medium [33], using
fed-batch processes [31, 34], were developed to reduce
lactate or ammonium accumulation. Moreover, substitu-
tion of glutamine with other nutrients such as glutamate
is one of the strategies used to reduce the amount of
ammonium produced by the cells [35].

To improve the cell growth, we especially investigated
the effect of glutamax, since this thermostable dipep-
tide L-alanine-L-glutamine is cleaved by the proteases
produced by the cells, resulting in a sustained release of
glutamine in the culture medium. In shake flasks, gluta-
max allowed increasing growth yields without improv-
ing cell viability or metabolic profiles except for lactate
production. The same improvements were observed by
mimicking a fed-batch process by adding glutamine- or

glutamax-supplemented fresh culture medium every
three days. Additionally, cell viability was kept above 70%
over 7-8 days. When scaling-up to a 3 L bioreactor, the
same results were obtained with the fed-batch strategies.
The fed-batch condition seems the most promising in
view of a virus production.

Overall, DuckCelt*-T17 cells are very sensitive to sub-
strate limitation and inhibited by the waste products,
ideally requiring the continuous renewal of the culture
medium for both continuous nutriment supply and waste
products removal. That is why we performed a feasibil-
ity perfusion test, this technique allowing a continuous
addition of fresh culture medium across fiber membranes
that retain the cells while removing waste products and
spent medium. The cell retention is achieved by alternat-
ing tangential flow filtration which appears as an process
especially adapted to virus production such as influenza
A [36]. To our knowledge, this is the first time that such
satisfying performances were obtained at this scale with
the DuckCelt*-T17 cell line. This is of high interest in a
context of virus production.

The DuckCelt®-T17 culture process was successfully
scaled-up from shake flasks to a 3 L bioreactor using dif-
ferent supplementation strategies but with a lower cul-
ture performance in the latter. These results could be
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explained by the aeration and hydrodynamic conditions
that are not well-controlled in shake flask systems mak-
ing them difficult to scale-up [27, 32]. The stirring rate
as well as the aeration conditions used at pilot scales
induce shear stresses that may cause cell damage [37].
Further investigations are required for scale-up purpose
especially to deeper characterize the state of the cells and
their O, consumption during the culture process and as a
function of the operating conditions.

Conclusions

DuckCelt*-T17 growth and metabolism were investigated
using different supplementation strategies in shake flasks.
Particularly, the use of glutamax instead of glutamine
resulted in a sustained release of glutamine in the culture
medium that both favored cell growth and limited the
amount of lactate produced. Fed-batch mimicking strat-
egies consisting in adding fresh culture medium every
3 days also improved the DuckCelt*-T17 growth pro-
cess. At pilot-scale and from an oxygen supply point of
view, the best compromise between growth, viability and
metabolic profile was obtained at the intermediate dO,
of 30%. At 10% dO,, the growth kinetics was very slow
and the drop in cell viability observed at 50% dO, could

1 for perfusion assay)

be explained by a more frequent air supply that should
induce more important cell stress and damage.

The culture process using glutamax supplementation
with a batch or a fed-batch strategy was successfully
scaled-up to 3 L bioreactor. Finally, perfusion cultiva-
tion appeared as a very promising DuckCelt*-T17 culture
process since leading to about 1.1x 107 viable cells/mL as
the best VCC,,, which is very encouraging especially for
subsequent continuous virus harvesting. Further experi-
ments may be performed to confirm the reproducibility
and to optimize the perfusion process for DuckCelt®-T17
cultivation.
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