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Shake flasks are a foundational tool in early process development by allowing high throughput exploration of the
design space. However, lack of online data at this scale can hamper rapid decision making. Oxygen transfer rate
(OTR) monitoring has been readily applied as an online process characterization tool at the benchtop bioreactor
scale. Recent advances in modern sensing technology have allowed OTR monitoring to be available at the shake
flask level. It is now possible to multiplex time-of-action (e.g., Induction, temperature shift, pH shift, feeding
initiation, point of harvest) characterization studies by relying on careful analysis of OTR profile kinetics. As a
result, there is potential to save time and capital expenditures while exploring process intensification studies
though accurate and physiologically relevant online data. In this article, we detail the application of OTR
monitoring to characterize the impact that recombinant protein production has on an inducible CHO cell line
expressing Palivizumab. We then test out time-of-action studies to intensify protein production outcomes. We
observe that recombinant protein expression causes a metabolic load that diminishes potential biomass growth.
As a result, when compared to a control standard process, delaying induction and temperature shift has the
potential to improve viable cell densities (VCD) by 2-fold thus increasing recombinant protein yield by over
30 %. The study also demonstrates that OTR can serve as a useful tool to detect cessation of exponential growth.
Consequently, time-of-action points that are characteristic of inducible systems can be formulated accurately and
reliably to maximize production performance.

1. Introduction

Shake flaks have been widely used in the biotechnology industry
since the 1930’s when Kluyver and Perquin began fermentation of
fungus in shake flasks (Anderlei et al., 2004). They are an efficient tool
for screening large amounts of strains or cell lines, optimizing culture
conditions and media composition during the initial stages of process
development (Anderlei and Biichs, 2001; Anderlei et al., 2004). As such,
they permit the minimization of cost and the maximization of process
information. It is estimated that 90 % of all cell culture experiments
make use of shaken systems at some point in the development cycle
(Anderlei et al., 2004). These shaken systems are used in tandem with
shaking tables or incubator shakers since these platforms are responsible
for the shaking movement that allows for the mixing and oxygen mass
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transfer. Shaking can be done through rotatory shaking, linear recipro-
cating, and orbital shaking (Doran, 1995). The incubators have the
added benefit of maintaining commonly a 5 % CO, atmosphere that is
critical for culturing mammalian cell lines (Hoshan et al., 2019). How-
ever, lack of on-line data is an issue on these shaken flasks and as such, it
can sometimes behave as a black box where little is known about the
mass transfer and mixing within the system. Recent industry-wide
pushes towards Biopharma 4.0 have meant that increased monitoring
and control capabilities are possible in stirred tank bioreactors with
strategies based on hardware and software-based sensors (Reyes et al.,
2022; Reyes et al., 2024). A relevant monitoring parameter that has
gained prominence among these strategies in process development is
oxygen uptake rate (OUR) given its ease of estimation through various
methods (Fontova et al., 2018; Goh et al., 2020; Martinez-Monge et al.,
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2019; Wallocha and Popp, 2021). Most noteworthy is its ability to
provide information regarding the metabolic state of the culture (Europa
et al., 2000; Lin et al., 2002; Zhou and Hu, 1994; Zhou et al., 1995).
Thanks to these characteristics, OUR has been used in tandem with
correlations to develop dynamic feeding strategies (Casablancas et al.,
2013; Goldrick et al., 2018; Martinez-Monge et al., 2018; Reyes, Pham,
et al., 2024) as well as detect nutrient limitations (Zalai et al., 2016) and
evaluate the impact of media additives (Huang et al., 2010). Addition-
ally, OUR has also shown great correlation with both viable cell density
and viable cell volume (Pappenreiter et al., 2019) along with an ability
to estimate the cessation of exponential growth phase (Ducommun et al.,
2000; Reyes et al., 2023). Given these features, OUR has been used as a
basis for time-of-action events where time of harvest or time of infection
(in viral production) can be determined based on changes in the slope of
the OUR curve in batch, fed-batch, and perfusion configurations (Galvez
et al., 2012; Kussow et al., 1995; Lecina et al., 2006).

Initially, to properly study the environment within the shake flasks
and in consequence accurately study the microbial cultures inside them,
an oxygen transfer rate (OTR) device was developed by Anderlei and
Buchs denominated the RAMOS (respirator monitoring system)
(Anderlei and Biichs, 2001; Anderlei et al., 2004; Hansen et al., 2012). In
their work, the estimation of the OTR was realized online, allowing
measurements to be done under sterile conditions as well as under a
suitable mixing environment (shaken). The carbon dioxide transfer rate
(CTR) along with the respiratory quotient (RQ = CO; produced / O»
consumed) could also be estimated using their proposed technique.
Since the shake flask system is considered to be in a pseudo steady state,
the dynamics of mass transfer are more rapid than the changes in oxygen
requirement of the cell culture. In consequence, oxygen transfer rate
(OTR) is roughly approximated to oxygen uptake rate (OUR), while the
carbon dioxide transfer rate (CTR) also comes close to carbon dioxide
evolution rate (CER) (He et al., 2019). This would indicate that OUR
= OTR and that CER = CTR (He et al., 2019). However, careful
consideration and validation must be realized with the assumption that
CER = CTR since carbon dioxide sources within the mammalian cell
culture system include cellular respiration and the sodium bicarbona-
te/carbonate buffer medium (Goudar et al., 2011).

These characteristics have led to widespread use of the RAMOS
system in a variety of biotechnological applications (Anderlei and
Biichs, 2001; Anderlei et al., 2004; Guez et al., 2008; Hansen et al., 2012;
Losen et al., 2004; Rechmann et al., 2007; Seletzky et al., 2007; Seletzky
et al., 2007; Stockmann et al., 2003; Zimmermann et al., 2006). The
RAMOS system has also been used concomitantly with an on-line
fiber-optic pH measuring system to produce more information about
the fermentation cycle (Scheidle et al., 2007). It was determined that
accurate online monitoring for pH and dissolved oxygen (DO) in shake
flask cultures was possible since all values fell within 4 % of the
experimentally determined offline values. The same principle of the
RAMOS system has also been applied to 48- and 96-well microtiter
plates (Dinger et al., 2022; Thling et al., 2023). Adaptation to the RAMOS
systems has been made to reproducibly monitor the oxygen consump-
tion of mammalian cells in shake flasks, demonstrating correlations with
cell viability, cellular density, and depletion of carbon sources (Ihling
et al., 2021; Ihling, Munkler, Paul, Berg, et al., 2022; Ihling et al., 2022).

Within a shake flask system, it has been established that numerous
parameters effect the oxygen mass transfer such as the flask shape, flask
size, vented cap, shaking frequency, shaking diameter, filling volume,
and surface material properties of the shake flask (Maier and Biichs,
2001; Maier et al., 2004). The hydrodynamics of said OTR revolve
around the formation of a liquid film that is distributed along the flask
wall as the sickle rotates within the flask (Maier and Biichs, 2001; Maier
et al., 2004). Thus, the relevant mass transfer area within the shaken
system is made up of two equally important components, the mass
transfer area of the liquid surface and the area of the liquid film that is
formed on the flask wall (Maier and Biichs, 2001; Maier et al., 2004). It
must be noted that within these systems, ‘in-phase’ and ‘out-of-phase’
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phenomena may occur (Klockner et al., 2013). Out-of-phase behaviour
occurs when the liquid no longer rotates along the direction of the
centrifugal acceleration (Klockner et al., 2013). In contrast, ‘in-phase’
phenomenon is characterized by a rotating liquid that forms thin films
along the flask surface in a continuous manner which is optimal for mass
transfer within the shaken system (Klockner et al., 2013). Alternatively,
it has also been determined that an increased shaking rate can result in
higher shear stress which can be detrimental to shear-sensitive cell
cultures (Mancilla et al., 2015). As such, making sure that OTRyax is
always superior to OURp,x is important to not have an oxygen limited
system while still in keeping with shear related constraints. This is
especially relevant when increased cell densities are reached thanks to
process intensification strategies, since very high cellular concentrations
mean increased volumetric oxygen consumption. Consequently,
improved understanding of these foundational shaken systems is critical
to develop strategies that can be extrapolated outside the milli-litre scale
into large-scale production platforms. In this paper, the characterization
of a fed-batch process through OTR estimation in a shaken system is
detailed and utilized as a basis for process intensification through
time-of-action studies to augment Palivizumab yield; the latter is a
monoclonal antibody commonly used to prevent serious lung diseases in
infants caused by respiratory syncytial virus (RSV) (Moore et al., 2022).

2. Materials and methods
2.1. Induction vs no induction

A proprietary CHO-GS stable cell line expressing Palivizumab was
grown in BalanCD CHO Growth A medium (Fyjifilm/Irvine Scientific)
supplemented with 50 uM MSX (L-Methionine sulfoximine, Sigma-
Aldrich) and 0.1 % (w/v) Kolliphor P188 (Sigma-Aldrich) for cell
maintenance and seed train expansion. Inducible stable cell lines in CHO
cells have been demonstrated to effectively express the SARS-CoV-2
spike protein and rituximab using the cumate gene switch system,
which originates from the cymene operon of Pseudomonas putida
(Joubert et al., 2023; Mellahi et al., 2019). In essence, rCymR is linked
with an activation domain (VP16) to create the reverse cumate activator
(rcTA), which triggers transcription in the presence of cumate but not in
its absence (Mullick et al., 2006). This means cumate alters the shape of
the chimeric molecule. Without cumate, rcTA cannot bind to the oper-
ator sites; however, when cumate is available, rcTA can bind correctly to
the operator sites and initiate activation.

For the induction vs. non induction experiment (Table 1), the 250-
mL Corning flasks (6 total in triplicate) were shaken in parallel at
200 rpm (25 mm orbital diameter) in a Kuhner ISF1-X at 37°C, 5 % COa,
and 75 % relative humidity. Half of the flasks (3) were induced, and the
other half remained un-induced throughout the experiment. The flasks
were connected to the Transfer-rate Online Monitoring (TOM) system
(Kuhner Inc., Switzerland) via the Corning flask’s adapters for Oxygen
Transfer Rate (OTR) measurements. Each flask was seeded at 0.4 x 10°
cells/mL with a filling volume of 50 mL and cultivated for 17 days.
Temperature downshift (37°C to 32°C) was realized 5 days after seeding
(or 2 days post-induction (dpi) for inducible cases). Induction was per-
formed with the addition of 4-Isopropylbenzenecarboxylate (Cumate,
ArkPham) 3 days after seeding at a concentration of 2 pg/mL. All six
cultures were fed with BalanCD CHO Feed 4 (Fujifilm/Irvine Scientific)
and supplemented with glucose to maintain the concentration above
17 mM (3.06 g/L). Glucose supplementation relied on estimating

Table 1
Induction vs no-induction experimental condition (6 flasks in triplicate).

Flask Seeding Density =~ Cumate Induction Temperature Shift
D (x10° cells/mL) Addition Day (Dpi) Day (Dpi or Day)
1-3 0.4 Yes 0 dpi 2 dpi

4-6 0.4 No N/A Day 5
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glucose consumption between sampling days and extrapolating the
observed glucose consumption for the next sampling period. Conse-
quently, enough glucose is added to counteract the expected glucose
consumption such that the residual glucose is maintained above 17 mM.
Feed 4 supplementation was realized on 0, 2, 4, 7, 9,11 dpi at 5 %,
7.5 %,7.5%,5 %, 5 %, 7.5 % of initial culture volume (37.5 % total). 1-
mL samples were taken from the flasks on days —3, 0, 2, 4, 7,9, 11, and
14 dpi for off-line analysis, while feeding was realized from 0 dpi (day 3)
onward. Cell density, viability, and main metabolites (glucose, lactate,
ammonia) were measured utilizing the previously reported methodol-
ogy (Joubert et al., 2023; Poulain et al., 2017; Stuible et al., 2021). OTR
of cell cultures in shake flasks was measured using the TOM system. The
measuring cycles of the TOM system consist of three phases. First, a base
line aeration phase allows the system to re-create standard shake flask
aeration conditions which is using air from the incubator atmosphere
that contains 5% CO3. A measurement phase is followed in which
aeration is stopped in order to measure oxygen consumption and carbon
dioxide generation inside the closed system. Finally, a recovery phase
aerates the cell culture to protect the physiological integrity of the cell
cultures as well as aid in the calibration of the O electrochemical sen-
sors. Each measuring phase generates a single data point from which the
OTR curve can be produced. An aeration flow rate of air at 16 mL/min
was maintained throughout the run during the aeration phase that best
re-creates standard shake flask aeration condition. OTR measurements
were carried out over 105 min, comprising of 64 min of standard shake
flask aeration re-creation, 35 min of measurement time, and 6 min of
high-flow flushing time to bring the oxygen concentrations back to
steady state. Various conditions will be evaluated, including the effects
of induction versus no induction, temperature shifts during induction, to
determine their impact on overall process performance. Amino acid
measurements were conducted following the AccQ-Tag Ultra Derivati-
zation Kit protocol (Waters Corporation, USA) that employs an
AccQ-Tag Ultra C18 column with the ACQUITY H-Class UPLC system
(Waters Corporation, USA) and UV detection. mAb titers were measured
using Protein A HPLC method. The supernatants were filtered through
MultiScreen HV 96-well filtration plates (Durapore®, 0.45 pm, Milli-
pore, USA) at 1500xg for 2 min to remove cellular debris. HPLC analysis
was performed on a 2695/2996 HPLC system (Waters Corporation,
USA) with a Protein A cartridge.

The maximum Oxygen Transfer Rate (OTR) of the shake flask system
was measured using the sulfite method (Giese et al., 2014). A 0.35 M
sodium sulfite solution (> 99 %; Sigma-Aldrich) in 0.012 M phosphate
buffer prepared with deionized water adjusted to pH 8 was used
(NagHPO4 > 99 % purity; NaH,PO4 > 99 % purity; Sigma-Aldrich). The
reaction was catalyzed by 1077 M cobalt sulfate (> 99 % purity;
Sigma-Aldrich). The maximum OTR measurements with the sulfite
system were conducted with 250-mL shake flasks filled with 50 mL of
MiliQ water shaken at 200 RPM with an orbital diameter of 25 mm.

2.2. Time of action

For the impact of time-of-action experiments (Table 2), the 8 flasks
(4 conditions in duplicate) were shaken in parallel at 200 rpm (25 mm
orbital diameter) in a Kuhner ISF1-X at 37°C, 5 % CO,, and 75 % relative
humidity. Each flask was seeded at 0.4 x 10° cells/mL with a filling
volume of 50 mL in a 250-mL Corning shake flask. Eight flasks were
induced and temperature was shifted by a pair (2 flasks) on day 5, day 6,

Table 2
Time-of-action experimental condition (8 flasks in duplicate).

Temperature Shift (Day) Induction Time(Day) Seeding Density(x10° cells/mL)

5 5 0.4
6 6 0.4
7 7 0.4
9 9 0.4
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day 7, and day 9.

The flasks were connected to the TOM system via the Corning flask’s
adapters. OTR of cell cultures in shake flasks was measured using the
TOM system similar to what is described above. 1-mL samples were
taken from the flasks on days 0, 3, 5, 7, 10, 12, 14 and 17 for off-line
analysis. Cell density, viability, and main metabolites (glucose, lactate,
ammonia) were measured as noted previously. Cultures were fed with
BalanCD CHO Feed 4 and supplemented with glucose to maintain the
concentration above 17 mM (3.06 g/L) on days 3, 5, 7, 10, 12, 14.
Additional glucose monitoring and supplementation were realized when
the time between feedings is longer than two days to avoid glucose
depletion. Glucose supplementation relied on estimating glucose con-
sumption between sampling days and extrapolating the observed
glucose consumption for the next sampling period. Consequently,
enough glucose is added to counteract the expected glucose consump-
tion such that the residual glucose is maintained above 17 mM. Feed 4
and glucose supplementation was realized on days 3 (5 %), 5 (7.5 %), 7
(3.75 %), 9 (3.75 %), 10 (5 %), 12 (5 %), 14 (7.5 %), 16 (only glucose
monitoring) for day 9 induction, days 3 (5 %), 5 (7.5 %), 7 (7.5 %), 8
(only glucose monitoring), 10 (5 %), 12 (5 %), 14 (7.5 %), 16 (only
glucose monitoring) for day 7 induction, days 3 (5 %), 5 (3.75 %), 6
(3.75 %), 7 (7.5 %), 8 (only glucose monitoring), 10 (5 %), 12 (5 %), 14
(7.5 %), 16 (only glucose monitoring) for day 6 induction, days 3 (5 %),
5(7.5 %), 7 (7.5 %), 9 (only glucose monitoring), 10 (5 %), 12 (5 %), 14
(7.5 %), 16 (only glucose monitoring) for day 5 induction. Total feed
amounts (37.5 % of initial working volume) were kept constant across
conditions. The 7.5 % feed of day 5 for day 6 induction and of day 7 for
day 9 induction was split in half so that induction day was always
accompanied by Feed 4 supplementation.

2.3. Estimated variables

The integral viable cell concentration (IVCC) and growth rate (u)
were calculated with Egs. 1 and 2 respectively where, VCD is the viable
cell density, V is the flask volume and t is the sampling time and
subscript i and i —1 refers to the current and the previous sampling times
respectively, subscript initial represents the first measured value:

(VCD;i_1 x Vi_1) . (t—ti1)

n
(VCD; x Vi) +
IVCC = AIVCC =
> > > 7

i=1

@

o in (VCDIVCD)/(Q — tiniﬂ'al)
- 24

(2

Cell specific consumption rates of glucose (qGlu) and production of
lactate (qLac), ammonia (QNHs) and amino acids (qA_A) were calculated
using Eqs. 3-6 respectively where, [Glu], [Lac], [NH3] and [A_A] refer to
the concentrations of glucose, lactate ammonia and amino acids, AIVCC
refers to the change in integral viable cell density, and subscripts 1 and 2
refer to the previous and current sampling times respectively. For
glucose and amino acids subscript 1 represents substrate concentration
after feeding and subscript 2 represents spent media value of next
sampling day:

qGlu = % 3)
i, = Pl [V, )
grn = A4 A4, ®

Cell specific (gP) mAb production was calculated from Eq. 7 where P
is mAb concentration, subscripts 1 and 2 refer to the previous and
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current sampling times respectively. Specific respiration rates (q,,) were
estimated using Eq. 8 by dividing OTR at sampling point by viable cell
densities at sampling point.

P, -P,
P =
¥ = Arvee @
OTR:
9 = yep, ®)

3. Results and discussions

3.1. Characterization of metabolic loads of induced and non-induced cell
cultures

To determine the impact that recombinant protein production has on
cell culture behaviour, an induction vs no-induction experiment was
devised. Here, the cultures would be subjected to the same feeding
strategy and temperature downshift. Thus, observed differences are
interpreted as caused by recombinant protein production rather than
process condition-related impacts. As can be seen in Fig. 1A, cells in the
non-induced condition continue growing well after the temperature
downshift at 2 dpi (day 5) indicating that cells in induced conditions
have comparatively lower growth rates. This can be further discerned
from Fig. 1B that cell specific growth rate remains lower in the induced
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condition after O dpi (day 3) up until 11 dpi (day 14) despite the cultures
being subjected to equal process conditions (e.g., feeding, shaking,
temperature shift). Similar phenomenon has been observed in microbial
cultures where growth retardation was observed to be caused by re-
combinant protein expression (Kafri et al., 2016; Li and Rinas, 2020). It
was determined that the so-called metabolic burden was caused by re-
combinant protein synthesis. More precisely, the impact was attributed
to rates of transcription and translation as well as processes following
translation (e.g. protein folding) (Kafri et al., 2016; Li and Rinas, 2020).
Similar observations have been made in mammalian cell lines, where
over-expression of recombinant protein led to increased metabolic load
such that maximal cell density and doubling times were impacted
(Yallop and Svendsen, 2001). It is noteworthy that in cells expressing the
recombinant protein, the flux of glucose was directed away from lactate
production towards TCA cycle activity (Sheikholeslami et al., 2013b;
Yallop and Svendsen, 2001).

As observed in Fig. 1C, non-induced cultures decrease in viability
faster than the induced cultures. This may be because non-induced
cultures reach about 2 times more biomass and consequently it was
more difficult to sustain with the current feed supplementation protocol.
As such, glucose concentrations reached above 60 mmol/L after sup-
plementation in the non-induced cultures while induced cultures were
never subjected to glucose concentrations above 35 mmol/L (data not
shown). These large oscillations in nutrient concentration may have had

3 6
Days Post Induction (Dpi)

3 6 9
Days Post Induction (Dpi)

o=

-3

Fig. 1. Impact of induction on A) Integral Viable Cell Concentration (IVCC), B) Cell Specific Growth Rate, C) Viability, C) Cellular diameter. Two conditions were
studied (induction vs no induction) in triplicate. Three cultures were subjected to cumate induction at 0 dpi (day 3) while 3 others were left without induction. A
temperature downshift from 37°C to 32°C was performed at 2 dpi (day 5) for both studied conditions.
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an impact on the onset of culture decline. Fig. 1D shows that cell
diameter increases after the 2-dpi temperature downshift. This phe-
nomenon has been observed in other CHO cell cultures (Huang et al.,
2010; Wang et al., 2024). In the literature, it has been postulated that
cell size increase and specific protein production rates are inter-related
(Kim et al., 2001; Lloyd et al., 2000; Pan et al., 2017; Wagner et al.,
2011). Indeed, when overlaying specific productivity with cellular
diameter increase (Fig. 1S), a linear relationship can be found between 2
dpi and 11 dpi (R>=0.76) such that increases in cell volume relate to
increases in specific productivity and decreases in cell volume also show
a decrease in specific productivity. Moreover, in our case, cellular
diameter increase was observed for both induced and non-induced
conditions indicating that cell size increase is more strongly related to
temperature downshift rather than recombinant protein production it-
self. However, it is worth mentioning that on average, cell diameters are
higher in the induced condition compared to the non induced culture. It
has been suggested in the literature that the increase in cell volume is
related to increases in transcription, translation, and secretion machin-
ery that is regulated by the mechanistic target of rapamycin (mTOR)
signaling pathway (Dreesen and Fussenegger, 2011; Edros et al., 2014;
McVey et al., 2016). A downshift in temperature has also been shown to
affect cell size in CHO cells (Martinez et al., 2015; Tait et al., 2013), with
this phenomenon generally attributed to cell cycle arrest (Pan et al.,
2017). Transcriptome analysis of fed-batch CHO cultures reveals that

Journal of Biotechnology 399 (2025) 47-62

cell cycle arrest, characterized by upregulation of cyclin-dependent ki-
nase inhibitors and downregulation of cyclin-dependent kinases and
cyclins, coincides with increased cell size (Pan et al., 2019). During this
phase, synchronized activation of upstream pathways regulating mTOR
promotes its activity, while downstream targets of mTOR stimulate
protein translation and lipid synthesis (Pan et al., 2019). These changes
can potentially augment the biosynthetic machinery (Koscielny et al.,
2021) which may explain why increased cell volume has been associated
with higher antibody production, as the expanded machinery could
support greater synthesis and secretion efficiency. Notably, a decrease in
cellular diameter is detected at the onset of decrease in viability (after 9
dpi). This phenomenon may be explained by apoptotic volume decrease.
As it has been discerned that during the early stages of apoptosis, cell
shrinkage and pyknosis occur (Elmore, 2007; Nunez et al., 2010).
Importantly, cumate has been found to be non-toxic in CHO cell
fed-batch cultures in concentrations ranging from 0.1 to 10 pg/mL
(Poulain et al., 2017). The nontoxic impact of the inducer on mamma-
lian cell growth have been further confirmed in the literature (Gaillet
et al., 2010; Mullick et al., 2006). Given that induction was realized at
2 pg/mL we expect no impact from the small molecule inducer. The
cumate system is important because it minimizes r-protein expression
during stable CHO pool selection, reducing cellular stresses like ER stress
and metabolic burden (Maltais et al., 2023). This leads to pools with a
higher frequency of high-expressing cells and improved volumetric

A | %1 -*nduction n1] 107 B
Induction [n2]
-®- Induction [n3]
204 -® No-Induction [n1]
-® No-Induction [n2]
Q No-Induction [n3] d
?E’ 154 £y g
£ S =
o 2
3 104 g
8 £
<
54 /
/
0 L) O L) T T T T 1
-3 0 -3 0 3 6 9 12 15
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201 30001
C D
25004
__15+4 /
N =
g < 20001 /
o E
£ 10 £ 1500-
£ 3
s ;
8 £ 10004
5-
5001
0 T 0 T T T - T — 1
3 0 3 6 9 12 15 0 3 6 9 12 15

Days Post Induction (Dpi)

Days Post Induction (Dpi)

Fig. 2. Impact of production induction on A) Lactate profile, B) Ammonia profile, C) Glucose consumed per day (GCPD), D) Protein yield. Two conditions were
studied (induction vs no induction) in triplicate. Three cultures were subjected to cumate induction at 0 dpi (day 3) while 3 others were left without induction. A
temperature downshift from 37°C to 32°C was performed at 2 dpi (day 5) for both studied conditions.
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productivity. In contrast, overexpression of the r-protein during pool
selection hinders recovery and increases cell death (Poulain et al.,
2019). Therefore, the cumate gene switch has been suggested in the
literature as an effective platform for stable clone generation (Poulain
et al., 2019).

When detailing main metabolic activity, it is possible to discover
several trends. In Fig. 2A, it can be observed how the lactate concen-
tration increases (to 15 mmol/L) until 0 dpi and begins to be consumed
for both induced and non-induced conditions. The non-induced cultures
(No-Induction) consume lactate until cell decline (9 dpi) at which point
lactate re-production begins. When looking at the specific rates
(Figure 2SA), specific lactate production remains similar in both induced
and non-induced cultures until 7 dpi, at which point, non-induced spe-
cific lactate production increases with respect to the induced condition.
In the literature, two states have been discerned with respect to lactate
metabolism. A first state is characterized by lactate production during
the first few days of the culture. This lactate accumulation is a direct
consequence of high glycolytic pathway activity that is concomitant to
rapid biomass growth (Hartley et al., 2018; Mulukutla et al., 2012;
Ozturk et al., 1992; Pereira et al., 2018). A secondary state of lactate
consumption follows the rapid cell growth. Lactate re-consumption has
been commonly assumed to be a good key process indicator (KPI) given
its correlation with high recombinant protein productivity (Pereira
et al., 2018; Zagari et al., 2013).
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When observing ammonia accumulation (Fig. 2B), the non-induced
condition accumulates less ammonia when compared to the induced
condition between 2 dpi and 9 dpi despite both conditions being sub-
jected to an equal feed regimen and despite the fact that the non-induced
condition has roughly 3 times more biomass (Fig. 3A). Ammonia specific
rates (Figure 2SB) show, on average, lower specific ammonia production
between 2 dpi to 7 dpi in non-induced cultures compared to induced
cultures. Given the fact that ammonia accumulation is driven by trans-
amination and deamination reactions of amino acids (Pereira et al.,
2018), it can be hypothesised that the non-induced cultures had less
amino acid catabolism, and consequently, less TCA cycle activity, since
it has been noted that during protein production, TCA cycle activity is
upregulated (Coulet et al., 2022; Pereira et al., 2018). It has been
determined that peak growth rates are associated with high glycolytic
activity and low TCA cycle activity while peak protein production is
associated with low glycolytic activity and a high oxidative state (high
TCA cycle activity) (Coulet et al., 2022; Templeton et al., 2013). When
observing Fig. 2C, it is clear that non-induced cultures had significantly
higher daily volumetric glucose consumption when compared to the
induced conditions. This, in part, can be explained by the higher biomass
accumulation. However, when analysing specific rates (Fig. 2SC), it can
be said that on average, higher specific glucose daily consumption rates
were detected in the non-induced condition when compared to its
induced counterpart. This holds true even after temperature downshift
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Fig. 3. Impact of induction on A) VCD (dashed lines) and OTR profile (plain lines), B) Specific oxygen respiration rates (qO2), C) qO2 vs qP relationship, D) Cell
Specific Growth Rate vs qO2. Two cell culture conditions were studied (induction vs no induction) in triplicate. Three cultures (Induction) were subjected to cumate
induction at 0 dpi (day 3) while 3 others were left without induction (No induction condition). A temperature downshift from 37°C to 32°C was performed at 2 dpi
(day 5) for both studied conditions. Specific oxygen respiration rates were calculated by taking the nearest OTR value associated to a sampling event and dividing

that value by the measured viable cell density.
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occurs at 2 dpi (day 5 post-seeding). Higher glycolytic activity is ex-
pected in the non-induced condition given the fact that one of the pri-
mary functions of glycolysis is to provide relevant building blocks for
biosynthesis of NADPH and nucleotides that are important in biomass
formation (Lin et al., 2002; Rish et al., 2022). This behaviour is relevant
to immortalized cell lines and is denominated Warburg effect (Locasale
and Cantley, 2011; Mulukutla et al., 2010; Pereira et al., 2018).
Importantly, we observe both high glycolytic activity that is in line with
the biomass formation requirements of the non-induced condition, but
we also observe lactate consumption activity, suggesting that the cells
are undergoing mixed metabolism. This may be explained by the fact
that the cell line was selected on the basis of high productivity
(Figure 2 SD details a peak cell specific protein productivity of
25-35 pg/cell/day). Given the observed link between lactate
re-consumption and high protein productivity (Pereira et al., 2018;
Zagari et al., 2013), the cells are able to deploy its efficient lactate
metabolism to maintain low concentrations of lactate despite high
biosynthesis requirements in the non-induced condition. In Fig. 2D, it is
possible to observe the protein production profile of the cultures.
Induced cultures reach concentrations of about 2300 mg/L while the
non-induced conditions yield concentrations only near 100 mg/L rep-
resenting a protein production leakage of about 4 %. Most notably,
specific protein production is 55-fold higher in induced cultures when
compared to non-induced cultures demonstrating how strong of an
activator the cumate expression system is.

When evaluating oxygen consumption rates, several trends are
detected. In Fig. 3A, it can be discerned how volumetric oxygen con-
sumption can track viable cell density. Notably, one of the non-induced
replicates that has delayed cell death (two replicates begin to decline at
9 dpi while in one replicate, the decline occurs at 11 dpi) also has sus-
tained peak OTR until 11 dpi. It can be said that OTR functions as an
online early warning predictor of cell growth decline. In the literature,
OTR has been shown to have good predictive capacity for viable cell
density and viable cell volume as well as cellular viability (Ihling et al.,
2021; Thling, Munkler, Paul, Berg, et al., 2022; Ihling, Munkler, Paul,
Lang, et al., 2022; Pappenreiter et al., 2019). Interestingly, it can also be
observed that after induction (0 dpi), OTR profiles differ between
induced and non-induced conditions. The induced condition exhibits a
shortened exponential phase between 0 dpi and 2 dpi (temperature shift
from 37°C to 32°C) when compared to its non-induced counterpart. This
observation is rather evident when evaluating the OTR plots, but it is
hard to determine exclusively from cell counts by 2 dpi. Thus, OTR
serves as an important tool to monitor the end of exponential growth
which can be critical when formulating time-of-action strategies. This is
rather important as previously OTR monitoring was mostly done at the
benchtop scale with bioreactors, but with novel monitoring technology
at the shake flask scale, it is now possible to multiplex time-of-action
characterization studies. Consequently, there exists the potential to
save on time and capital expenditures when undertaking exploration of
process intensification studies while still relying on reliable physiolog-
ically relevant online data. Importantly, the TOM system has been
demonstrated to be non-invasive and fully compatible with mammalian
cell processes, as no impact on mammalian cell culture kinetics was
observed when comparing flasks subjected to OTR measurements with
those without OTR measurements (Ihling et al., 2021)(Reyes, Durocher,
Schulte, et al., 2022). Furthermore, studies have shown that variations
in the dissolved oxygen concentration during the measurement phase of
CHO cell cultures are under 1 % of the oxygen saturation concentration,
confirming that these variations are negligible compared to the rates of
oxygen transfer and consumption in the flask (Ihling et al., 2021). Lastly,
as cell free OTR,x measurements with the sulfite method indicate that
peak maximum OTR for the 250-mL shake flask with 50 mL filling
volume is 6.91 4+ 0.25 (n = 3) mmol/(L*H). This confirms that the
system is never oxygen-limited, as the peak OTR under non-induced
conditions remains below this value. Consequently, the dissolved oxy-
gen concentration is never near 0 % saturation (lhling et al., 2023),
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ensuring that any possible variations during the measurement phase do
not reach critically low levels.

In Fig. 3B, it is possible to distinguish the specific oxygen respiration
rates after induction (0 dpi to 14 dpi). In both induced and non-induced
conditions, specific oxygen respiration rates follow the same trend and
span the same values. Notably, the estimated specific oxygen respiration
rates fall within the range of values reported in literature (Goh et al.,
2020; Goudar et al., 2011; Ihling, Munkler, Paul, Berg, et al., 2022). In
Fig. 3C, it can be observed that specific oxygen respiration rates and
specific protein production rates have a fairly linear relationship (R? =
0.7) in the induced condition. Such observation has been realized pre-
viously in the literature (Zalai et al., 2016). This tight physiological link
between protein production rates and specific oxygen respiration rates
can be explained by the fact that respiratory activity correlates with high
TCA cycle activity (oxidative metabolism) (Nargund et al., 2015; Zagari
etal., 2013). In addition, high oxidative metabolism has also been found
to correlate with high protein production rates (Templeton et al., 2013).
Thus, specific oxygen respiration rates serve as an indirect way to
monitor TCA cycle activity and consequently cellular productivity. It is
important to note that TCA activity can be influenced by varying
nutrient concentrations, which in turn could affect specific respiratory
and productive rates. Previous studies have shown that metabolic fluxes
are process time-dependent and can be modulated by changes in feed
composition (Kirsch et al., 2022; Xu et al., 2023). However, in our study,
glucose concentrations never dropped below 5 mmol/L in the
non-induced conditions or below 13 mmol/L in the induced conditions
throughout the fed-batch culture. This indicates that the increased
specific protein productivity observed in the induced conditions was not
due to glucose depletion. By 2 dpi, residual glucose concentrations were
18.3 mmol/L on average for the induced condition and 16.9 mmol/L for
the non-induced condition, with similar amino acid concentrations
across both conditions (Fig. 3S). Despite comparable nutrient levels at
this time point, volumetric titer production was significantly higher in
the induced condition (128 mg/L) compared to the non-induced con-
dition (0 mg/L). This suggests that the observed differences in produc-
tivity were primarily driven by induction effects rather than nutrient
limitations or metabolic flux adjustments caused by feed composition.
When analysing Fig. 3D, it is evident that increasing growth rates
correspond to higher specific oxygen consumption rates, which aligns
with existing literature (Muralidharan et al., 2024). As cells proliferate,
their demand for oxygen increases to support respiration (Doran, 1995).
Therefore, the specific oxygen uptake rate (qO2) is directly proportional
to the specific growth rate. Interestingly, the slopes and intercepts of the
regression models for the induced and non-induced conditions are
similar. An ANOVA was conducted to assess whether there was a sta-
tistically significant interaction between growth rate and condition
(induced vs. non-induced) in their effect on oxygen consumption (qOz).
The results revealed that while the growth rate was a statistically sig-
nificant factor (p-value = 0.012) influencing oxygen consumption, no
significant interaction between the conditions was observed. This sug-
gests that, although the magnitude of oxygen consumption is similar in
both conditions, the relationship between oxygen consumption and
growth rate does not differ significantly between the induced and
non-induced groups. This observation may be explained by the fact that
a basal amount of oxygen is required to sustain aerobic mammalian cell
cultures before oxygen limitation negatively impacts culture outcomes
(Fernandes-Platzgummer et al., 2014; Ozturk and Palsson, 1990).

When analysing amino acid concentrations, it is possible to see that
asparagine and cystine reach depletion or near depletion levels at
different points in time for the non-induced condition (Fig. 4A and
Fig. 4B). Asparagine decreases to 0.13 mmol/L by 4 dpi (Fig. 4A) and
sustains the low concentrations until 14 dpi at which point the con-
centration is 0.03 mmol/L. This is despite the fact that the feed sup-
plemented is rich in asparagine (40.17 mmol/L), thus indicating high
consumption requirements for both conditions. As it can be observed in
Table 3, asparagine consumption rates are high in both conditions
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studied conditions.

Table 3

Average cell specific uptake/secretion rates of 20 amino acids (pmol/cell/day)
across culture time. Negative sign indicates secretion while positive sign in-
dicates uptake.

Non-induced Induced Fold Change (Induced over non-
cultures cultures induced)
His 0.006 0.006 1.0
Asn 0.065 0.101 1.6
Ser 0.048 0.074 1.6
Arg 0.016 0.012 0.7
Gln —0.006 —0.014 2.5
Gly 0.001 —0.010 13.1
Asp 0.084 0.066 0.8
Glu 0.002 —0.009 4.3
Thr 0.018 0.027 1.5
Ala —0.021 —0.051 2.5
Pro 0.015 0.020 1.3
Cys 0.004 0.003 0.9
Lys 0.028 0.032 1.2
Tyr —0.007 —0.020 2.7
Met 0.006 0.005 0.8
Val 0.031 0.034 1.1
Ile 0.017 0.013 0.8
Leu 0.033 0.033 1.0
Phe 0.009 0.009 1.0
Trp 0.004 0.005 1.2

although it is higher in the induced condition. Consequently, it suggests
that the depletion of asparagine in the non-induced condition is due to
the higher biomass accumulation. It has been observed in the literature
that asparagine represents 5 % of the incoming carbon source during the
growth phase and is routinely observed to be the most consumed amino
acid for growth requirements (Coulet et al., 2022). Since the
non-induced cells continue accumulating biomass and consuming
glucose at higher specific rates, it makes sense for asparagine to continue
being consumed for growth purposes. It is worth noting that after 4 dpi,
aspartate concentration drops from 9.68 mmol/L to 3.67 mmol/L at 7
dpi for the non-induced culture. The decreasing trend continues until 14
dpi, at which point, the concentration is 2.42 mmol/L. This drop co-
incides with asparagine depletion and may indicate that the cultures
increased consumption of aspartate as an alternative pathway to sustain
metabolic demand. This observation has been made in CHO cells that
were subjected to limitation of asparagine during the growth phase
(Duarte et al., 2014). Alternatively, cystine reaches a concentration of
0.18 mmol/L by 7 dpi (Fig. 4B) and continues to be depleted until 14 dpi
at which time the concentration is very low (0.02 mmol/L). Cystine has
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been noted to be consumed during the growth phase (Coulet et al.,
2022). It must be noted that the OTR profile indicates a peak near
3 mmol/(L*H) at around 9 dpi which coincides with a peak viable cell
density of about 30x10° cells/mL (Fig. 3A). This peak OTR may also
coincide with the depletion of asparagine and cystine and may indicate
that the cells ceded their growth due to nutrient limitations. Impor-
tantly, glucose concentration does not decrease below 5 mmol/L for any
of the three replicates. Cell free OTR,.x measurements with the sulfite
method indicate that peak maximum OTR for the 250-mL shake flask
with 50 mL filling volume is 6.91 + 0.25 (n = 3) mmol/(L*H). Thus, it
can be said that the system is not glucose-limited nor oxygen-limited.
However, since the depleted amino acids are known to be consumed
during the growth phase (Coulet et al., 2022), it stands to reason that the
observed amino acid depletion caused the cessation of growth.

Since residual glucose was kept above 5 mM at all times during
sampling points in the non induced condition and above 13 mM in the
induced conditions no critically low glucose concentrations, which have
been noted to impact growth (Lu et al., 2005), were detected throughout
the culture. However, given the fact that supplementation of glucose
tracked volumetric glucose consumption. Estimation of glucose con-
centration after supplementation was evaluated to determine if differ-
ences in the upper end of glucose concentrations post supplementation
could explain differences in growth. Importantly, it was determined that
before divergence occurs in glucose concentration post feeding at 4 dpi
(37 mM in non-induced cultures and 32 mM in induced cultures) dif-
ferences in cellular growth were already evident (1.0E+07 cells/mL in
induced cultures and 1.6E+07 cells/mL in non-induced cultures) sug-
gesting that post supplementation glucose concentrations are not to
blame for observed differences in growth. Lastly, critically low con-
centrations in asparagine (4dpi) and cystine (9dpi) in the non-induced
conditions appear late in the culture when observable differences in
growth were already detectable. The remaining measured amino acids
show similar concentrations (Fig. 3S) in the spent media suggesting that
nutrient variations in amino acids could not explain observable differ-
ences in growth. Thus, divergence in growth profiles can be postulated
to be caused by inducing the cells to express recombinant protein.

When analysing cell specific amino acid uptake/secretion rates
(Table 3), several observations can be made. On average, the specific
rates of amino acid uptake/secretion are larger in magnitude in the
induced cultures when compared to the non-induced cultures. This, in
part, may explain the lower specific ammonia production rates between
2 dpi to 7 dpi (Figure 2SB). In the literature, it has been observed that
cultures at higher cellular concentrations demonstrate comparatively
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lower amino acid specific rates (Sheikholeslami et al., 2013a). This is in
line with our observations with the caveat that the cultures at higher cell
concentrations are not producing recombinant protein. Noteworthy are
the differences in specific uptake/secretion rates for glutamine (Gln),
glutamate (Glu), glycine (Gly), alanine (Ala), and Tyrosine (Tyr) which
show more than a twofold increase in magnitude. Glutamate and
glutamine are intimately related in the metabolism of CHO-GS cell lines
as glutamate is supplemented in the feed to aid in glutamine synthesis
(Fan et al., 2013). There is no glutamine added in the medium and feed.
Glutamate can also be synthesized from proline, arginine, histidine, and
alanine (Hagrot et al., 2017; Zhang et al., 2016). The increased secretion
rates for glutamate (4.3-fold increase) and glutamine (2.5-fold increase)
in the induced condition are indicative of higher TCA cycle activity. In
fact, the 1.3-fold increase in proline uptake may also point towards
increased activity in the induced condition.

Glycine is a product of serine metabolism that fuels the serine-
glycine one-carbon (1 C) metabolic pathway (Amelio et al.,, 2014;
Carinhas et al., 2013; Pereira et al., 2018). Furthermore, glycine can also
be generated from threonine through threonine dehydrogenase (TDH)
and glycine C-acetyltransferase (Amelio et al.,, 2014). In addition,
threonine can also take part in serine-glycine one-carbon (1 C) meta-
bolic pathway directly through glycine cleavage (Amelio et al., 2014).
We observe increased cell specific uptake of serine (1.6-fold increase)
and threonine (1.5-fold increase) in the induced condition when
compared to the non-induced condition as well as increased secretion of
glycine (13.1-fold) in the induced condition. Given the inter-relatedness
of these three amino acids in the serine-glycine one-carbon metabolic
pathway, it can be postulated that this pathway is more active in the
induced condition when compared to the non-induced condition. Since
the serine-glycine one-carbon pathway is crucial in the synthesis of
glutathione (GSH) which is key in controlling oxidative stress (Pereira
et al., 2018), the relationships between GSH levels and cell specific
productivity of recombinant proteins have been hypothesized
(Chevallier, Andersen, et al., 2020; Chevallier, Schoof, et al., 2020;
Orellana et al., 2015). It stands to reason that increased activity (cell
specific uptake/secretion) in the amino acids related to 1 C units
metabolism (e.g. glycine, serine, threonine) may consequently be
interpreted as a response to increased oxidative metabolism that is
generally associated with high protein production (Templeton et al.,
2013). As our experiment centered around the comparison of induction
and no-induction, the resulting differences in cell specific productivity
were 55-fold further underscoring the need for potential GSH synthesis
in managing oxidative stressed caused by increased TCA cycle activity.

During the plateau phase of cell growth, asparagine represents about
8 % of incoming carbon source (Templeton et al., 2013). In fact, it has
been determined that multiple TCA cycle intermediates (e.g. citrate,
malate, succinate) derive substantial carbon from asparagine catabolism
(Dean and Reddy, 2013). It has been delimited as a key nutrient that has
to be replenished to avoid rapid depletion (Sellick et al., 2011; Sellick
et al., 2015). A recent CHO metabolism review paper has noted that
asparagine is significantly consumed during the production phase and
the decline phase (Coulet et al., 2022). Furthermore, it has been shown
in the literature that induced cells consume asparagine at higher cell
specific rates when compared to non-induced cells (Sheikholeslami
et al., 2013b). This, in part, may explain why we observe increased cell
specific asparagine uptake (1.6-fold) in the induced condition when
compared to the non-induced culture.

Alanine is generally observed to accumulate in the extracellular
media in the growth, production, and decline phase (Coulet et al., 2022;
Rico et al., 2018; Sheikholeslami et al., 2013b). The hypothesis is that
alanine secretion into the cell culture helps reduce ammonium toxicity
by acting as a nitrogen reservoir (Savizi et al., 2022). It is believed that
the biosynthesis of alanine functions as a stress response to the accu-
mulation of metabolic waste (Chitwood et al., 2023). Furthermore, the
metabolic link between glutamine and alanine involves the
glutamine-pyruvate transaminase reaction. In this process, glutamate is
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converted into a-ketoglutarate, and its amine group is transferred to
pyruvate to form alanine (Kirsch et al., 2022). These transaminase re-
actions, such as those involving glutamine-pyruvate and
glutamate-aspartate transaminase, enable CHO cells to reduce excess
ammonia production. This process likely helps create a more favorable
environment for cell culture (Kirsch et al., 2022). Given that higher cell
specific rates of ammonia production were observed between 2 dpi to 7
dpi in the induced condition, it stands to reason that the increased cell
specific secretion rates of alanine (2.5-fold) are a direct stress response
to ammonia accumulation.

Tyrosine is a non-essential amino acid that is known to be consumed
during growth for biomass formation (Coulet et al., 2022; Traustason,
2019). In the literature, it has been observed that both induced and
non-induced cultures consume tyrosine at equal rates (Sheikholeslami
et al., 2013b). We observe cell specific secretion rates in both induced
and non-induced conditions. However, the cell specific secretion rate is
lower in the non-induced when compared to its induced counterpart
(2.7-fold increase in secretion for the induced condition). This may
indicate that some of the synthesized tyrosine was re-purposed for
biomass growth as the non-induced condition continues growing until 9
dpi (Fig. 3A) while the induced condition secedes growth after 2 dpi
(Fig. 3A).

3.2. Time-of-action optimization experiments

Since a metabolic load was observed to be caused by recombinant
protein production which decreased growth rates before temperature
shift (2 dpi = day 5), it was hypothesized that by recoupling induction
and temperature shift, an increase in cell concentration at induction
could be obtained. By increasing the cell density at the point of induc-
tion, an increase in recombinant protein yield with respect to the pre-
vious standard induced condition (induction at day 3 and temperature
shift at day 5) may be obtained as well. Thus, the impact of delaying
simultaneous induction and temperature downshift to day 5, 6, 7, 9 was
evaluated. Feed regimen was kept constant with respect to the previous
experiments, but increased sampling was realized to monitor glucose
every 2 days eliminating the 3-day weekend schedule and decrease the
amount of glucose supplementation that is required in a single sampling
day to avoid under or over glucose feeding. As can be seen from Fig. 5A,
IVCC is observed to increase by simultaneously delaying induction and
temperature shift. However, the gain shows diminishing returns be-
tween day-7 and day-9 cultures suggesting that an optimal exists for the
given process parameters. From Fig. 5B, it seems that viability can be
sustained for 17 days without decreasing below 80 % for any of the
conditions. Paradoxically, day-9 induction and temperature shift resul-
ted in the highest endpoint viability (>90 %). However, cell counting
aggregation rates reached above 40 % (data not shown) indicating that
the reliability of viability estimation may have been impacted by the
high cell concentrations. The high endpoint viability in all the tested
conditions suggests that the more frequent supplementation of glucose
dampened concentration oscillations and thus extended viability in the
process when compared to the previous non-induced conditions. In
Fig. 5C, a clear view of the viable cell density kinetics can be discerned.
The control condition reduced its growth rate after day 3 (induction
point) and subsequently temperature shifted on day 5 at a cellular
concentration of 10 x 10° cells/mL. By delaying induction just two
more days (inducing and temperature shifting at day 5), the process
undergoes protein production at 12x10° cells/mL. By delaying induction
and temperature shift one more day (inducing and temperature shifting
at day 6), the process begins protein production at 20x10° cells/mL.
Furthermore, by delaying one day further (inducing and temperature
shifting at day 7), the process undergoes protein production at 25 x 10°
cells/mL. Lastly, by delaying two more days (inducing and temperature
shifting at day 9) protein production begins at 28 x 10° cells/mL. Given
the fact that cells slow down their exponential growth between day 7
and day 9 and noting that the process is not glucose-limited nor oxygen-
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represent the data of previous induced condition averaged out (3 replicates).

limited, it stands to reason that amino acid depletion may be the culprit
with respect to decreased growth. Notably since asparagine and cystine
were observed to be depleted in the non-induced condition (Fig. 4), it
can be hypothesized that these key amino acids (Coulet et al., 2022;
Sellick et al., 2011; Sellick et al., 2015) played a part in limiting biomass
accumulation. Furthermore, methionine (Met) was also observed to
sustain low concentration values throughout the culture in the
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non-induced conditions (Figure 3SB). Given that Met is an essential
amino acid and its adequate supplementation is critical avoiding growth
limitations (Xing et al., 2011; Xu et al., 2023), it may also be hypothe-
sized to have played a role in growth reduction.

When evaluating Fig. 5D, it can be observed that an optimal zone
exists with respect to recombinant protein production yield. Delaying
induction and temperature downshift to day 5, 6, and 7 represents a



S.-J. Reyes et al.

positive increase in overall therapeutic product concentration specially
when compared to induction on day 3 and temperature shifting on day 5
(control condition). In fact, by delaying induction and temperature to
day 6 or day 7, a significant increase of 34 % in recombinant protein
production (from 2300 mg/L to 3100 mg/L) is obtained which is a sig-
nificant improvement. In contrast, for the condition of induction and
temperature shift at day 9, endpoint protein concentration drops below
that of inducing at day 3 and temperature shifting at day 5 reaching just
1500 mg/L. This low performance represents a near 2-fold decrease in
therapeutic product concentration with respect to day-6 and day-7 in-
duction/temperature shift. In Fig. 5E, specific protein production rates
can be observed to decrease with increasing cellular density at induction
and temperature downshift. This phenomenon has been noted previ-
ously in inducible cell lines undergoing batch mode operation (Mellahi
et al., 2019; Sheikholeslami et al., 2013a). However, the steep decrease
in specific productivity on day-9 induction and to a certain extent on
day-7 induction may be explained by nutrient depletion. As cystine was
observed to be depleted in the non-induced condition and given the fact
that cystine limitations in CHO cell cultures have been noted to nega-
tively impact cell specific recombinant protein production (Ali et al.,
2019; Ghaffari et al., 2020), it is reasonable to state that similar levels of
exhausting of this key amino acid may have hampered recombinant
protein production. Consequently, future experiments can center around
increasing the supplementation levels of the feed or targeting supple-
mentation of depleted amino acids to increase specific productivity
(Zalai et al., 2016).

When observing metabolic profiles, several distinctions can be made.
From Fig. 6A, daily volumetric glucose consumption increases during
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the exponential phase respective to different culture conditions.
Broadly, it can be discerned that glucose consumption only decreases
once temperature downshift is applied. The control condition (day-3
induction and day-5 temperature downshift) reduces its daily volu-
metric consumption after day 5 when temperature downshift occurs.
Induction and temperature shift concomitantly on day 5 creates a
plateau of daily volumetric consumption with slight increase after day 9.
Day-6 induction/temperature downshift causes a decrease in daily
volumetric glucose consumption. Day-7 induction/temperature down-
shift induces a subsequent decrease in daily volumetric glucose con-
sumption. Similarly, day-9 induction/temperature shift causes a
decrease in daily volumetric glucose consumption. Similar observations
with respect to the specific glucose uptake rates can be made
(Figure 4SA). Specific glucose uptake rates show reduction after the
induction/temperature downshift is realized in each condition.

Lactate switch from production to consumption is a desirable trait in
industrial CHO cell cultures (Pereira et al., 2018; Zagari et al., 2013).
Several hypothesis and observations have been discussed. Low glucose
concentration has been shown to decrease glycolytic flux and conse-
quently lower extracellular lactate concentrations (Konakovsky et al.,
2016). Furthermore, reduction in pH setpoint and temperature down-
shift have also been suggested to induce lactate uptake (Trummer et al.,
2006). We observe consistent lactate consumption at around 15 mmol/L
(Fig. 6B), regardless of differences in temperature shift and glucose
concentration, occurs in an uncontrolled pH environment. In addition,
specific lactate rates (Figure 4SB) show no difference between induc-
tion/temperature shift points underscoring that the differences in lactate
concentration (Fig. 6B) are mainly driven by cell density. This
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Fig. 6. Impact of time-of-action experimental studies on A) Glucose consumed per day (GCPD), B) Lactate profile, C) Residual glucose, D) Cellular diameter. Error
bars represent standard deviation of 2 replicates. Temperature shift (Tshift) from 37°C to 32°C was realized concomitantly with cumate induction in all conditions
except control. In the control condition, induction was realized on day 3 and temperature shift was performed on day 5. Control conditions represent the data of
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suggestion is supported by the observation made with Fig. 6B that the
higher the cell density, the lower the lactate concentration. Further-
more, despite divergences in growth rates (Figure 4SC) which would
indicate variations in metabolic growth requirements (Lin et al., 2002;
Rish et al., 2022), lactate switches to consumption are nonetheless
detected. Thus, the mechanism behind lactate consumption may lie in
redox balancing of NAD+ /NADH ratios. Initially, a high glycolytic flux
leads to an excess production of NADH, resulting in the production of
lactate to regenerate NAD+ . When the glycolytic flux decreases, the
NADH levels are reduced, altering the NAD+ /NADH ratio (Hartley
et al., 2018). This shift causes lactate to be consumed in order to restore
the balance (Hartley et al., 2018; Luginsland et al., 2024). Consequently,
lactate uptake aids in regulating redox balance and given the fact that
redox unbalances negatively impact cellular health (Griining et al.,
2010; Wilkens et al., 2011), it makes sense that clones that fail to
adequately regulate their redox state through lactate consumption are
associated with reduced titer and growth rates (Pereira et al., 2018;
Zagari et al., 2013). Furthermore, since the redox regulation of the cell is
related to an interplay between glycolytic activity (down-regulation)
and TCA cycle activity (up-regulation), the selection of cell lines on the
basis of high oxidative metabolic capacity has been shown to relate to
lactate consumption (Luo et al., 2012; Zagari et al., 2013). Given the fact
that a strong relationship exists between high oxidative metabolism and
specific productivity (Templeton et al., 2013) and also taken in account
that the cell line was selected on the basis of its high productive capacity,
it is suggested that the lactate consumption observed in the cells irre-
spective of induction timepoints (or lack there off) and temperature
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downshift timepoints is a consequence of its ability to regulate redox
potential.

In Fig. 6C, the residual glucose concentration can be distinguished.
Broadly, glucose concentrations were controlled around a 10 mmol/L to
25 mmol /L range underscoring the importance of increased sampling
frequency for glucose monitoring at high cell densities. However, in the
day-9 induction/temperature downshift condition, residual glucose
concentrations reached near depletion levels (1.5 mmol/L). Subsequent
glucose supplementation restored nutrient levels above the depletion
range, and given the glucose consumed profile, glycolytic activity
returned to normalcy (approx. 25 mmol/L) then decreased on day 10.
Fig. 6D shows that the increase in cellular diameter is driven mainly by
changes in temperature (37°C to 32°C) rather than recombinant protein
production. In the control condition (day-3 induction and day-5 tem-
perature shift), cell diameter increases after temperature shift occurred
on day 5 even though onset of recombinant protein production began on
day 3. In contrast, cell diameter increases on the day of the two simul-
taneous actions (induction and temperature downshift) for the 3 other
studied conditions. As noted previously, temperature-related impact on
cell diameter has been detected in CHO cells (Martinez et al., 2015; Tait
et al., 2013) and associated to G1 phase cell cycle arrest (Pan et al.,
2017) (Jing-Xiu et al., 2004).

By analyzing OTR profiles (Fig. 7A), several trends can be noted. As
shown previously (Fig. 1B), the onset of recombinant protein production
underscores an increased metabolic load that reduces the growth rate of
the cultures before temperature shift is realized to induce cell cycle ar-
rest. Non-induced cells continue their exponential growth up until
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induction and temperature shift. However, it can be observed that day-9
induction/temperature shift is taken out of the exponential phase by day
6 and in fact reduces its OTR value by day 7. This change in the OTR
profile can be explained by the fact that residual glucose reached near
depletion levels (1.5 mmol/L) on day 7 (Fig. 6C), probably impacting its
ability to sustain high glycolytic activity that is required for biomass
accumulation (Locasale and Cantley, 2011; Mulukutla et al., 2010;
Pereira et al., 2018). Decreases in OTR profiles caused by the depletion
of carbon sources have been noted previously (Ihling et al., 2021; Ihling
et al., 2022). OTR profile increased once glucose levels were brought
above depletion but a subsequent plateau near 3 mmol/(L*H) was
reached. This plateau holds a similar resemblance to the one observed in
the non-induced condition (Fig. 3A). Given the fact that asparagine and
cystine were observed to reach depletion levels in the non-induced
condition (Fig. 4), it can be assumed that the observed plateau in the
OTR profile is a direct consequence of asparagine and cystine limitations
that are known to impact cell growth (Coulet et al., 2022; Duarte et al.,
2014). In the literature, amino acid related limitations have also been
detected through careful analysis of OTR profiles (Zalai et al., 2016).
Furthermore, OTR profiles start decreasing after day 14 which coincides
with a decrease in viability (Fig. 5B). Notable decreases in OTR profiles
that coincide with onset of viability decline have been noted in the
literature (Galvez et al., 2012; Lecina et al., 2006). In fact, this reduction
in OTR has been suggested as a point of harvest (Lecina et al., 2022).
Interestingly, cell specific oxygen respiration rates retain similar trends
across all conditions (Fig. 4 SD). This was expected as specific oxygen
respiration rates were similar between induced and non-induced con-
ditions (Fig. 3B). Notably, increased feed supplementation on day 6
induction culture conditions showed no notable benefit on cell growth
and volumetric titer (Fig. 5S) while increased culture time (from day 17
to day 19) showed no benefit on titer accumulation (Fig. 5S).

As can be seen in Fig. 7A (day 3-5) induction at 37°C causes the rate
of OTR increase to slow down when compared to not inducing at 37°C.
Given the interrelationship between viable biomass and OTR it can be
expected that the observed difference in increases of OTR also relates to
differences in cell growth. Thus, inducing at 37°C diminishes possible
growth while also not benefiting from productivity gains observed with
temperature shifts in the wider literature (Bedoya-Lopez et al., 2016; Xu
et al,, 2019; Zhu et al., 2023). Consequently, implementing a 32°C
temperature shift post-induction is crucial for balancing cell growth and
productivity, and optimizing the timing of this shift can maximize titer
gains.

In Fig. 7B, the integral of the OTR curves post-induction can be
evaluated. When analyzed alongside the titer profiles (Fig. 5D), it can be
visualized that a similar ranking in descending order (from highest
protein yield to lowest protein yield) can be obtained. The two condi-
tions (day-6 and day-7 induction/temperature shift) that produced the
most volumetric amount of protein are also the two conditions that have
the highest area under the curve post-induction. Furthermore, day-5
induction/temperature shift that had a protein production higher than
day-3 induction but less than day-6 and day-7 induction is also ranked
accordingly. However, day-9 induction which had less protein produc-
tion than day-3 induction (control) is ranked higher in the OTR integral
plot. It must be stressed that this culture most likely suffered cystine
depletion given that the previous non-induced condition that reached
high biomass values encountered cystine depletion by day 10 of the
culture (Fig. 4B). Furthermore, cystine depletion is known to severely
impact cell specific productivity of recombinant protein (Ali et al., 2019;
Ghaffari et al., 2020). Consequently, it stands to reason that with
adequate supplementation of exhausted amino acids, specific produc-
tivity can be increased to levels like the ones attained in the day-7
induction/temperature shift condition. Improved protein outcomes
above the standard day-3 induction condition but below day-7 and
day-6 induction/temperature shift can be expected given the fact that
the length of time available for protein production before viability
reduction is comparatively less. In conclusion, it can be said that the
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integral of OTR is a relevant parameter to monitor as a qualitative soft
sensor of recombinant protein production. This postulate has physio-
logical basis on the fact that respiratory activity correlates with high
TCA cycle activity (Nargund et al., 2015; Zagari et al., 2013) and in turn,
high TCA cycle activity strongly correlates with high protein production
(Templeton et al., 2013). In Fig. 7C, this tight physiological link can be
seen at play. Broadly, post-induction cell specific oxygen respiratory
rates retain a linear relationship with cell specific protein production
rates. Higher cell specific oxygen respiration rates in the day-3 induction
condition also correlate with proportionally higher cell specific pro-
ductivity. Furthermore, the day-9 induction/temperature shift condition
had a lower cell specific productivity and consequently also had
comparatively lower cell specific oxygen respiration rates during the
production phase. Similar relationships between cell specific oxygen
respiration rates and cell specific productivity have also been noted
(Zalai et al., 2016). Lastly, in Fig. 7D, a scatter plot showing the rela-
tionship between cell volume and specific productivity can be seen. As
cellular volume increases, specific cellular productivity also increases
for induction conditions on day 3, day 5, and day 6. This phenomenon
has been noted previously in other mammalian cell cultures (Huang
et al., 2010; Wang et al., 2024). As noted previously, it has been
discovered that the increase in cell volume is associated with enhanced
transcription, translation, and secretion machinery. Given the fact that
temperature downshifting triggers a coordinated response that affects
the cell cycle, transcription, and translation processes (Kumar et al.,
2007) and given the observation that decreases in temperature can
enhance cell-specific productivity by stabilizing mRNAs, increasing
transcription levels, and improving protein folding (Shahabi et al.,
2023), it can be suggested that the observed correlation between specific
productivity and cell volume (Edros et al., 2014; Khoo and Al-Rubeali,
2009) is a result of an indirect relationship between specific produc-
tivity and enhanced transcription and translation levels. Changes in
temperature cascade result in changes in transcription, cell cycle, and
cellular machinery that are beneficial to recombinant protein produc-
tion but are not unique to recombinant protein production. Day-9
induction/temperature shift does not sustain this relationship. Simi-
larly, in day-7 induction/temperature shift, cellular volume continues to
increase while cell specific productivity plateaus and trends downwards
after day 14.

4. Conclusions

OTR monitoring has allowed us to identify key process related im-
pacts such as the metabolic load that recombinant protein expression
exerts on CHO cell cultures causing a diminishing growth rate. Increased
cell specific glucose consumption was observed in the non-induced
conditions indicating higher glycolytic activity in the absence of re-
combinant protein production pressure, which is coherent with the
increased biomass accumulation. In addition, observed reduction in cell
specific ammonia secretion rates in the non-induced condition hints at
decreased amino acid catabolism. Furthermore, cell specific amino acid
uptake/secretion rates demonstrated increased activity in the induced
conditions when compared to non-induced conditions which is inline
with expectations of higher TCA cycle activity during recombinant
protein production. Interestingly, cell specific oxygen respiratory rates
were demonstrated to hold a tight relationship with cell specific re-
combinant protein production which aligns with literature reports of
oxidative metabolism and recombinant protein expression. Thanks to
careful metabolic analysis of the fed-batch process, time-of-action ex-
periments were formulated to optimize the biphasic nature of inducible
systems such as increasing biomass accumulation during the growth
phase and increasing recombinant protein synthesis during the pro-
duction phase. By sidestepping the growth limitations that induction
conveys on biomass accumulation before temperature shift, gains in
volumetric protein production were achieved. A significant increase,
34 %, in endpoint yield within an equal time frame was attained. In
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addition, OTR profiles displayed indications of glucose exhaustion
before analytical measurements allowed for glucose supplementation on
time.

In summary, it can be concluded that online monitoring within shake
flasks allows for careful formulation of process intensification strategies
in a high-throughput manner. To our knowledge, this is the first report
on the implementation of the TOM device to rapidly study the metabolic
load of an inducible expression system conveyed to CHO cells at the
stage of shake flask development. This innovative approach also allows
for early process fingerprinting in which characterization of nutrient-
related limitations and identification of adequate points of action such
as time of induction and temperature downshift to fast-track process
optimization are possible. Further studies to scale up the proposed
framework of oxygen consumption-based time of induction into stirred
tank bioreactors need to be explored.
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