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Abstract

Abstract

A great share of biopharamceutical products is nowadays derived from mammalian cell
cultivations. However, the scale-up of cell culture processes is a challenging task, often
resulting in variable process performances across the scales. Due to the nature of bioreactor
scale-up it is impossible to maintain all operational conditions equal between small-scale and
large-scale cultivations. Variations in operational parameters can lead to a physiochemical
variability with direct influence on cell specific physiological conditions, finally altering
product quality and process performance. The goal of this thesis was to evaluate the impact of
large-scale inhomogeneities, that arise during process scale-up, on cell physiology and process
performance using a scale-down approach. Hereby physiological effects of large-scale
inhomogeneities were uncovered through application and combination of a decoupled control
strategy for process parameters (pH, pO. and pCO.) with multivariate data analysis as well as
metabolic flux analysis and the establishment of a two-compartment bioreactor system.
Through this methodology novel process parameter interaction effects as well as intracellular
metabolic regulations were revealed. Furthermore, the development and application of the two-
compartment bioreactor system led to an improved understanding of the impact of temporary
pH gradients on cell physiology and process performance. The gathered results demonstrate
that the used scale-down approach in combination with appropriate investigative methods is
capable of revealing novel effects that might occur during large-scale mammalian fermentation
processes. The transferability of these obtained results back to the large-scale is however

challenging due to the lack of knowledge of the actual large-scale conditions.




Zusammenfassung

Zusammenfassung

Ein grosser Anteil an Dbiopharmazeutschen Produkten wird heutzutage von
Saugetierzellkulturen hergestellt Der Scale-up von Zellkulturprozessen ist jedoch eine
komplexe Aufgabe, die meist in unterschiedlichen Prozessverhalten in den verschiedenen
Scales endet, da es unmdglich ist wahrend dem scale-up alle Operationsparameter konstant zu
halten. Variationen in den Operationsparametern konnen letztendlich zu einer
physiochemischen Variabilitdt fihren mit direktem Einfluss auf die zellphysiologischen
Eigenschaften und damit auf die Produktqualitit und den Prozess. Das Ziel dieser Arbeit war
es, den Einfluss von Large-Scale-Inhomogenitdten auf die Zellphysiologie und das
Prozessverhalten mit Hilfe eines Scale-Down-Ansatzes zu evaluieren. Hierbei wurden
physiologische Effekte von Inhomogenitaten, mit Hilfe einer entkoppelten Kontrollstrategie fiir
die Prozessparameter pH, pO2 und pCO; und in Kombination mit Multivariater Datenanalyse
und Metabolischer Flussanalyse sowie der Etablierung eines Zwei-Kompartiment-
Bioreaktorsystems, aufgedeckt. Durch diese Methodik konnten neue Interaktionseffekt von
Prozessparametern und intrazellulare Regulationsmechanismen aufgezeigt werden. Des
Weiteren fuhrte die Entwicklung und Anwendung des Zwei-Kompartiment-Bioreaktorsystems
zu einem vertieften Verstdndnis von Effekten temporarer pH-Gradienten auf die
Zellphysiologie und den Prozess. Die Resultate dieser Arbeiten zeigen, dass der Scale-Down-
Ansatz in Kombination mit den richtigen Experimental- und Analysemethoden dazu in der Lage
ist neue Effekte, die in Large-Scale-Fermentationsprozessen auftreten aufzudecken. Die
Transferierbarkeit der Ergebnisse zuriick in die GroRRfermenter ist allerdings herausfordernd, da

die tatsachlichen lokalen Begebenheiten in Large-Scale-Bioreaktoren nicht bekannt sind.
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Introduction

Introduction and Problem Statement

Mammalian cell culture in the biopharmaceutical industry

The importance of mammalian cell culture for the biopharmaceutical industry can be derived
from the latest biopharmaceutical benchmark by Walsh (2014). He stated that from 2012 to
2014, around 60% of the total number of biopharmaceutical product approvals derived from
mammalian cells (Walsh 2014). In contrast to other expression systems mammalian cells are
capable of human like posttranslational modifications, which are essential for drug safety and
efficacy. Within mammalian derived products, chinese hamster ovary (CHO) cells are the
predominant expression system (Zhou and Kantardjieff 2014) due to several factors (Beck et

al. 2008; Jayapal 2007):

e CHO cells can be easily transfected, clone selection and gene amplification methods are
well established

e Relatively stable clones can be achieved with high extracellular protein expression rates

e CHO cells are able to grow in suspension which makes them easy to cultivate in large-
scale

e Several human viruses do not replicate in CHO cells

e Posttranslational glycosylation is more similar to humans in contrast to other cell lines
(e.g. murine cells)

e Most importantly large-scale upstream and downstream processes, as well as regulatory

approval processes are already well established

The most common biopharmaceutical product derived today from mammalian cells are

monoclonal antibodies (Walsh 2014).
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A typical production process for monoclonal antibodies

The genetic information for the monoclonal antibody itself is usually obtained from hybridoma
technology, phage display or transgenic animals (Nelson et al. 2010) and after potential further
engineering (e.g. humanization), transfected into a host cell line. After primary screening, single
cell clones can be obtained (e.g. by limited dilution) which undergo further screening for
stability, cell growth and productivity (Lai et al. 2013). The final clone will then be used in
process development and scale-up studies until final production (Wurm 2004). The industrial
manufacturing process for monoclonal antibody production in chinese hamster ovary cells is
usually a fed-batch process (Abu-Absi et al. 2014). Subsequently to large-scale production the
supernatant is usually harvested using centrifugation and depth filtration. The first purification
step is a protein A chromatography often followed by a viral inactivation step. Afterwards ion
exchange chromatography (IEC) is mostly performed for impurity removal and further
polishing. Additional process steps often include viral filtration and diafiltration into final

buffers for storage until final filling into vials (Vazquez-Rey and Lang 2011).

Large-scale monoclonal antibody production is a very complex process that involves several
complicated procedures and needs clever linkage of all process steps. This thesis will only focus
on the upstream process and more specifically on the challenges that might occur during the

scale-up of the upstream process.
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Scale-up induced process variability in mammalian cell culture

The transition between the early process development and the late stage process
development/manufacturing stage of a biopharmaceutical product is usually accompanied by a

dramatic increase in bioreactor scale (Figure 1).

Screening Scale-up

and < Manufacturing

Early stage Late stage process
process process
development development

96-well Mini-bioreactor 2 — 500L 2000 — 15000L
plate systems bioreactors bioreactors

Figure 1. Scale-up from process development to manufacturing process. Upstream cultivation
systems increase strongly in scale from early stage process development to the final manufacturing

process.

The scale-up of cell culture processes is challenging and deviations between the small-scale
and large-scale performances are frequently observed (Xing et al. 2009). Variations in e.g.
operational parameters, media composition or seed train procedures can lead to a
physiochemical or biological variability with direct influence on cell specific physiological
conditions and product characteristics (Figure 2). Thus, the two key parameters product quality
(PQ) and volumetric productivity (rp) of a process can be significantly altered during process

scale-up.
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Process variability during scale-up :

Reactor design and operational parameters (e.g. H/D, vvm)
Scale-up — Inhomogeneities (e.g. p0,, pCO,, pH)

Seed train (e.g. cell bank)

@Media/Bioreactor composition (e.g. Media preparation)

Physiochemical

iabilit ~
varaniy — ~ Product

Product quality (PQ)

characteristics |:>
y — Volumetric
6/ productivity

Cell specific physiological (ro)
condition

Large-scale bioprocess

Figure 2. Scale-up induced process variability. Variability occurs due to several factors influencing
the cell specific physiological conditions as well as product characteristics and final process

performance.

During biopharmaceutical process development, a process design space is defined based on the
product design space and characterization studies (e.g. Design of Experiments fermentation
runs) that are usually performed in small-scale fermentation systems. However, these studies
imply the assumption that the small-scale systems are capable of accurately modelling the large-
scale reactor. Nowadays, small-scale state of the art bioreactor systems are powerful tools in
cell screening but are commonly performed using similar control strategies (e.g. pH, pO: set-
points) than in production-scale. Therefore, these systems do not consider large-scale

phenomena as inhomogeneities (Neubauer and Junne, 2010).

The goal of this thesis was to evaluate the impact of large-scale inhomogeneities, that arise
during process scale-up, on cell physiology and process performance using a scale-down

approach.
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Bioreactor scale-up and subsequent large-scale inhomogeneities

Typical scale-up criteria in mammalian cell culture are constant specific power input (P/V) or
constant volumetric mass transfer coefficient (kla) (Garcia-Ochoa and Gomez 2009; Nienow
2006; Xing et al. 2009). However, keeping one of those parameters constant, usually results in
an increased mixing time in large-scale bioreactors. This subsequently results in substrate or
pH gradients after addition of these components to the bioreactor. Application of constant
mixing time is not an appropriate scale-up parameter because this results in impractical high
power inputs (Lara et al. 2006). Constant impeller tip speed or constant Reynolds number are
two scale-up criteria that would lead to even higher mixing times in large-scale, when compared

to the P/V or kla-criteria and are therefore not commonly used (Lara et al. 2006).

Elevated pCO2 values can be often detected in large-scale processes. This can be mostly
attributed to a decreased volumetric flowrate (vvm) in large-scale when compared to the small-
scale systems (Nienow 2006). Decreased vvm values are usually applied to maintain a certain
superficial gas velocity (Vs) upon scale-up. This is crucial since elevated superficial gas
velocities would contribute to foam formation (Pilon and Viskanta 2004) finally resulting in
cell loss and the need of chemical antifoam addition (Delvigne et al. 2009). Moreover, the
superficial gas velocity is linked to the volumetric mass transfer coefficient (kla) via Equation

(1) and is connected to vvm via Equation (2).
kla = ax(Q)Px(Vs)®  [s7] (1)
with a, b and c as empirical constants.

peCE m e

N

with V| being the volume of the culture broth and A being the cross-sectional area of the

bioreactor.
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It has to be mentioned that the pCO- in large-scale is further dependent from the local bioreactor
conditions since hydrostatic effects and the limited capability of bubbles to take up CO2 have
to be considered as well (Lara et al. 2006; Sieblist et al. 2011a). This can furthermore result in

local pCO; and subsequently pH gradients.

Oxygen mass transfer is a key parameter during aerobic fermentation processes to supply the
cells with enough oxygen. The oxygen transfer rate (OTR) can be influenced by the volumetric

mass transfer coefficient according to Equation (3).

OTR = kla x(c* — ¢) (3)

with ¢* being the O concentration at the phase boundary and c¢ being the Oz concentration in

the liquid.

However, kla is dependent on the local power dissipation density and therefore varies inside of
the bioreactor (Garcia-Ochoa and Gomez 2009; Sieblist et al. 2011b). O- is usually added to
the bottom of the bioreactor leading to different oxygen concentrations in the gas phase across
the bioreactor (Hristov et al. 2001) further contributing to variable OTR values inside of the
system. Due to the stated phenomena dissolved oxygen gradients are most likely to occur in

large-scale processes.

The described effects demonstrate that inhomogeneities in critical process parameters as pOs,
pH and pCO:2 do occur in large-scale production processes. However, in contrast to biological
effects from different seed train procedures or media preparation influences, which could be
both detected during small-scale satellite runs parallel to the large-scale studies, effects from
process parameter inhomogeneities (e.g. in pH, pO2, pCOz) cannot be detected in the usually

used scale-down model bioreactors.
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A scale-down approach to assess large-scale inhomogeneities

In this thesis, a scale-down approach was used to assess the impact of large-scale
inhomogeneities on the cell physiology and product attributes. A scale-down approach is

usually characterized by several steps.

(i) In a first step the physiochemical variability inside of the large-scale bioreactor has to be
identified. Actual large-scale bioprocess data of process parameter inhomogeneities are usually
not available because they would need the application of multiposition sensors or in flow
follower, which are still under development and far away from industrial application (Bockisch
et al. 2014; Zimmermann et al. 2013). Mathematical models as compartment models or
Computational Fluid Dynamics (CFD) models can be strong tools to predict the hydrodynamics
and mass transfer characteristics of a bioreactor but are very complicated and include many
challenges as bubble coalescence/break-up prediction and local gas-phase composition
dynamics (Garcia-Ochoa and Gomez 2009; Hristov et al. 2001; Noorman 2011). Due to the
lack of inhomogeneity-data from the industrial scale as well as the absence of CFD data in this
thesis, the physiochemical conditions used in the scale-down studies were finally derived from

an extensive literature research.

(if) The second step is simulating the large-scale conditions in a small-scale setup. Through this
methodology the effects of large-scale inhomogeneities on cell specific physiological responses
as well as product quality attributes can be investigated. Hereby the exact simulation of
temporary large-scale inhomogeneities experienced by cells travelling through the bioreactor,
is a challenging task which usually requires multi-compartment bioreactor systems (Neubauer
and Junne 2010). However, general metabolic responses of the cells to changing environments
can be further derived from pulse experiments or steady-state cultures at different process

parameter set-points.
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The first two steps of the scale-down approach were performed within this thesis and build the

background for the published manuscripts (Figure 3).

Large-scale Scale-down
inhomogeneities approach

a . |

) ) L Com;:ztlJt.a\‘;clonal Large-scale Compartment Literature
Physiochemical variability e data models research
Dynamics
! ! | = 1 1

Cell ific ohvsiological - Decoupled control strategy [1, 2, 3]

€1l specttic physiofogica Small-scale - Multivariate experimental design [1]

conditions and product experiments . :

. .. - Metabolic Flux Analysis [2]
characteristics

- Scale-down bioreactor system [3]

Figure 3. The first two steps of a scale-down approach to assess large-scale inhomogeneities. The
specific scale-down approach used in this thesis is highlighted in red. Essential methods used in the
small-scale experiments are shown in conjunction with their related manuscript. Numbers in square

brackets refer to the manuscripts included in this thesis.

(iii) After the scale-down experiments, the obtained knowledge and results should be ideally
transferred back to the industrial scale. Finally leading to an improvement of the large-scale
process. The third step will be discussed in more detail in the conclusion and outlook chapter

of this thesis.
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Goal of the thesis and scientific contribution to the field

The goal of this thesis was to evaluate the impact of large-scale inhomogeneities that arise
during process scale-up on cell physiology and process performance using a scale-down
approach. The thesis includes three peer reviewed manuscripts. The individual novelty aspects,

achievements as well as author contributions to the manuscripts are shown in Table 1.

Table 1. Achievements, novelty aspects and author contributions of Matthias Brunner (MBR).

attributes.

- pH and pCO; revealed strongest
effects on process performance

Author
Manuscript Title Novelty Achievements contributions
of MBR
- A specific control strategy allows
the analysis of interactions as well as
— Investigation of the decoupled effects of pH, pO, and | MBR partially
o | interactions of . pCO; designed the
> Interactions of scale- ;
< critical scale-up up  critical  brocess experiments,
.2 parameters (pH, pO; P P - Interactions of pH and pCO- on cell : conducted the
- parameters on cell : : .
o iand pCO2) on CHO . physiology and product quality have ; experiments,
@ physiology and . .
2 batch  performance roduct aualit to be considered during process: performed the data
CEU and critical quality P g y scale-up analysis and drafted

the manuscript

- pCO; or bicarbonate concentrations

metabolic flux analysis

c; Elevated respectively  affect the lactate

=  Elevated pCO, pCO/bicarbonate metabolism during CHO cell culture MBR_ designed the
§- affects _ .Iactaj[e can affect the lactate | PrOCeSSes experiments,

5 metabolic  shift in metabolic  shift in performed the data
S CHO cell culture CHO cell culture ~ The onset of the lactate metabolic ' analysis and drafted
S | processes. processes shift could be correlated to an: the manuscript

S intracellular redox balance via

Manuscript No. 3

The impact of pH
inhomogeneities on
CHO cell physiology
and fed-batch
process performance
— two-compartment

Short-term exposure
of cells to increased
pH values affects
their intracellular pH

- A two-compartment scale-down
model of a 10m® STR was
successfully set-up

- Short term intracellular pH changes
due to extracellular pH variations
were detected

MBR designed the
experiments,

performed the data
analysis and drafted

scale d_own and overall process _ Simulation of elevated pH the manuscript
modelling and  performance . o .
. inhomogeneities during fed-batch
intracellular pH :
. processes, using the scale-down
excursion

system, reveled significant effects on
overall process performance
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Abstract Understanding process parameter interactions
and their effects on mammalian cell cultivations is an
essential requirement for robust process scale-up. Further-
more, knowledge of the relationship between the process
parameters and the product critical quality attributes
(CQAs) is necessary to satisfy quality by design guidelines.
So far, mainly the effect of single parameters on CQAs was
investigated. Here, we present a comprehensive study to
investigate the interactions of scale-up relevant parameters
as pH, pO, and pCO, on CHO cell physiology, process
performance and CQAs, which was based on design of
experiments and extended product quality analytics. The
study used a novel control strategy in which process
parameters were decoupled from each other, and thus
allowed their individual control at defined set points.
Besides having identified the impact of single parameters
on process performance and product quality, further sig-
nificant interaction effects of process parameters on
specific cell growth, specific productivity and amino acid
metabolism could be derived using this method. Concern-
ing single parameter effects, several monoclonal antibody
(mADb) charge variants were affected by process pCO, and
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Technology, Gumpendorferstrasse 1a/166, 1060 Vienna,
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pH. N-glycosylation analysis showed positive correlations
between mAb sialylation and high pH values as well as a
relationship between high mannose variants and process
pH. This study additionally revealed several interaction
effects as process pH and pCO, interactions on mAb
charge wvariants and N-glycosylation pattern. Hence,
through our process control strategy and multivariate
investigation, novel significant process parameter interac-
tions and single effects were identified which have to be
taken into account especially for process scale-up.

Keywords CHO cell culture - Process parameter - Scale-
up - Monoclonal antibody CQA - Design of experiments

Introduction

Monoclonal antibodies (mAbs) have become the main
products of biopharmaceutical industries throughout the
past decades. Despite their typically low growth rate,
unstable productivity and high process costs, mammalian
cells benefit from their ability to perform human-like
posttranslational modifications and thus represent the main
expression system for mAb production [1-3]. Chinese
hamster ovary (CHO) cells are the most commonly used
cell systems for mammalian processes. Since GMP cer-
tificated processes are readily available and high through-
put cell screening and fed-batch processing are established
and well understood CHO cells will remain the main
expression system in the near future [3-5]. Advanced
understanding of CHO cell metabolism and interaction
with process parameters is of high importance for process
optimization, scale-up; and moreover, is a major require-
ment of quality by design (QbD) guidelines as claimed by
the Federal Drug Association (FDA) [6]. Furthermore,
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modeling approaches as hybrid models may benefit from
the knowledge of process parameter interactions and single
effects to improve model fit and model quality [7].
Understanding of process parameter interactions is espe-
cially useful during process scale-up, where unwanted
variations of pH, dissolved oxygen tension (pO,) and car-
bon dioxide tension (pCQO-) are most likely to occur [8—10].
Manufacturing processes aim towards high product titers
and space—time-yields but, moreover, good and consistent
final product quality is of upmost importance. Monoclonal
antibodies are very complex molecules and can be modi-
fied during up- and downstream process thus leading to
heterogeneous final products [11]. Product heterogeneity
may lead to various changes in physiochemical, biological
and immunogenic properties compared to the desired
homogeneous antibody drug. In more detail, protein
heterogeneity may lead to different protein binding, sta-
bility, immune responses and pharmacokinetics [12].
Therefore, control of product heterogeneity within prede-
fined analytical specifications is of high importance for
¢GMP manufacturing.

Process parameters such as temperature, pH, pO, and
pCO> can have enormous effects on CHO cell process
performance and critical quality attributes as described
widely in the literature [13—17]. Link et al. [15] discovered
that changing dissolved oxygen concentration can have an
effect on specific productivity of CHO-K1 cells. Addi-
tionally, a study conducted by Trummer et al. [13] showed
significant influences of culture temperature and culture pH
on cell metabolism, growth and product quality in a CHO
batch fermentation producing EPO-Fc. However, influ-
ences of different carbon dioxide tensions are most often
neglected although it has been shown in other studies that
pCO- can have significant effects on specific cell growth,
productivity and product quality [18-20]. Studies about
interaction effects of parameters are less prominent in the
literature, however, Zanghi et al. [19] showed that at ele-
vated pH or pCO, in a CHO culture, osmolality and
bicarbonate concentration significantly influence product
polysialylation.

In contrast to the current state of the art, the goal of our
study was to derive interaction effects of critical scale-up
parameters on cell physiology as well as on process per-
formance and critical product quality attributes. Therefore,
our approach consisted of a central composite face-cen-
tered design of experiments and various in-process ana-
lytics as well as product quality analytics for charge, size
and glycan heterogeneity. This investigation was only
possible through usage of a novel control strategy via
decoupling of pO,, pH and pCO, process control and thus
investigating the individual effects and interactions of these
critical scale-up parameters in one systematic approach.
The novelty of this work is therefore the elucidation of
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interaction effects of scale dependent process parameters
on a large number of responses including amino acids and
product quality attributes.

Materials and methods
Design of experiment and data evaluation

Experiments were carried out according to a central com-
posite face-centered design with the factors pH ranging
from 6.8 to 7.2, pO, from 10 to 40 % and pCO; from 5
(37 mmHg) to 20 % (150 mmHg) (Table 1). Boundaries
were set for pCO, in between physiological values and
levels that might occur during large-scale fermentation
processes [9], whereas pH was mostly set in between
boundaries of physiological ranges to allow constant fer-
mentation conditions. However, pH variations to 6.8 may
also occur during large-scale fermentation due to CO,
gradients [21]. The dissolved oxygen tension concentration
upper limit was set to 40 % according to common indus-
trial settings. Since in large-scale fermentations at high cell
densities pO, gradients are likely to occur [9], the lower
limit for pO, was set to 10 %. In total, the experimental
design space consisted of 19 batch fermentations, whereas
five fermentation runs were carried out at the center point
settings of the DoE. Due to problems with one of the pH-
probes, one fermentation run at pH 7.2, pO, 40 % and
pCO; 20 % finally had to be excluded from data evalua-
tion. Since all other 14 set points of the experimental
design space were carried out successfully, this one miss-
ing run was found not to compromise the quality of the
experimental design to any significant extent. Furthermore,
two fermentation runs (pH 7; pCO, 20 %; pO, 25 % and
pH 7; pCO5 12.5 %; pO, 10 %) revealed unusually high
mAb aggregation rates and thus their mAb quality data
were excluded from data evaluation.

Experimental planning and data evaluation was carried
out by the help of the software MODDE® (Umetrics,
Sweden). For each selected response MODDE® generates a
PLS Model and the final parameters after model opti-
mization are illustrated in this report. Key parameters of
the models are the coefficient of determination R, good-
ness of prediction Q° model validity MV and repro-
ducibility RP. Ideally, R*, @, MV and RP should be close
to 1 and above 0.5, or 0.25 concerning MV, for a signifi-
cant model, Furthermore, tables with normalized coeffi-
cients derived out of PLS models are shown in this work.
Since errors for specific growth and metabolite produc-
tion/consumption rates are generally high in mammalian
processes [22], confidence intervals were set to 0.90 for all
calculated growth, consumption and production rates. For
all other responses, confidence levels were set to 0.95. The
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Table I Specific process Exp.No. 1 2 3 4 5 6 7 8 9 10
parameter conditions of the
experimental design space pH 6.8 7.2 6.8 7.2 6.8 7.2 6.8 7.2 7 7
pCO, 5 5 20 20 5 5 20 20 12.5 12.5
PO 10 10 10 10 40 40 40 40 25 25
Exp. No. 11 12 13 14 15 16 17 18 19
pH 7 7.2 6.8 7 7 7 7 7 7
pCO, 12,5 12.5 12.5 5 20 12.5 12,5 12.5 125
PO 25 25 25 25 25 10 40 25 25

Experiment number 8 had to be excluded from data evaluation due to a defect pH probe

responses analyzed were maximum and average specific
growth rate (fmax, Maverage)> Specific lactate and ammonia
production (¢aes Gamm)s Specific glucose and glutamine
consumption (gujues gein)> further specific amino acid con-
sumption and production rates (gaja. gargs GAsns GAsps ICyss
4Glus 4Glys qHis» Glles GLeus GLys: GMeths §Phes GPros GSers GThrs
GTyr Grrys Gva)) and specific productivity (g,). Moreover,
critical product quality attributes were analyzed as charge,
size and glycan variants.

Cell line, seed train and batch fermentations

An industrial CHO cell line producing a mAb was cultivated
in chemically defined media. Precultures for batch fermen-
tation processes were cultivated in shake flasks and incu-
bated at 10 % pCO, and 37 °C temperature. Exponentially
growing cells were transferred into 3 L glass bioreactors
resulting in an inoculation density of 3 x 107 cells/mL. All
batch cultivations were carried out at 37 °C.

Using a novel control strategy, pO,, pCO, and pH set
points were set and kept constant throughout the fermen-
tation process according to the DoE. Usually, pH control in
cell culture is performed using pCQO; as acid; this had to be
changed to decouple pH and pCO, control. pH regulation
was therefore realized by the addition of 0.5 M HCL and
0.5 M NaOH, respectively. Dissolved oxygen tension and
carbon dioxide tension were regulated independently
through gas mixing while keeping stirrer speed and gas
volumetric flow rate constant. pCO, measurement and
control was done by use of an off-gas sensor (BlueInOne,
Bluesens, Germany) and based on calculations from Frahm
et al. [23]. pH and pO, were measured by in-line probes
(EasyFerm, Hamilton, United States and VisiFerm,
Hamilton, United States).

In-process control, mAb and amino acid
determination

Cultivation samples were taken every 12 h and cell count-
ing/viability determination was performed using the auto-
matic picture analyzer Cedex HiRes Analyzer (Roche,

Germany). Osmolality of supernatant was determined via
freeze point depression (Mikro-Osmometer TypOMS06,
Loser, Germany). Analysis of metabolites glucose, glu-
tamine, glutamate, lactate and ammonium were performed
using Cedex Bio HT Analyzer (Roche, Germany). Antibody
titer determination was carried out by HPLC (Ultimate
3000, Dionex, United States) with a Protein A sensor car-
tridge (Applied Biosystems, The Netherlands). Amino acid
concentrations were determined by HPLC measurement
(Ultimate 3000, Dionex, United States; ZORBAX Eclipse
Plus C18 column, Agilent Technologies, United States) and
prior sample-derivatization with ortho-phthalaldehyde
(OPA) and 9-fluorenylmethyloxycarbonyl (FMOC).

Product quality analytics

Harvest samples for product quality analytics were taken
only once at the end of batch processes as soon as viability
dropped below 75 % and supernatants were stored at
—80 °C.

Cation exchange chromatography

Determination of charge variants was performed using a
ProPac WCX-10 (4 x 250 mm) analytical column (Dio-
nex, United States) connected to HPLC system (Agilent
Technologies 1100/1200 Series, United States) with UV
detection at 220 nm.

Size exclusion chromatography

Size exclusion chromatography was performed using a
TSKgel G3000SWXL column (Tosoh, Japan) connected to
a HPLC system (Agilent Technologies 1100/1200 Series,
United States) with UV detection at 210 nm.

N-glycan determination

Quantitative determination of N-glycans was performed

after digest with N-glycosidase F (PNGase F, Roche,
Germany). After separation from the protein using ultra
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centrifugal filters, released N-glycans were labeled with
2-aminobenzamide (2-AB) at 37 °C overnight. Afterwards
2-AB labeled glycans were profiled by normal phase
chromatography using a ACQUITY UPLC BEH column
(Waters, United States) connected to an HPLC system
(Agilent 1200 series, United States) with FLD detection.

Calculation of specific rates and degree
of glycosylation

Calculation of the specific growth rate p was performed
using the integral of viable cell density as described by
Klein et al. [24] and shown in Eq. (1):

~ d(VCD)
M —m, (l)

with VCD being the viable cell density and IVCD the
integral of viable cell density.

Calculation of the specific production or consumption
rates was performed as shown in Eq. (2), with ¢; being the
concentration of either a specific metabolite or product i:

d(ci)

~ d(IveD) @

qi

Calculation of the specific growth and production or
consumption rates were performed for each time point and
average rates were calculated for the relevant process phase
using values between inoculation and peak VCD. The
maximum specific growth rate, however, was calculated
only for time points within the exponential growth phase of
the processes. All cell specific metabolic rates were
assigned positive for production and negative for
consumption.

The degree of galactosylation (GI) was calculated as
shown in Eq. (3) and described earlier by Ivarsson et al.
[17]:

3xG3+2xG2+Gl

Gl = ; 3
(G0O+G1+G2+G3) x3 3)

The degrees of sialylation (SI) and afucosylation (aFI)
were calculated in the same manner.

Results and discussion

Experiments were carried out according to our experi-
mental design as specified in the “Materials and methods™
section. The specific data points for the PLS models are
summarized in the supplementary file. Concerning the
evaluation of the data, additionally to our controlled pro-
cess parameters, the influences of important uncontrolled
parameters on the responses of the design of experiments
were considered. Especially effects that might occur due to
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different osmolalities, average cell viabilities and overall
process time.

Although only minor variations in osmolality occurred
during cell growth (mostly between 290 and 330 mOsm/
kg), the influence of variations in osmolality was investi-
gated in separate experiments and no significant differ-
ences in cell specific growth, productivity or metabolite
production/consumption could be derived for this cell line
(data not shown).

The overall batch process time and mean cell viabilities
in this study correlate strongly with process pH but not
with pO, and pCO, (Fig. 1). Therefore, effects on product
quality data attributed to process pH might furthermore
derive from different process times or mean cell viabilities.
Effects of pCO, and pO, were found to be independent
from process time. The authors would like to state that due
to the complexity of mammalian cell culture processes,
only a certain portion of the data variability can be
explained by the presented models. Therefore, the good-
ness of fit R>, a measure how good the model fits the
observed data, and the goodness of prediction Q7 an
estimate of the predictive ability of the model, deviate from
the ideal value of 1. However, R? and Q2 values are pre-
sented in the corresponding data tables and only significant
models with values above 0.5 are discussed.

Effects on cell growth and viability

Cell growth and cell viability are essential parameters that
have to be monitored closely during mammalian fermen-
tation processes. This is usually done by automated offline
cell counting and live/dead cell staining. Through deter-
mination of viable and total cell densities (VCD and TCD)
specific cell growth and cell viabilities were evaluated.

Comparing the maximum viable cell density (VCD) of
all batch processes, it can be derived that processes at pH
7.0 reached the highest maximum viable cell densities
(Fig. 1a). All processes declined in viabilities to values
lower than 75 % shortly after limitation of the main
C-source. Therefore, differences in maximum VCD
derived not only from different growth behavior but fur-
thermore from nutrient availability. Cell viabilities stayed
at high values and decreased dramatically as soon as glu-
cose became limiting. Furthermore, slight decreases in cell
viabilities could be detected for processes at pH 7.0 and
6.8, most probably due to glutamine limitation before final
glucose depletion (Figs. 1b, 2a/b).

Regarding specific cell growth during exponential
growth (gnax) and total growth phase (itayerage) significant
influences of pH, pO, and pCO, as well as a significant
interaction of pH and pCO, could be detected (Table 2).
Mimax and fiyyerage Were strongly affected by process con-
ditions, whereby the lowest growth rates were reduced to
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Fig. 1 Viable cell density (a) and cell viability (b) over process time
for all batch fermentations. (Black symbols represent processes at pH
7.0, blue symbols at pH 6.8, red symbols at pH 7.2; closed symbols
represent processes at pCO, 5 %, half-closed at 12.5 % and open
symbols at 20 %; triangles represent processes at pO, 25 %, squares
at 10 %, circles at 40 %). High pH values led to high viable cell
densities but concurrently to shorter process time due to faster
depletion of the main c-source. Cell viabilities stayed at high values
as long as glutamine was available

around 35 and 45 %, respectively, when compared to the
maximum values obtained in this DoE.

Table 2 shows that pH affected specific cell growth the
most and higher pH values led to higher cell growth.
Increased pCO- had a negative impact on cell growth,
whereas increased pO, seemed to stimulate specific cell
growth between the borders of our experimental design.
These general results confirm other publications as Link
et al. [15], Yoon et al. [25], Trummer et al. [13] and
Dezengotita et al. [18]. Remarkably, through the indepen-
dent control of process parameters our study derived
additional significant interaction effects of pH and pCO; on
specific growth.

Effects on cell metabolism and productivity

CHO cell metabolism strongly depends on the main carbon
and energy sources, glucose and glutamine. Furthermore,
by-product accumulation can be of high interest since
lactate and ammonia concentrations can affect cell

physiology at elevated levels [26]. Moreover, specific
productivity of cells is clearly of high importance, because
final product titer levels are directly correlated with this
entity. Additionally, amino acids are one of the most
important cell culture media components, influencing cell
growth and productivity [27].

In Table 2 the result for the DoE evaluation regarding
the average specific glucose uptake rate g, is shown.
Gene Was significantly influenced by process pH whereby
lowest rates were reduced to around 60 % when compared
to the maximum consumption rates obtained in this DoE.
No significant pO,, pCO, or quadratic/interaction terms
could be determined. These results can be confirmed by
other studies [13, 25, 26].

The mean specific glutamine uptake rate was not sig-
nificantly influenced by pH or pCO, or pO, (data not
shown). Concerning pH this is in accordance to the results
from Yoon et al. [25] but contrary to Trummer et al. [13]
who observed higher specific consumption rates at higher
pH values. Processes at high pH values depleted earlier of
glutamine than processes at low pH (Fig. 2). Since no
effects on specific glutamine uptake rates could be deter-
mined, this effect is most probably due to higher viable cell
densities and thus higher total glutamine consumptions at
high pH values.

The average specific lactate production rate gq,. was
significantly affected by process conditions (Table 1),
whereby lowest rates were reduced to around 80 % when
compared to the maximum production rates obtained in
this study. Comparing the specific lactate production gy,
during the growth phase, data clearly shows a direct link
between pH and lactate production. Runs at highest pH
values produced significantly more lactate than cells at
lower pH. This effect is well reported in literature [13].
Furthermore, the yield of glucose to lactate was affected
by culture pH, higher pH values leading to higher yields.
Dependencies of gj,c from pO, or pCO, could not be
found.

No significant effects of either pH, pCO> or pO, on
specific ammonia production could be observed (data not
shown). This is in agreement with the results from Yoon
et al. [25] but contrary to Trummer et al. [13], who found a
dependency of specific ammonia production from culture
pH. The contrary findings on specific ammonia production
and glutamine consumption in the stated literature may
indicate that effects on ammonia and glutamine metabo-
lism are more cell line specific than effects on glucose and
lactate metabolism.

Due to higher specific glucose consumption rates and
higher cell growth, processes became glucose-limited ear-
liest at pH 7.2 (Fig. 2a). Ammonia profiles varied between
phases of ammonia production and consumption through-
out most processes at 7.0 (Fig. 2c). All fermentation runs at
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Fig. 2 Metabolite profiles for all conducted batch processes. (Black
symbols represent processes at pH 7.0, blue symbols at pH 6.8, red
symbols at pH 7.2; closed symbols represent processes at pCO, 5 %,
half-closed at 12.5 % and open symbols at 20 %; triangles represent
processes at pO, 25 %, squares at 10 %, circles at 40 %). a Glucose
became limiting in almost all fermentations before reaching the
harvest criteria of 75 % viability. b Glutamine profiles showed
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glutamine limitations after 100-150 h of process time for all batches.
¢ Ammonia concentrations showed process phases of production and
consumption for almost all runs at pH values of 6.8 and 7.0, whereas
only production and steady-state values were derived from fermen-
tation runs at pH 6.8. d Lactate was produced and consumed during
all processes

Table 2 Coefficient table and

2 2 2 2

summary of fit of the models pH PO, pCO, pH PO pEOS pHEE pO, R 0 NI TRE

obtained fg{ specific growth Haverage 083 028 —0.18 - = - —0.18 0.88 0.70 093 0.79

rates, specific glucose

consumption, specific lactate 1 067 032 -018 -0.19 -021 -022 -0.23 095 082 0.87 090

and IgG production rates dglucose  —0.85  — - -026 - = - 0.82 0.78 0.65 0.89
Qractate 093 - - - - - - 0.87 085 098 0.65
ap 058 034 -—014 - - —-031 -0.28 076 055 0.63 0.81

The coefficients according to the individual factors of the DoE are normalized. Coefficients that are shown
in italic are not considered as significant regarding the applied significance level

pH 6.8 showed no significant ammonia consumption over
process time and thus resulted in general higher final
ammonia concentrations. Similar to Li et al. [28] low levels
of lactate during the lactate consumption phase, present at
most processes at pH 7.0 and 6.8, led to the consumption of
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alanine (data not shown) and subsequently to an increase in
final ammonia levels.

Additionally to glutamine, 19 other amino acids were
analyzed by HPLC. Specific consumption or production
rates were calculated during the growth phase and
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significant models could be derived for nine amino acids
(Table 3). Hereby, higher pH values led to a higher con-
sumption of several amino acids (Ser, Asp, Val, Ile, Arg
and His). Similar effects were reported from Trummer
et al. [13]. Furthermore, significant effects of pO, and
pCO5> on various amino acid consumption rates could be
derived indicating higher consumption rates at process
conditions that were favorable for cell growth (fiax, Mav-
erage)- 10 our knowledge, no effects of pO, or pCO, on
specific amino acid consumption or production rates in
CHO cells have been shown before in the literature. Seven
out of nine specific amino acid consumption or production
rates were significantly affected by process parameter
interactions; this demonstrates that interaction effects of
process parameters on cell physiology have to be
considered.

Amino acids could be divided into three groups. The
first group consisted of amino acids that were only con-
sumed throughout the batch processes (Arg, Val, Phe, Iso,
Leu, Pro, Asn, Ser, His, Tyr, Lys, Trp and Met), the second
contains amino acids that were only produced over process
time (Gly, Cys, Glu) and the last one consists of aspartate
and alanine, which were produced and/or consumed during
the batch processes (data not shown). In contrast to
Trummer et al. [13], aspartate was only produced at lower
pH values. Processes were not limited in any amino acid
before process harvest except of glutamine for processes at
pH 7.0 and 6.8 (Fig. 2b). Similar to effects reported from
Zagari et al. [29] and Wahrheit et al. [30] cells reacted to
glutamine limitation via uptake of alternative carbon
sources as lactate and aspartate, except processes at pH 7.0,
pCO; 20 %, pO, 25 % and pH 6.8, pCO, 20 % and pO-,
10 % which showed no lactate consumption or very low
consumption after glutamine limitation (Fig. 2d).

The average specific IgG production rate gp was sig-
nificantly affected by process conditions, whereby lowest

The model data out of Table 2 indicates that pH strongly
affected specific productivity in a way that high pH set
points led to high g, values. Furthermore, quadratic effects
of pCO», linear effects of pO, and an interaction term of
pCO; and pH were identified. Positive effects of pO; on ¢,
are also reported in Link et al. [15], whereas Trummer et al.
[13] found no connections between pO, and ¢g,. Concerning
pCO, Gray et al. [20] showed optimum levels around
76 mmHg, which is in agreement with our findings. No
effects of culture pH on ¢, could be shown in studies from
Trummer et al. [13] and Yoon et al. [25]. However, other
authors reported similar results, whereby g, increased with
increasing pH between pH 6.8 and 7.2 [31]. Contradictions
between the stated findings might derive from the different
cell lines used in these studies. Additionally, pH and pCO,
interaction effects similar to those already observed for
Maverage and fiy,, could be detected for gp,. To our knowl-
edge, no interaction effects of pH and pCO, on cell specific
productivity have been reported so far in the literature. The
derived model showed similar coefficients to that one
obtained for pmax and fayerage- This indicates that fermen-
tation conditions that induce high specific growth rates also
induce high specific production rates for this cell line.

Overall process titer of batch processes was mostly
dependent from the integral viable cell density similar to
Trummer et al. [13]. Therefore, highest final product con-
centrations could be derived at pH 7.0 and 6.8, whereas
space—time-yields were higher for processes at pH 7.0

(Fig. 3).
Effects on critical quality attributes (CQAs)

Size exclusion chromatography (SEC) for determination
of antibody size heterogeneity

During manufacturing and storage antibody size variants

rates were reduced to around 30 % when compared to the  (e.g., aggregates and fragments) occur. Since size

maximum production rates obtained in this study. variants can influence immunogenicity, potency and

;;‘:iﬁﬁy (i?fgrz}e?;cti:?dslz d pH p0O,  pCO, pH? pCO3 pH x pCO, pH x pO, R* Q> MV RP

obminet.i for specific aminp acid qap —0.58 02 —025 - 067 — _ 096 0.82 091 0091

production and consumption

rates dou  — - -0.76 - 039 - - 076 0.69 090 0.66
gser  —0.45 - —-047 031 -022 026 - 0.82 058 090 0.67
quie  —0.36 —037 —0.13 —029 — 0.37 - 075 052 075 071
Gare  —0.67 059 —-02 - -02 - 0.24 093 0.72 0.79 0.90
qay —0.20 —-0.58 0.37 - - - 0.42 0.81 0.63 052 0.89
Geys  —0.31 -0.57 - - - - 0.49 078 0.70 0.77 0.78
qya  —0.58 - 012 - —0.49 0.32 - 094 0.61 057 0.95
que  —0.44 - 020 - —0.31 047 - 077 051 033 092

gary and geys refer to specific amino acid production and all other amino acids to consumption rates. The

coefficients according to the indiv

idual factors of the DoE are normalized. Coefficients that are shown in

italic are not considered as significant regarding the applied significance level
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Fig. 3 IgG concentration over process time (a) and integral viable
cell density (b) for all batch fermentations. (Black symbols represent
processes at pH 7.0, blue symbols at pH 6.8, red symbols at pH 7.2;
closed symbols represent processes at pCO; 5 %, half-closed at
12.5 % and open symbols at 20 %:; triangles represent processes at
pO2 25 %, squares at 10 %, circles at 40 %), Highest process titers
were obtained for fermentation runs conducted at pH 7.0 and 6.8,
mainly due to the highest IVCD values at these process conditions

pharmacokinetics their levels are monitored during lot
release, stability and characterization [32].

Data out of SEC analysis show minor variations with
overall purity levels between 96 and 98 % relative Area
(data not shown). PLS models for sum of aggregates and
sum of fragments were conducted. No dependencies of
pCO,, pO, or pH on antibody aggregation or fragmen-
tation were obtained from the gathered model data. Jing
et al. [33] observed a significant increase in protein
aggregation when changing dissolved oxygen from 50 to
15 % air saturation. Concerning pH, values far away
from the isoelectric point of the desired antibody
showed better protein solubility [34, 35, 36]. In contrast
to Gomes and Hiller [37], we could not detect any
changes in protein aggregation when varying culture
conditions in between the DoE settings. The mecha-
nisms leading to product aggregation may be strongly
product specific, explaining the differences between the
results in the literature.
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Cation exchange chromatography (CEX) for determination
of antibody charge heterogeneity

Charge based antibody characterization is a frequently used
tool since it is sensitive to many type of modifications as
protein conformation, size, sequence species, glycosylation
and posttranslational modifications [11]. Therefore, various
antibody variations that occur with changing process con-
ditions were detected.

In total, we detected 18 different charge variants,
whereby significant models could be obtained for six
individual variants (i)—(vi) and one sum parameter (Fig. 4;
Table 4).

(i) The content of acidic charge variant 1 (deamidation
of asparagine to aspartate on one light chain) was signifi-
cantly influenced by culture pH (Table 4). Deamidation is
an unavoidable alteration reaction that takes place in fer-
mentation broth after secretion of the cell. Deamidation can
finally contribute to heterogeneity; affect protein crystal-
lization, stability and efficacy [38, 39]. Therefore, Liu et al.
[40] considered Asn deamidation as one of the most
important common modifications for mAbs. Deamidation
in our batch process data differed significantly, whereas at
pH 6.8 the highest protein deamidation could be observed
(Fig. 4). In contradiction to the literature, our studies would
suggest that lower pH values lead to higher deamidation
rates [41].

(ii) Considering acidic species 2 lower pH values led to
lower acidic variants (Fig. 4; Table 4). Additionally, a
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Fig. 4 Relative area out of cation exchange chromatography (CEX)
for various charge variants and one sum parameter at different pH set
points for pCO, 12.5 % and pO, 25 %
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Table 4 Coefficient table and summary of fit of the models obtained for the mAb charge variants and one glycan variant
pH j20)8 pCO, pH? pO3 pCO3 pH x pCO, R’ 0’ MV RP

(i) ACV 1 —0.44 - 0.37 0.24 - 0.28 -0.22 0.67 0.57 0.78 0.67
(ii) ACV 2 0.94 - —0.04 - - - —0.15 0.92 0.84 0.94 0.86
(iii) BCV 1 —0.65 0.13 0.17 - 0.27 0.29 - 0.87 0.72 0.59 0.90
(iv) BCV 2 0.74 - - —0.58 - - - 0.72 0.60 0.38 0.90
(v) BCV 3 —0.88 - - - - - - 0.77 0.73 0.68 0.85
(vi) BCV 4 —0.73 - 0.41 - - - - 0.78 0.71 0.78 0.81
sum of basic variants —0.64 0.19 0.17 - 0.22 0.3 - 0.82 0.59 0.64 0.84
bGIFSA_2 —0.03 - —0.26 0.67 - - —0.48 0.76 0.53 0.84 0.68

The coefficients according to the individual factors of the DoE are normalized. Coefficients that are shown in italic are not considered as
significant regarding the applied significance. Acidic charge variants (ACV), basic charge variants (BCV) and one glycan variant are presented

significant interaction term for pH and pCO, affecting
acidic variant 2 was identified.

(iii) Isomerization of Asp on one heavy chain, basic
charge variant 1, is congeneric to the deamidation reaction
leading to acidic charge variant 1. The isomerization
reaction occurs spontaneously in the culture media [38].
Data shows that pH had a significant effect on isomeriza-
tion whereby at lower pH values, higher amounts of iso-
merized variants occurred (Fig. 4; Table 4). These findings
are in agreement with the literature [42]. Analogous to Asn
deamidation, Asp isomerization is considered as one of the
most important common modifications for mAbs [40].

(iv, v) The presence of lysine residues on one heavy
chain, basic charge variant 2, was significantly affected by
culture pH (Fig. 4; Table 4). Moreover, the amount of
lysine residues on both heavy chains, basic charge variant
3, was also significantly affected by culture pH but with
opposite outcome (Fig. 4; Table 4). For charge variant 2,
lower culture pH led to lower amount of lysine residues
compared to runs at higher pH values. In contrast, models
obtained for charge variant 3 showed the opposite effect.
C-terminal lysine residues are a very common modification
observed during monoclonal antibody production. After
cell lysis, the release of basic carboxypeptidase is supposed
to be the reason for lysine heterogeneity, since no spon-
taneous reactions were found in other studies [39, 43-45].
Lower cell viabilities and prolonged process time at pH
6.8, therefore, should have led to a better cleavage of lysine
residues from the antibody. Interestingly, this is only the
case for lysine residue 2 whereas for charge variant 3 the
opposite effect is visible. C-terminal lysine residues are
considered as a rather less important mAb modification
[40].

(vi) The amount of basic charge variant 4 was signifi-
cantly influenced by process pH. The higher the pH value,
the lower the amount of basic charge variant 4 (Fig. 4;
Table 4). Moreover, a significant linear correlation with
pCO; could be conducted out of the PLS model.

Glycosylation profile analysis for determination of N-
glycosylation heterogeneity

Proper glycosylation of mAbs is of upmost importance since
it can influence stability, effector functions, immunogenicity
and pharmacokinetics of the desired product [17]. 21 different
glycosylation patterns could be identified whereby the only
significant model concerning data from glycosylation analy-
sis could be obtained for glycosylation pattern bG1FSA_2
(di-N-acetylneuraminic  acidylated, mono-galactosylated,
biantennary, fucosylated) (Table 4). Significant single effects
of process pH and an interaction term with pCO, on glyco-
sylation variant bG1SA_2 were obtained. Analogous to
Zanghi et al. [19], these results would suggest a lower sialy-
lation at higher dissolved carbon dioxide and higher pH val-
ues. Around 75 % of the observed glycosylation profiles
consisted of bGOF (biantennary, fucosylated) and bGIF
(biantennary, mono-galactosylated, fucosylated) independent
from process conditions similar to Agarabi et al. [46] and as
reported by Raju et al. [47]. Furthermore, galactosylation,
sialylation and afucosylation level (GI, SI, aFI) variations
stayed in between narrow limits, mostly 25-30 % GI,
0.5-1.5 % SI and 4-8.0 % aFIl, for all batch processes.
Moreover, GI, aFI and SI variation between center point runs
covered most glycosylation variations observed.

When plotting GI over SI and aFI, GI values correlate
positively with aFI and SI values (Fig. 5a linear determina-
tion coefficient R> = 0.66; Fig. 5b linear determination
coefficient R> = 0.36). This indicates that afucosylation,
sialylation and galactosylation were all influenced likewise by
process conditions. Additionally, highest SI levels could be
observed mostly for pH values of 7.2. Furthermore, lowest SI
levels did not occur for high pO, values at 40 %. Regarding
sialylation and process pH similar trends could be detected
from Ivarsson et al. [17]. Moreover, high sialylation corre-
lated with high Mannose 8 (Fig. 5c linear determination
coefficient R* = 0.82) variants but not with Mannose 6
variants. Finally, highest amounts of mannose 6 and 8 variants
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Fig. 5 Correlations and trends of glycosylation variants. (Black
symbols represent processes at pH 7.0, blue symbols at pH 6.8, red
symbols at pH 7.2: closed symbols represent processes at pCO, 5 %,
half-closed at 12.5 % and open symbols at 20 %:; triangles represent
processes at pO, 25 %, squares at 10 %, circles at 40 %). Antibody
galactosylation level (GI) over a sialylation (SI) and b afucosylation

could only be observed for pH values at 6.8 and 7.2 (Fig. 5d).
A huge amount of process variables affecting protein glyco-
sylation in mammalian cells have been reported as substrate
concentrations, media composition, by-product accumula-
tion, temperature, cell viability and shear stress [48]. Litera-
ture about the influence of process parameters on mAb
glycosylation are partly contradicting and seem to be strongly
dependent on the specific cell line, product and cultivation
conditions. Concerning pO, variations different results are
reported but consistent glycosylation profiles can be expected
for DO between 10 and 100 % [48]. Ivarsson et al. [17] stated
a slight increased protein galactosylation and sialylation at
low DO 10 % and high DO 90 % compared to 50 % DO.
Studies about the influence of pCO, on glycosylation are less
represented. Nevertheless, Zanghi et al. [19] and Kimura and
Miller [49] showed decreased polysialylation and N-gly-
colylneuraminic acid (NGNA) when increasing pCO,.
Trummer et al. [13] reported no effect on EPO-FC sialylation

@ Springer

(aFT). Antibody galactosylation seemed to correlate positively with
afucosylation and sialylation. A strong correlation between sialylation
and mannosylation 8 were derived from C. In D, mannose 8 levels are
plotted over mannose 6, it can be derived that highest mannosylation
levels only occurred for processes at pH 6.8 and 7.2

when varying DO between 10 and 100 % and pH between 6.8
and 7.3. In contrast, Ivarsson et al. [17] recently showed that
galactosylation and sialylation levels slightly increased when
pH increased between 6.8 and 7.2.

Finally, through our applied control strategy and
experimental design, we could not only detect independent
single process parameter effects on cell physiology and
product quality but also furthermore derive several new
process parameters interaction effects. A short summary of
several key responses affected by process parameter
interactions is given in Table 5.

Conclusions
The goal of this contribution was to assess the interactions

of scale dependent process parameters and their indepen-
dent effects in a multivariate manner. Only, the decoupled
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Table 5 Summary table of key responses affected by process parameter interactions as well as the observed single parameter effects and

literature comparison

Observed single parameter effects Process Literature
parameter
interactions
Haverage Higher at increased pH, and pO,; quadratic pCO, effects pH x pCO, Similar single effects
[13, 15, 18, 25]
ap Higher at increased pH, and pO,; quadratic pCO, effects pH x pCO, Similar single effects [15, 20];
Contrary single effects [13, 25]
an Higher uptake rates and lower production rates of several amino pH x pCO,/ Similar single effects of process
acids at increased pH and pO,: contrary effects of pCO, pH x pO, pH [13]
mAb acidic charge  Higher at increased process pH pH x pCO, No literature available since
variant (ACV 2) variant identity is unknown
mADb sialylation Quadratic pH effects pH x pCO, Similar interaction effect [19]

(bGIFSA_2)

Key responses with process parameter interaction effects: average specific cell growth (pyyerage). specific productivity (g,), specific amino acid
consumption/production rates (ga,), acidic charge variant 2 and mAb sialylation variant bGIFSA_2. Effects are only valid inside of the
experimental design space. Contradictions to/in literature may derive from cell line specific effects. More detailed information is presented in the

corresponding paragraphs of the “Results and discussion™ section

control of process pH, pO- and pCO,, allowed us to exe-
cute a design of experiments to investigate the interactions
and independent influences of these parameters on CHO
cell physiology, process performance and critical product
quality attributes.

Concerning cell specific growth, glucose consumption,
lactate production, amino acid metabolism and specific
productivity process pH seemed to provoke the strongest
effects. Variations of pO, and pCO, exerted influence on
cell growth as well as on specific productivity, whereby we
found a positive correlation for dissolved oxygen and
mostly quadratic interactions for pCO, with an optimum at
around 10 % (90 mmHg). Amino acid metabolism was
mainly affected by pH, but the gathered data revealed
additional interactions and single effects of pO, and pCO-.

Besides process performance, final product quality is of
upmost importance for pharmaceutical bioprocesses.
Therefore, critical quality attributes (CQAs), such as
charge and size heterogeneity as well as N-glycosylation
pattern were investigated. Concerning mAb aggregation
and fragmentation no correlations with process pH, pO, or
pCO; could be obtained. Significant correlations between
process pH or pCO, with mAb charge modifications as
asparagine deamidation and aspartate isomerization could
be derived from data out of cation exchange chromatog-
raphy. The effect of process parameters on N-glycosylation
heterogeneity is reported contradictorily in the literature
and seems to be strongly dependent from the specific cell
line, product and further cultivation conditions. In our
study, positive correlations between antibody galactosyla-
tion, afucosylation and sialylation were found. Further-
more, highest sialylation levels could mostly be detected at

pH 7.2 and highest mannose variants (Man8 and Man6)
could only be observed at two distinct pH set points.

In the end, novel interactions that could be derived are
pH and pCO- interaction effects on specific cell growth
(Umaxs Maverage) and specific productivity (gp). Moreover,
several interaction effects of pO, and pCO, with pH on
amino acid metabolism, as well as pCO» and pH interac-
tions on mAb charge variants and N-glycosylation variants
were identified.

The presented results demonstrate the necessity to
consider process parameter interactions on cell physiology,
overall process performance and product quality. In large-
scale processes, heterogeneities and gradients of process
pH, pO- and pCO, can occur, exposing cells dynamically
to changing environments. Therefore, not only the single
parameter influences but also their interaction effects vary
inside of large-scale processes. Especially process pH and
pCO, are usually coupled in cell culture processes,
whereby zones with high pH, as they can appear due to
base addition from top, simultaneously lead to low pCO,
values, whereas pCO, accumulation can lead to zones with
lower pH values, respectively. Based on our results, pH
variations that might occur due to CO, accumulation or
base addition in large-scale are most probably the dominant
factor concerning process parameter induced scale-up
effects. CO, accumulation in large-scale can furthermore
reduce specific cell growth, specific productivity and affect
amino acid metabolism. In our experiments, pO, had the
lowest effects on cell physiology and product quality.
Therefore, temporary pO, gradients that might occur in
large-scale most probably only exert minor effects on
process performance and CQAs. Based on the results of
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this study the consideration of process parameter interac-
tions is recommended for mechanistic and hybrid modeling
approaches as well as scale-up tasks.
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Abstract

The shift from lactate production to consumption in CHO cell metabolism is a key event during
cell culture cultivations and is connected to increased culture longevity and final product titers.
However, the mechanisms controlling this metabolic shift are not yet fully understood. Variations
in lactate metabolism have been mainly reported to be induced by process pH and availability of
substrates like glucose and glutamine. The aim of this study was to investigate the effects of
elevated pCO2 concentrations on the lactate metabolic shift phenomena in CHO cell culture
processes. In this publication, we show that at elevated pCO: in batch and fed-batch cultures, the
lactate metabolic shift was absent in comparison to control cultures at lower pCO; values.
Furthermore, through metabolic flux analysis we found a link between the lactate metabolic shift
and the ratio of NADH producing and regenerating intracellular pathways. This ratio was mainly
affected by a reduced oxidative capacity of cultures at elevated pCO.. The presented results are
especially interesting for large-scale and perfusion processes where increased pCO:
concentrations are likely to occur. Our results suggest, that so far unexplained metabolic changes
may be connected to increased pCO, accumulation in larger scale fermentations. Finally, we
propose several mechanisms through which increased pCO; might affect the cell metabolism and

briefly discuss methods to enable the lactate metabolic shift during cell cultivations.
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1 Introduction

Monoclonal antibody (mAb)-based products nowadays hold a strong share of overall
biopharmaceutical product approvals, with Chinese hamster ovary cells (CHO) as their
predominant expression system [1]. Media development, process optimization as well as the
development of high and stable producer cell lines have led to optimized high-titer production
processes [2]. Despite their extensive usage in the biopharmaceutical industry various challenges
exist, especially during process scale-up [3-5]. One prominent example is the accumulation of CO,
during large-scale and perfusion processes, which can result in reduced cell growth and
productivity [6-9]. A common feature of mammalian cell culture processes is the metabolic shift
from lactate production to lactate consumption, which has been shown to be beneficial for culture
viability and final product titer [10, 11]. However, lactate production often increases in large-scale
and the metabolic shift to lactate consumption can be reduced or completely absent in comparison
to small-scale processes [10, 12]. Several methods have been developed to reduce lactate
accumulation during processes, including the usage of alternative carbon sources, modified cell
lines with e.g. lactate dehydrogenase-downregulation and specialized process control strategies
[13-17]. Nevertheless, most of these methods are difficult to implement for large-scale
bioproduction processes [15]. Moreover, the lactate metabolic shift has been shown to vary with
media composition and cell lines [16, 18, 19].

Process pH has been shown to be capable of inducing the lactate metabolic shift [20] and the
timing of pH shift is known to influence the time point of lactate consumption as well [21].
However, reliable control of the metabolic shift throughout different scales, cell lines and
processes is not possible until today, due to missing understanding of the mechanisms leading to
net lactate consumption [16, 22]. Process pCO, has been shown before to potentially influence
specific lactate production [23], but has not been attributed so far to be a critical parameter with
direct influence on the lactate metabolic shift phenomena.

In this study, we aimed at analyzing whether elevated pCO,/HCOs™ concentrations during batch
and fed-batch cultures can affect the lactate metabolic shift. Through time resolved metabolic flux

analysis, it was further possible to correlate the onset of lactate consumption to an intracellular
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NAD*/NADH ratio, supporting the hypothesis that this metabolic shift is connected to an
intracellular redox equivalent balance. The presented results are of high importance for large-
scale and perfusion processes, where increased pCO,/HCO3™ concentrations are most likely to
occur and subsequently might lead to a different process performance than expected from small-

scale studies.

2 Materials and Methods

2.1 Cell line, seed train and fermentation processes

An industrial CHO cell line producing a monoclonal antibody (mAb) was cultivated in chemically
defined media. Precultures for fermentation processes were cultivated in shake flasks and
incubated at 10% (75 mmHg) pCO, and 36.5 °C temperature. Exponentially growing cells were
transferred into 3 L glass bioreactors resulting in an inoculation density of 3 x 105 cells/mL. A
specific control strategy was used to individually control pO,, pCO, and process pH as described
earlier in Brunner et al. [8]. pH was measured by an in-line probe (EasyFerm, Hamilton, United
States) and regulated via addition of HCL and NaOH respectively. pO, was controlled by an in-line
probe (VisiFerm, Hamilton, United States). pCO, was measured and controlled by use of an offgas
sensor (BluelnOne, Bluesens, Germany). Batch cultivations were part of a previous Design of
Experiments study [8] and processed at 37 °C and different set-points of pH at 7.0 or 7.2, pCO, at
12.5% or 20% (94 - 150 mmHg) and pO; at 10% or 25%. Fed-batch cultivations were performed
at 36.5 °C and pH set-point was set to pH 7.0 (pH deadband 0.03), whereby temperature was
shifted after 60 hours to 33.0 °C. Control cultivations were conducted at pCO, 12.5% (94 mmHg)
and p0; 40 %. Fermentation runs at elevated pCO, were cultivated at pCO, 20% (150mmHg) and
p02 25% or 40%. Feed A was added continuously to processes starting on day 4 until day 10 and
on day 12. Feed B was added continuously starting on day 6 until day 10 and on day 12. Glucose

was added to processes as soon as its concentration dropped below 2 g/L with bolus addition to

2g/L.
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2.2 In-process analytics, mAb determination and amino acid measurement

Cultivation samples were taken every 12 h and cell counting/viability determination was
performed using the automatic picture analyzer Cedex HiRes Analyzer (Roche, Germany).
Osmolality of supernatant was determined via freeze point depression (Mikro-Osmometer
TypOM806, Loser, Germany). Analyses of the metabolites glucose, lactate and ammonium were
performed using the Cedex Bio HT Analyzer (Roche, Germany). Antibody titer determination was
carried out by HPLC (Ultimate 3000, Dionex, United States) with a Protein A sensor cartridge
(Applied Biosystems, The Netherlands). Amino acid concentrations were determined by HPLC
measurement (Ultimate 3000, Dionex, United States; ZORBAX Eclipse Plus C18 column, Agilent

Technologies, United States).

2.3 Time resolved metabolic flux analysis

Metabolic flux analysis was performed as described before in detail by Zalai et al. [21]. Briefly,
intracellular metabolic rates were calculated for every point in time of the cultivation using a
previously published metabolic network of the central carbon metabolism of CHO cells [24, 25].
Biomass composition of CHO cells was taken from literature [24, 26]. Specific rates of uptake and
production of metabolites as well as the specific oxygen uptake rate at sampling time points were
used as model inputs and detection of gross measurement errors was performed via data
reconciliation as described in literature [27, 28]. Flux constraints and the stoichiometric matrix of

the model are presented in the Supporting Information.

2.4 Calculation of specific rates and standard deviations

Calculation of specific cell growth rates and metabolite production or consumption rates was
performed for every sampling interval and similar to Sauer et al. [29]. Chemical degradation of
glutamine to ammonia was considered [30]. The specific oxygen uptake rate was calculated via
the stationary liquid phase balance as described in Ruffieux et al. [31]. Standard deviations of the
calculated mean specific rates were determined by Monte-Carlo parameter estimation to generate

multiple time-courses for each fermentation similar to Murphy and Young [32] using MATLAB®
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(The MathWorks, Inc., USA). Error in prime variables (viable cell density, metabolite and product
concentrations) for Monte-Carlo simulation were derived from manufacturer specifications,
repeated measurements and published studies that used the same analytical devices [33-35].
Monte Carlo simulation of standard deviations is a useful methodology to capture analytical
variability, however all biological variability cannot be derived by this method. Errors of the
intracellular fluxes were assumed to be similar to the closely related greater extracellular fluxes

as shown by Goudar et al. [36].

3 Results

3.1 Batch cultivations - initial observations

In a previous study, batch fermentations were performed according to a Design of Experiments
approach at different constant pH, pCO, and pO, set-points to investigate the effects of process
parameter interactions on cell physiology and process performance [8]. Besides the reported
effects, further investigation of the data set with focus on the lactate metabolic shift revealed that
out of the 14 different set-point variations in pH, pCO, and pO,, only two processes did not switch
from lactate production to consumption after glutamine was depleted in the media. Remarkably,
both processes were conducted at high pCO, levels (Fig. 1). The presented data-set consists of
processes at pH 7.0 and pH 7.2 with variations in high (20%) and low pCO, (12.5%) as well as
variable pO, set-points. Cell growth was reduced at increased pCO,, resulting in a lower maximum
VCD at these conditions (Fig. 1A). We found that processes at elevated pCO, did not follow a lactate
metabolic shift until both glutamine and glucose depleted, whereas processes at lower pCO,
already switched from lactate production to consumption right after glutamine depletion (Fig.
1B/C/D). However, at pH 7.2 and pCO; 12.5% the data set is not that clear since glutamine and
glucose depletion occurred close to each other. We have to state that glutamine depletion cannot
be fully validated by the data-set due to the resolution of the analytical device at very low
glutamine concentrations used in the DoE-study [37]. However, we will use the term depletion for
the very low glutamine concentrations measured in the batch studies similar to the results

presented by Zagari et al. [15]. To further investigate how elevated pCO, levels might affect the
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lactate metabolic shift, additional fed-batch cultivations were conducted and metabolic flux

analysis was used to reveal intracellular flux distributions.

3.2 Fed-batch cultivations - verification of batch findings

Fed-batch control experiments were conducted at a constant pH of 7.0, pCO, 12.5% and pO, 40%.
In parallel to each control run one fed-batch culture was performed at the same pH but at elevated
pCO; levels of 20% and at a pO; set-point of 25% or 40%, respectively. The viable cell densities
were comparable within the two control runs and within fermentation processes at elevated pCO,
concentrations (Fig. 2A). However, viable cell densities were reduced at high pCO2 in comparison
to the control cultures. Due to the applied feeding strategy, no depletion of glutamine nor glucose
occurred during the processes (Fig. 2B/C). Cultures at high pCO, did produce lactate throughout
the entire process, whereas both control cultures started to consume lactate around day 5 of the
process (Fig. 2D). Before the lactate metabolic shift, all cultures stayed at the lower pH deadband
of 6.97 whereas pH profiles slightly changed after the metabolic shift due to the differences in
lactate production (data not shown). Hereby cultures at elevated pCO; stayed at the lower
deadband whereas the control cultures moved to the upper pH deadband at 7.03. The average
specific growth as well as metabolite production/consumption rates and average specific oxygen
consumption of all fed-batch cultures before and after lactate uptake are presented in Figure 3,
whereby the separation between those two phases is indicated by the dotted line in Figure 2. Rates
after lactate uptake were calculated until the maximum viable cell density (VCD) of the respective
process. Maximum viable cell densities were reached in between day 7.5 to day 8.5 for all
processes. The average rates of the controls and the respective cultures at elevated pCO, were
tested for significant differences with a students t-test and results are presented in the Supporting
Information. Average rates of glucose consumption, lactate production as well as specific growth,
oxygen uptake rates and specific IgG productivity at elevated pCO, were all decreased in
comparison to the control cultures before lactate uptake occurred (Fig. 3A). After the occurrence
of the metabolic shift in the control cultures, specific glucose consumption was higher at elevated

pCO, than in the respective controls, whereas specific cell growth and specific oxygen
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consumption became more similar (Fig. 3B). Specific productivity stayed at lower values for
cultures at increased pCO, after the metabolic shift. Final product titers were strongly reduced at
high pCO; conditions, 1.4 g/L and 1.1 g/L compared to 2.2 g/L and 2.0 g/L respectively, in
consequence of the reduced integral viable cell density and specific productivity. During the
control cultures a switch from ammonia production to consumption occurred, which was absent
in the other fermentations. Moreover, although metabolic rates for glucose consumption and
lactate consumption of the control cultures after the metabolic shift seemed to be similar, the
specific rates of these metabolites for the cultivations at high pCO, and different pO, set-points
showed several significant differences. Since glutamine has been shown before to be connected to
the lactate metabolic shift (Fig. 1) and ammonia profiles of the fed-batch cultures differed strongly
(Fig. 4A), the specific glutamine consumption was investigated in more detail. Shortly after cells
started to consume lactate in the control cultures, ammonia concentrations started to decline in
contrast to the cultures at high pCO, (Fig. 4A). The specific ammonia production correlates well
with the specific glutamine uptake rate of the cells (Fig. 4B), regardless of the individual fed-batch
conditions. As soon as glutamine consumption rates dropped below approx. 0.12
[pmol/(cell*day)], indicated by the horizontal dashed line in Figure 4C, ammonia concentrations
decreased. After the metabolic shift occurred, it seemed that cultures at high pCO, showed a
slightly higher specific glutamine uptake rate than the control cultures (Fig. 4C), however no
significant differences could be derived through comparison of the average rates. Subsequently
metabolic flux analysis was used to generate a more detailed understanding of the metabolic

behavior of the cells under high and low pCO, conditions.

3.3 Metabolic flux analysis

Metabolic flux analysis was performed for the fed-batch experiments. A simplified metabolic
network is presented in Figure 5. The metabolic model consists of fluxes of the central carbon
metabolism of glycolysis, pentose phosphate pathway and TCA cycle. Analogous to the
extracellular rates in Figure 3 average intracellular specific metabolite rates were calculated

before the uptake of lactate occurred (Fig. 6A) and after the metabolic switch until the end of the
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growth phase of the respective process (Fig. 6B). The average rates of the controls and the
respective cultures at elevated pCO; were tested for significant differences with a students t-test
and results are presented in the Supporting Information. In agreement with the results presented
in Figure 3A reduced glycolytic influx via glucose-6-phosphate isomerase (GPI) and finally
pyruvate kinase (pk) could be observed at increased pCO, levels in comparison to the control
cultures before the lactate metabolic shift (Fig. 6A). Moreover, TCA cycle fluxes (isocitrate
dehydrogenase (icdh), alpha-ketoglutarate dehydrogenase (akdh), malate dehydrogenase
(maldh)) were significantly reduced at high pCO,. Interestingly several fluxes with CO, as a
reaction product (glucose-6-phosphate dehydrogenase (g6pdh), pyruvate dehydrogenase (pdh),
icdh, akdh, maldh, phosphoenolpyruvate carboxykinase (pepck)), indicated by the highlighted
arrows in Figure 5, were lower at elevated pCO, conditions, resulting in reduced specific carbon
dioxide production rates (Fig. 6A). After the metabolic shift, average glycolytic fluxes were higher
at processes with elevated pCO, set-points, whereas all other intracellular fluxes out of Figure
6Abecame similar to the control reactors (Fig. 6B). Besides the general reduction of the cells
metabolism (glycolytic fluxes, TCA cycle fluxes and respiration) at increased pCO, before the
metabolic shift, we wanted to further investigate if the activity of certain metabolic pathways
changed in relation to others (Table 1). The activity of the TCA cycle was defined as the
cisaconitase flux similar to Wahrheit et al. [38] and the glycolytic activity was defined by the
pyruvate kinase flux.. Respirational activity was represented by the specific oxygen uptake rate.
It became evident that not only the overall glycolytic flux decreased under elevated pCO,, but
furthermore the ratio of lactate per pyruvate kinase flux, leading to less lactate production per
consumed glucose. Moreover, the ratio of flux entering the TCA cycle per glycolytic flux,
represented by the yield of pdh vs pyruvate kinase flux, was increased at high pCO,. However
respirational activity in comparison to the TCA cycle activity was around 10% higher in the
control reactors. Since differences in intracellular flux ratios can strongly affect intracellular
metabolic equilibria and the redox variable R has been shown before to be connected to lactate
production [21], intracellular NADH and NAD+* production/regeneration were investigated in

more detail. The redox variable R is defined as the ratio of the cytosolic NADH produced during
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the glycolysis via glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the mitochondrial
capacity for NAD* regeneration via the respiratory chain (Fig. 7). Due to a limited capacity of the
cell to regenerate NAD* via the respiratory chain, possibly caused by NADH transfer limitations
through the malate-aspartate shuttle [39], surplus cytosolic NAD+ can be regenerated via lactate
formation. R values above 1 imply that the cells keep producing lactate to regenerate cytosolic
NAD+, whereas an R value below 1 would lead to the complete regeneration of NAD* via the
respiratory chain and even subsequent consumption of lactate leading to additional production of
cytosolic NADH.

The cytosolic NADH producing flux via GAPDH, the mitochondrial NAD* regeneration and the
redox variable R over process time are presented for all fed-batch fermentations in Figure 8. The
cytosolic NADH producing flux before the lactate metabolic shift is higher in the control cultures,
compared to the fermentation runs at increased pCO, which is in accordance with the previously
investigated specific glucose uptake rates (Fig. 8A, Fig. 3). After the metabolic shift, the control
cultures showed a reduced cytosolic NADH producing flux due to the lower specific glucose uptake
rate in comparison to the processes at elevated pCO,. The average mitochondrial NAD*
regeneration was higher in the control cultures than in the processes at increased pCO, before the
metabolic shift, however values became more similar after the switch from lactate production to
consumption (Fig. 8B). The resulting redox variable out of the cytosolic NADH producing flux and
the mitochondrial NAD* regeneration revealed that cells in the control cultures started to
consume lactate as soon as the R value became lower than 1 (Fig. 8C). In contrast cultures at
elevated pCO, stayed above the critical R value of 1 and did not switch from lactate production to

consumption.

4 Discussion

4.1 Batch cultivations

The results of the conducted batch fermentation experiments at different pCO, set-points
demonstrated that processes at elevated pCO, conditions of 20% did not switch from lactate

production to consumption after glutamine depletion as long as glucose was available in the
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media. Zagari et al. [16] reported similar effects when cultivating two different clones in a batch
process. One clone switched from lactate production to consumption after glutamine depletion,
whereas the other clone did continue to produce lactate until glucose was depleted as well.
Interestingly, the general metabolic behavior regarding the lactate metabolic shift did not change
by increasing glucose or glutamine concentrations in their study. In contrast to Zagari et al. [16]
however the divergences in metabolic behavior in our experiments were observed with the same
clone and only by variations of the pO, and pCO, concentrations. Due to these observations,
additional fed-batch experiments were designed to further investigate the effect of elevated pCO,

on the lactate metabolic shift phenomena.

4.2 Fed-batch cultivations

During the conducted fed-batch processes, control cultures at 12.5% pCO, did switch from lactate
production to consumption, whereas cultures at elevated pCO, of 20% did produce lactate
throughout the entire fed-batch process. Similar to Martinez et al. [40] and Mulukutla et al. [11]
data evaluation was split into process phases before and after the lactate metabolic shift. The
process phase before the lactate metabolic shift displayed reduced glucose uptake, lactate
production and specific oxygen consumption at elevated pCO, concentrations. Differences in the
cells metabolism occurring before or with the lactate metabolic shift have been hypothesized
before to be the major causes for the observed lactate divergences with the observations
occurring after the shift being the cellular response [18]. Furthermore, the reduced specific
oxygen consumption rate at elevated pCO, before the metabolic shift indicates a minor oxidative
capacity of the cells under these conditions, which has been linked before to be connected with
continuous lactate production [16, 18]. Average rates of specific oxygen consumption and specific
cell growth became similar after the shift, whereas control cultures showed a lower glucose
consumption and consumed lactate and ammonia. Differences in the second process phase might
be for some part a consequence of the variation in lactate metabolism, but slightly different pH
profiles and strongly different osmolality values in the second phase (Fig. 4D) have to be

considered as well. As can be seen in Figure 4D the osmolality values of the control cultures and
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cultures at elevated pCO2 started to diverge after the metabolic shift and increased osmolality is
known to potentially affect cell metabolism. Since glutamine metabolism has been shown before
to correlate with the lactate metabolic shift in the batch cultivations and other studies [16,41] and
furthermore ammonia metabolite profiles were strongly different between cultures at low and
high pCO,, the role of glutamine was investigated in more detail. Differences in the ammonia
profiles could be directly linked to variations in the specific glutamine consumption rate. The
specific glutamine uptake rates (qgln) between the conditions at the time of lactate uptake
however were not strongly different and ggln continued to decrease throughout processes at high
pCO, without lactate consumption. Furthermore, complete glutamine depletion did not induce the
lactate metabolic shift during the batch cultures at elevated pCO,. Therefore, we concluded that
the observed differences in the lactate profiles between the fed-batch processes at increased pCO,

and the control processes did not only derive from variations in the glutamine metabolism.

4.3 Metabolic flux analysis

Via time resolved stoichiometric metabolic flux analysis it was possible to investigate intracellular
flux distributions inside of the cells throughout the entire fed-batch processes. Average glycolytic
fluxes as well as TCA cycle fluxes were reduced under elevated pCO, conditions before the
metabolic shift and subsequently led to a lower specific carbon dioxide production under these
conditions. A generally lower TCA cycle activity in cultures that do not switch from lactate
production to consumption has been observed before by Luo et al. [18], using a metabolomics
approach. Furthermore, the yield of lactate per pyruvate kinaseflux was increased and the flux
entering the TCA cycle via pyruvate dehydrogenase in relation to the pyruvate kinase flux,
decreased under control conditions before the metabolic shift. This led further to an increased
ratio of TCA cycle activity to glycolytic activity in both cultures at high pCO,. Lower fluxes from
OAA to PEP via pepck at elevated pCO, seemed to contribute to this metabolic divergence.
However, reduced yields of lactate from glycolysis most probably derive from a reduced specific
glucose consumption as described previously by Konakovsky et al. [14] and Zalai et al. [21].

Moreover, respirational activity in respect to the TCA cycle flux seemed to be higher in the control
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cultures, again underlining a correlation of high oxidative capacity and the capability to consume
lactate [16, 18]. The equilibrium between cytosolic and mitochondrial reduction equivalents,
NADH and NAD®, has been hypothesized before to be connected to the lactate
production/consumption state [13, 16, 21, 42]. Furthermore a generally reduced intracellular
NADH/NAD™ ratio over process time in a process including a lactate metabolic shift was measured
in Templeton et al. [43]. NADH and NAD" producing/regenerating fluxes were higher in the
control cultures before the metabolic shift occurred, whereas NAD+ regeneration became more
similar after the shift and NADH producing fluxes became even higher in the cultures at elevated
pCO.,. These findings were in agreement with the observed differences in glycolytic and TCA cycle
fluxes. However, the ratio of cytosolic NADH and mitochondrial NAD+, expressed by the redox
variable R, stayed at lower levels in the respective control cultures throughout most of the
process. Furthermore, both control reactors dropped below the critical R-value of 1 at the same
time they started to consume lactate, whereas cultures with constant lactate production stayed
above R-values of 1. Considering the relationship of R and the glycolytic, TCA cycle and
respirational fluxes, it could be derived that the increased R-values at elevated pCO, originated
mainly from a strongly reduced respirational activity and subsequent decrease of the produced
mitochondrial NAD* via respiration. Additionally, an increased ratio of TCA cycle

activity/glycolytic activity contributed further to a reduced mitochondrial NAD+ concentration.

4.4 Possible mechanistic explanations for the observed effects of pCO, on cell metabolism
Deriving a mechanistic explanation of the observed effects is not easy, since in contrast to
microbial cultures, in mammalian cell culture only a few studies exist concerning pCO,, effects.
Moreover, CO; in cell culture media readily reacts with water to form HCO3~ (bicarbonate) which
is further dependent from process pH [44, 45]. Furthermore, batch fermentations out of a
previous study [8], at pH 6.8 and elevated pCO, values (20%) did switch from lactate production
to consumption, pointing to the fact that not elevated pCO, alone but further increased HCO;™ at
high pH and high pCO, might be the dominant factor. Additionally, several pH and pCO,

interaction effects on CHO physiology have been reported before [8, 44]. CO,/HCO3;™ may act as a

39



Manuscripts

substrate and product for enzymes and interacts with intracellular pH in mammalian cells,
furthermore effects on membrane permeability in microbial cultures are reported [45, 46].
Regulation of enzymes via CO,/HCO3™ has been described for yeast by Jones and Greenfield [47].
Their review presents inhibitions of glucose-6-phosphate dehydrogenase (g6pdh), malate
dehydrogenase (maldh) and succinate dehydrogenase at elevated HCO;™ level and they further
state that an extreme sensitivity of phosphoenolpyruvate carboxykinase (pepck) to elevated pCO,
is expected. pCO; related product inhibition of enzymes might also occur in mammalians. HCO3™
is one of the key molecules involved in intracellular pH regulation in mammalians [48]. Several
studies have shown that mammalian cells have efficient mechanisms to regulate their intracellular
pH [49, 50], however extreme conditions of elevated HCO3;™ concentrations might affect these
regulation mechanisms. Intracellular pH is known to potentially affect phosphofructokinase, a key
enzyme of the glycolysis [51]. At last, high concentrations of pCO,/HCO5™ could react increasingly
with hydrogenperoxides to form peroxymonocarbonate ion (HCO4") which is an extremely
reactive oxygen species [52, 53]. Since mitochondria are extremely sensitive to oxidative damage

[18], the capacity for oxidative phosphorylation could be impaired with increasing HCO4™ species.

4.5 Methods to induce/facilitate lactate metabolic shift in mammalian cell culture based on
the redox variable R

According to the previously shown results, two general approaches can be stated:

(I) Strong reduction of the glycolytic NADH producing flux will reduce R and consequently might
lead to lactate consumption. Low glucose feeding as applied from Konakovsky et al. [14] can
induce lactate consumption as shown in their study. Furthermore, pH-shifts to lower values can
strongly reduce glucose consumption rates [8, 54] and have been shown before to induce lactate
consumption [55].

(I1) Increasing the mitochondrial NAD* regeneration would be the second approach to reduce R
and initiate lactate consumption. At first the selection of a cell line with a generally high oxidative
capacity seems to be beneficial [16, 18]. Furthermore, the respiratory capacity could be improved

by supplying the phosphorylation enzymes with needed cofactors as proposed by Luo et al. [18].
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In this context copper concentrations have been shown before to correlate with the lactate
consumption state [19]. Reduction of the TCA cycle flux without the impairment of glycolytic
activity would be another possibility to increase mitochondrial NAD*. Glutamine is directly fed
into the TCA cycle and significantly contributes to cell metabolism. Reduction of its specific uptake
rate could induce lactate consumption and glutamine depletion has been shown to have the
potential to induce the lactate metabolic shift in this and other studies [16].

Based on our results it seems further beneficial to reduce pCO,/HCO3™ concentrations to assure
lactate consumption. This is especially interesting for large-scale and perfusion processes where
high pCO, concentrations are most likely to occur. Usage of optimized buffering agents and base,
e.g. Na;COs instead of NaHCOs3, can significantly reduce HCO3™ concentrations [9]. Furthermore,
optimized gassing strategies to reduce pCO, accumulation should be used [4, 6]. Finally, we have
to confine our findings to the used CHO cell line since effects on lactate metabolism may vary with
different cell lines as observed before in other studies. However, this publication is to our
knowledge the first one to show that elevated pCO,/HCO3- concentrations can potentially affect
the lactate metabolic shift mechanism and therefore is intended to draw other researchers

attention to consider these effects in their experiments.
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Table 1. Average intracellular yields before the metabolic shift. Control cultures produced
more lactate per consumed glucose (i) and showed reduced flux from glycolysis into the TCA cycle
via pyruvate dehydrogenase (ii) (pdh). The ratio of TCA activity to glycolytic activity was higher
at elevated pCO; (iii). Furthermore, the ratio of respiratory activity to TCA cycle flux was increased

at the conditions of the control processes (iv).

(ii) Yield (iii) TCA (iv) Respirational
(1) Yield pdh/pyruvate activity/glycolytic activity/TCA
Lactate/pyruvate  kinase flux activity activity
Kinase flux [%] [%] [%] [%]
Control run 1 62 34 40 338
pCO, 20/p0, 25 run 1 52 37 46 298
Control run 2 57 35 49 329
pCO, 20/p0; 40 run 2 51 39 53 298
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Figure legends

Figure 1. Viable cell density (VCD) and metabolite concentrations over process time of the
batch fermentation processes. Processes at elevated pCO, started to consume lactate only after
glucose depletion, whereas processes at lower pCO, values consumed lactate early in the process

after glutamine depletion.

Figure 2. Viable cell density (VCD) and metabolite concentrations over process time of the
fed-batch fermentation processes. Cultures at pCO, 20% did not switch from lactate production
to consumption, in contrast to the control cultures at 12.5% pCO,. No depletion of glucose or
glutamine occurred during the processes. The time of the metabolic shift is indicated by the

dashed line.

Figure 3. Average specific rates of several metabolites (glucose consumption (qgluc),
lactate production (qlac), glutamine consumption (qgln), ammonia production (qamm)),
specific productivity (qp), cell growth (1) and oxygen consumption (qO-) of the fed-batch
cultures (A) before and (B) after the metabolic shift. The average rates of the controls and the
respective cultures at elevated pCO; were tested for significant differences with a students t-test
and results are presented in the Supporting Information. (A) qgluc, glac as well as gp, p and qO,,
were reduced under elevated pCO; conditions in comparison to the control cultures. (B) After the
metabolic shift qgluc was lower in the control cultures than in processes at pCO, 20%. In contrast
to fermentation processes at elevated pCO,, control cultures switched from lactate and ammonia

production to consumption of these metabolites.

Figure 4. (A) Ammonia concentration over process time of the fed-batch processes. Shortly
after the metabolic shift occurred in the control cultures, indicated by the dashed line, processes
started to show a decline in ammonia concentrations. (B) The relation between specific
ammonia production (qNH4) and specific glutamine consumption (qGln). The data-set
consists of data from all fed-batch processes from inoculation until maximum viable cell densities

were reached. (C) Specific glutamine consumption (qGIln) over process time of all fed-batch
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processes. Only slight differences in the glutamine consumption rates between processes at pCO,
20% and the control cultures could be observed. It seemed that qGln decreased in the control
cultures after the metabolic shift occurred, indicated by the vertical dashed line. As soon as
glutamine consumption rates dropped below approx. 0.12 [pmol/(cell*day)], indicated by the
horizontal dashed line, ammonia concentrations decreased, except from day 9 on in the control

cultures when alanine is consumed.

Figure 5. Simplified version of the metabolic network used for the metabolic flux analysis.
Main intracellular fluxes that produce pCO, (G6P to R5P, OAA to PEP, Pyr to AcoA, Cit/Icit to aKG

and aKG to Suc) are highlighted inred, derived from Goudar et al. [56].

Figure 6. Average specific rates of several intracellular fluxes of the glycolysis (GPI, pk,
pdh), pentose phosphate pathway (gépdh) and TCA cycle (icdh, akgdh, maldh, pepck) as
well as specific carbon dioxide production (qCO-) of the fed-batch cultures before (A) and
after the metabolic shift (B). The average rates of the controls and the respective cultures at
elevated pCO; were tested for significant differences with a students t-test and results are
presented in the Supporting Information. (A) Glycolytic and TCA cycle fluxes were reduced under
elevated pCO, conditions in comparison to the control cultures, resulting in lower carbon dioxide
production rates. (B) After the metabolic shift glycolytic influx via GPI was lower in the control
cultures than in processes at pCO; 20%. TCA cycle fluxes and qCO, became similar within all fed-

batch processes after the metabolic shift.

Figure 7. The redox variable R depends on the ratio of cytosolic NADH via glycolysis and
the mitochondrial NAD* via respiration and TCA cycle. The NADH/NAD" ratio is tightly
balanced, therefore R-values above 1 lead to an additional production of lactate and concurrent
cytosolic NADH consumption. In contrast an R value below 1 would support cytosolic NADH

production via lactate consumption.

Figure 8. Cytosolic NADH production, mitochondrial NAD* regeneration and the redox

variable R over process time of the fed-batch cultivations. The time of metabolic shift is
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indicated by the dashed line. Presented fluxes are interpolated between the data points via B-
splines. (A) The NADH producing flux via glycolysis is higher at the control cultures in comparison
to the processes at elevated pCO, before the metabolic shift. After the shift fluxes increased at high
pCO2 when compared to the control runs. (B) Mitochondrial NAD* regeneration was higher in the
processes at control conditions, however fluxes seemed to become more similar after the
metabolic shift. (C) The value of the redox variable R stayed above the critical value of 1, indicated
by the horizontal dashed line, for processes at elevated pCO, values. Fed-batch cultures at control

conditions dropped below an R-value of 1 as soon as the metabolic shift occurred.
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Figure 1. Viable cell density (VCD) and metabolite concentrations over process time of the

batch fermentation processes. Processes at elevated pCO, started to consume lactate only after

glucose depletion, whereas processes at lower pCO, values consumed lactate early in the process

after glutamine depletion.
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Figure 2. Viable cell density (VCD) and metabolite concentrations over process time of the
fed-batch fermentation processes. Cultures at pCO, 20% did not switch from lactate production
to consumption, in contrast to the control cultures at 12.5% pCO,. No depletion of glucose or

glutamine occurred during the processes. The time of the metabolic shift is indicated by the

dashed line.
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Figure 3. Average specific rates of several metabolites (glucose consumption (qgluc),
lactate production (qlac), glutamine consumption (qgln), ammonia production (qamm)),
specific productivity (qp), cell growth (1) and oxygen consumption (q0-) of the fed-batch
cultures (A) before and (B) after the metabolic shift. The average rates of the controls and the
respective cultures at elevated pCO; were tested for significant differences with a students t-test
and results are presented in the Supporting Information. (A) ggluc, glac as well as gp, p and qO,
were reduced under elevated pCO; conditions in comparison to the control cultures. (B) After the
metabolic shift qgluc was lower in the control cultures than in processes at pCO, 20%. In contrast
to fermentation processes at elevated pCO,, control cultures switched from lactate and ammonia

production to consumption of these metabolites.
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Figure 4. (A) Ammonia concentration over process time of the fed-batch processes. Shortly
after the metabolic shift occurred in the control cultures, indicated by the dashed line, processes
started to show a decline in ammonia concentrations. (B) The relation between specific
ammonia production (qNH4) and specific glutamine consumption (qGIn). The data-set
consists of data from all fed-batch processes from inoculation until maximum viable cell densities
were reached. (C) Specific glutamine consumption (qGIn) over process time of all fed-batch
processes. Only slight differences in the glutamine consumption rates between processes at pCO,
20% and the control cultures could be observed. It seemed that qGln decreased in the control
cultures after the metabolic shift occurred, indicated by the vertical dashed line. As soon as
glutamine consumption rates dropped below approx. 0.12 [pmol/(cell*day)], indicated by the
horizontal dashed line, ammonia concentrations decreased, except from day 9 on in the control

cultures when alanine is consumed.
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Figure 5. Simplified version of the metabolic network used for the metabolic flux analysis.
Main intracellular fluxes that produce pCO, (G6P to R5P, OAA to PEP, Pyr to AcoA, Cit/Icit to aKG

and aKG to Suc) are highlighted inred, derived from Goudar et al.
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Figure 6. Average specific rates of several intracellular fluxes of the glycolysis (GPI, pk,
pdh), pentose phosphate pathway (g6pdh) and TCA cycle (icdh, akgdh, maldh, pepck) as
well as specific carbon dioxide production (qCO-) of the fed-batch cultures before (A) and
after the metabolic shift (B). The average rates of the controls and the respective cultures at
elevated pCO, were tested for significant differences with a students t-test and results are
presented in the Supporting Information. (A) Glycolytic and TCA cycle fluxes were reduced under
elevated pCO, conditions in comparison to the control cultures, resulting in lower carbon dioxide
production rates. (B) After the metabolic shift glycolytic influx via GPI was lower in the control
cultures than in processes at pCO, 20%. TCA cycle fluxes and qCO, became similar within all fed-

batch processes after the metabolic shift.
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Figure 7. The redox variable R depends on the ratio of cytosolic NADH via glycolysis and
the mitochondrial NAD* via respiration and TCA cycle. The NADH/NAD" ratio is tightly
balanced, therefore R-values above 1 lead to an additional production of lactate and concurrent
cytosolic NADH consumption. In contrast an R value below 1 would support cytosolic NADH

production via lactate consumption.
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Figure 8. Cytosolic NADH production, mitochondrial NAD* regeneration and the redox

variable R over process time of the fed-batch cultivations. The time of metabolic shift is
indicated by the dashed line. Presented fluxes are interpolated between the data points via B-
splines. (A) The NADH producing flux via glycolysis is higher at the control cultures in comparison
to the processes at elevated pCO, before the metabolic shift. After the shift fluxes increased at high
pCO, when compared to the control runs. (B) Mitochondrial NAD* regeneration was higher in the
processes at control conditions, however fluxes seemed to become more similar after the
metabolic shift. (C) The value of the redox variable R stayed above the critical value of 1, indicated
by the horizontal dashed line, for processes at elevated pCO, values. Fed-batch cultures at control

conditions dropped below an R-value of 1 as soon as the metabolic shift occurred.
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The impact of pH inhomogeneities on CHO cell physiology and
fed-batch process performance — two-compartment scale-down
modelling and intracellular pH excursion
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Due to high mixing times and base addition from top of the vessel, pH inhomogeneities are most
likely to occur during large-scale mammalian processes. The goal of this study was to set-up a
scale-down model of a 10-12 m? stirred tank bioreactor and to investigate the effect of pH pertur-
bations on CHO cell physiology and process performance. Short-term changes in extracellular pH
are hypothesized to affect intracellular pH and thus cell physiology. Therefore, batch fermenta-
tions, including pH shifts to 9.0 and 7.8, in regular one-compartment systems are conducted. The
short-term adaption of the cells intracellular pH are showed an immediate increase due to elevat-
ed extracellular pH. With this basis of fundamental knowledge, a two-compartment system is
established which is capable of simulating defined pH inhomogeneities. In contrast to state-of-
the-art literature, the scale-down model is included parameters (e.g. volume of the inhomogene-
ous zone) as they might occur during large-scale processes. pH inhomogeneity studies in the
two-compartment system are performed with simulation of temporary pH zones of pH 9.0. The
specific growth rate especially during the exponential growth phase is strongly affected resulting
in a decreased maximum viable cell density and final product titer. The gathered results indicate
that even short-term exposure of cells to elevated pH values during large-scale processes can affect
cell physiology and overall process performance. In particular, it could be shown for the first time
that pH perturbations, which might occur during the early process phase, have to be considered
in scale-down models of mammalian processes.
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1 Introduction

[1-3]. Chinese hamster ovary cells (CHO) hereby repre-

The number of biopharmaceutical protein therapeutics
continues to increase with a strong share of mammalian
derived products, especially monoclonal antibodies (mAb)

Correspondence: Dr. Jens Fricke, Vienna University of Technology,
Gumpendorferstrasse 1a 166/4, 1060 Vienna, Austria
E-mail: jens.fricke@tuwien.ac.at

Abbreviations: CHO, chinese hamster ovary; mAb, monoclonal antibody;
PFR, plug flow reactor; pHi, intracellular pH; STR, stirred tank reactor
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sent the most common expression system for industrial
large-scale manufacturing [1, 4]. Through the course of
bioprocess development and final commercial produc-
tion, the process has to be properly scaled to avoid late-
stage campaign failure. However, mammalian scale-up is
still challenging and deviations between the small-scale
and large-scale performances nowadays have been most-
ly attributed to unavoidable inhomogeneities in large-
scale [5-7]. One prominent example are pH gradients
which can occur due to base or feed addition, resulting in
a serious scale-up problem [8, 9].
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1.1 Scale-down system design

To investigate the effect of large-scale inhomogeneities
on cell physiology and process performance several multi-
compartment scale-down models have been established
in the past [10-16]. Regarding pH inhomogeneities, these
systems simulated the effect of concentrated base or feed
zones in large-scale, by addition of these components to
a second smaller reactor, usually a plug flow reactor (PFR)
or stirred tank bioreactor (STR), which is connected to a
larger homogeneous stirred tank bicreactor. Whilst STR-
PFR systems can be generally easier integrated with the
PFR system consisting of e.g. simple neoprene tubing,
STR-STR systems strongly benefit from the fact that
essential process parameters as temperature, pH, pO,
and mixing can be easily controlled [17]. More advanced
PFR systems with static mixers and aeration as well as
gassing and sampling systems exist, but are generally
more complex than the STR solutions [18, 19].

Up to date in mammalian cell culture two studies
about the effect of pH inhomogeneities in two-compart-
ment systems exist. Osman et al. used a STR-STR biore-
actor system to particularly study the effect of the fre-
quency and amplitude of elevated pH zones on cell
growth [13]. Whereas Nienow et al. used a STR-PFR sys-
tem to evaluate mainly the effect of mixed feed and base
addition as well as different residence times of the cells in
the PFR on cell growth and product quality attributes [12)].
The set-up of a two-compartment system for the investi-
gation of pH inhomogeneities requires the consideration
of several important parameters: (i) volume of the alkali
zone, (ii) mixing time, (iii) residence time, (iv) pH over-
shoot amplitude and (v) frequency of pH overshoots.
Hereby the scale-down model conditions should be simi-
lar to the large-scale reality as stated by Noorman [20].

(i) The volume of elevated pH values, due to base addi-
tion from top of the large-scale bioreactor, is defined as
the volume of the alkali zone and should represent the
volume of the small compartment. Literature about the
extent of the alkali zone is rare and in fact only a few pub-
lications present estimated or measured ranges. Namdev
et al. stated 0.5% of the total reactor volume as smallest
volume of the inhomogeneous zone in their network-of-
zones model of a 300 m® stirred tank bioreactor for baker's
yeast production [21]. Experiments in their study were
conducted between 1.5 and 5%, which were estimated as
realistic values for the modelled system. Nienow et al.
stated that they observed =5% of total bioreactor volume
being occupied by a feed plume in earlier visualization
studies in a 8 m? stirred tank bioreactor [8, 12, 22]. Wayte
et al. measured 1% of total volume being cccupied by an
alkali plume in a 2 m® air-lift bicreactor [13]. The alkali
zone from Osman et al. in their two-compartment system
occupied 14% of the total volume, however authors stated
that this system represented extreme conditions [13].
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(ii) The time duration to reach 90% homogeneity in a
mixed reactor system after addition of a tracer component
is often defined as mixing time [6]. Therefore, the time
how long pH inhomogeneities exist, for example due to
base addition, in the two-compartment system should
equal the large-scale mixing time. For mammalian pro-
cesses Lara et al. reported 120-360 s of mixing time in a
12 m® STR [5). Furthermore, Xing et al. measured mixing
times of >100 s in a 5 m® stirred tank bioreactor operated
at cell culture conditions [23]. Additionally Nienow et al.
measured mixing times up to approx. 200 s in a 8 m? cell
culture STR [22]. The two-compartment system from
Osman et al. [13] used a fixed mixing time of 200 s.

(iii) The time how long a single cell is exposed to the
unfavorable conditions inside of the alkali zone is defined
by their mean residence time. The circulation time is
described as the time between consecutive passages of a
particular cell through a specified zone of a bioreactor [24],
therefore the mean residence time can be estimated
through knowledge of the circulation time. Circulation
time itself can be approximated to be a quarter of the mix-
ing time if no measurement or simulated values are avail-
able [5]. The residence times used in two-compartment
studies from Osman et al. and Nienow et al varied
between 180 s and 60-120 s respectively [12, 13]

(iv) The amplitude of the pH in the alkali zone varies
with process conditions and individual pH controller set-
tings, thus different maximum values have been reported
in literature. Langheinrich and Nienow observed pH
increases of up to 0.8 units in a 8§ m® STR [8]. Wayte et al.
reported values of 1.7 units above the pH setpoint in a
2 m® air lift reactor [13]. A study in a 5 m® STR operated at
cell culture conditions from Xing et al. showed an increase
of approx. two units in pH at the top of the bioreactor due
to base addition from top [23]. The two-compartment
system from Osman et al. [13] investigated pH increases
of 0.7 and 1.7, reaching maximum values of 9.0 in pH.

(v) The frequency of base additions and therefore of
possible pH overshoots is strongly dependent from the
individual control strategy and process conditions. Using
a narrow pH deadband around a specific pH set-point
would need a more frequent base addition than process
using wide pH control deadbands. Furthermore, cell
metabolism and accumulation of by-products as lactate
can alter the pH value dramatically, thus leading to a
variable need of base addition. Therefore, it seems most
suitable to not define a fixed frecqquency but rather to simu-
late pH overshoots as soon as the pH value in the homo-
geneous zone drops below the predefined deadband.
Through this control strategy cells should be exposed to
pH inhomogeneities in the two-compartment system in a
frequency similar to the large-scale process. This strategy
was also implemented in the two-compartment system
from Nienow et al. [12]. Osman et al. used artificial fixed
frequencies between 1/6 and 1/60 min !, starting on day

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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two as well as a defined upper limit of max. 100 or 10 pH
overshoots at pH 8.0 or 9.0 respectively [13].

1.2 Intracellular pH

Variations in extracellular pH have been often hypothe-
sized to affect intracellular pH and therefore leading to
different process performances (25, 26]. Nevertheless,
only few studies exist that investigated intracellular pH
changes due to extracellular pH alterations [27-29]. Most
of these studies were not conducted in controlled bioreac-
tor environments and included extended incubation
times of cells (between 30 and 60 min.) in specific buffers
prior to intracellular pH measurement. Therefore, several
authors suggest that these studies do not necessarily
reflect what is happening inside of a bioreactor culture
[30, 31]. To evaluate if extracellular pH inhomogeneities
might affect the intracellular pH of the cells, one-compart-
ment batch fermentations with controlled pH shifts were
conducted. Hereby pH values were shifted to higher val-
ues and short-term responses of the cells intracellular pH
were investigated. Through the usage of a fluorescent dye
and a rapid measuring method similar to Ozkan et al. [32]
changes in intracellular pH due to extracellular pH altera-
tions could be observed highly time resolved, thus provid-
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ing information about the intracellular effects of tempo-
rary large-scale pH inhomogeneities.

The overall goal of this study was to (i) set-up a two-
compartment system that is capable of simulating pH
inhomogeneities due to hase addition as they might
occur in an industrial approx. 10-12 m® scale stirred tank
bioreactor for mammalian cell culture and to (ii) investi-
gate the effects of elevated pH perturbations on cell
physiology and process performance.

2 Materials and methods
2.1 Two-compartment system and control

In this study a STR-STR system was chosen as a scale-
down maodel, because it was considered to be easier to
implement and control than a STR-PFR system. This sys-
tem was designed and set-up especially for the purpose
to investigate the effect of pH inhomogeneities on cell
physiology and fed-batch process performance. The sys-
tem consisted of a 3 L total volume (TV) bioreactor, repre-
senting the well mixed-zone of a large-scale bioreactor
and of a 0.7 L TV bioreactor representing the alkali zone
(Figure 1)

offgas
analysis
A A

0z § xwa;

e

X,

-
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Feed A/Glucose
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control
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Figure 1. Design and control of the two-compartment system. The large stirred tank bioreactor (3 L TV) represents the well mixed zone out of the large-
scale bioreactor, whereas the small stirred tank reactor (0.7 L TV) simulates the alkali zone with elevated pH values. Temperature and pO, were controlled
in both bioreactors at defined set-points. pH was measured in the large-compartment, whereas base was solely added into the small-compartment.
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Table 1. Summary of process conditions used in this publication and previous two-compartment studies for mammalian cell culture as well as ranges out
of literature for a 10-12 m?* scale mammalian STR. Literature for estimated ranges are presented in the introduction in the corresponding text chapters. In
comparison to our study, Osman et al. used a three times higher alkali zone volume, double the residence time and artificial pH overshoot frequencies.
Nienow et al. conducted experiments in a STR-PFR system and did not measure or specify the pH overshoot amplitude or mixing time of the system.

Estimated/measured

Brunner et al.

Osman et al. [13] Nienow et al. [12]

ranges in a 10-12 m? [this study]
STR

Organism - CHO cells GS-NSO myeloma cells CHO cells
Process Fed-batch Fed-batch Batch Fed-batch
Two-compartment system - STR-STR STR-STR STR-PFR
Large-scale — scale-down model - 10-12 m* STR Not specified 20 m® STR
Volume of the alkali zone (%) ~5 5 14 5
Mixing time (s) 120-360 360 200 Not specified
Residence time (s) 30-90 90 180* 60-120
pH overshoot amplitude (-) 0.8-2 2.0 0.7+1.7 Not specified
Frequency pH signal < pH pH signal <pH  Starting day 2 — artificially every 6, 18 or  pH signal < pH

deadband deadband 60 min with max. 10 to 100 overshoots deadband

and min = mixing time

* The residence time was not specified from Osman et al. but calculated from the applied circulation rate and reactor volume.

Appropriate ranges for several scale-down model
parameters (e.g. volume of the alkali zone, mixing time,
residence time, pH amplitude and frequency of pH over-
shoots) had to be defined to mimic a 10-12 m?® large-scale
STR. Table 1 gives an overview of the estimated and
measured ranges for large-scale processes out of litera-
ture as well as the chosen conditions for this scale-down
model and two reference studies for mammalian cell cul-
ture.

Control of the reactor volumes and circulation of the
cell suspension between the vessels were realized with
two peristaltic pumps. The mean residence time was
calculated by the theoretical space time (ratio of the vol-
ume inside of the small compartment and the applied
volumetric flow rate) since good correspondence with
mean residence times were observed in other two-com-
partment systems [17]. The mixing time of the systems is
dependent on the applied volumetric flow rate since it
defines the exchange rate between the small and large
compartment. Torealize a mixing time of 360 s in the two-
compartment system and a mean residence time of cells
in the small compartment of 90 s the peristaltic pumps
were set to a volumetric flow rate of 100 mL/min.

The volume of the alkali zone represents the culture
volume inside of the small (0.7 L) bioreactor and was con-
trolled to 5% by an automated operation including the two
reactor weights and continuous small adjustments of the
flow rate of one of the peristaltic pumps. pH was meas-
ured in both bioreactors. The pH probe in the large com-
partment, representing the well mixed zone, was used for
pH control, with base addition only to the small compart-
ment (Fig. 1). A predefined volume of base was added
with each pH overshoot to the small-compartment result-
ing in defined pH overshoot amplitudes. Acid addition
into the large-compartment led to pH control in between
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the predefined pH deadband inside of the large-compart-
ment.

2.2 Cell line, seed train and fermentation processes

An industrial CHO cell line producing a monoclonal anti-
body (mAb) was cultivated in chemically defined media.
Precultures for batch fermentation processes were culti-
vated in shake flasks and incubated at 10% pCO, and
36.5°C temperature. Exponentially growing cells were
transferred into the bioreactor system resulting in an
inoculation density of 3 x 10° cells/mL.
One-compartment batch cultivations, were carried
outin 3L or 0.7 L TV glass vessels at 36.5°C and 40% pO,,.
pH regulation was realized by addition of 1 M NaOH and
1 M HCI respectively. pH set-points for the intracellular
pH-studies were shifted from 7.0 to 7.8 or 9.0 after approx.
60 h of process time (pH deadband 0.01). pH-shifts were
induced through manual control of acid/base pumps and
reached their new set-point in less than 45 s.
One-compartment fed-batch cultivations were per-
formed in 3 L bioreactors at 36.5°C and 40% pO,. Tem-
perature was shifted after 60 h to 33°C. pH set point was
7.0 and regulation was realized by addition of 1 M NaOH
and 1 M HCl respectively (pH deadband 0.03). pCO, was
controlled at 12.5% via offgas measurement based on
calculations similar to Frahm et al. [33]. Feed A was added
continuously to processes starting on day 4 until day 10
and on day 12. Feed B was added continuously starting
on day 6 until day 10 and on day 12. Glucose was added
to processes as soon as its concentration dropped below
2 g/L with a one-time step addition (bolus) to 2 g/L.
Two-compartment fed-batch cultivations were per-
formed analogous to the one-compartment fed-batch
runs. Feeds as well as HCI for pH regulation were added

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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to the large bioreactor compartment. In fermentation runs
with simulation of pH inhomogeneities pH was controlled
through addition of 2 M NaOH into the small STR in
response to the pH signal measured in the large compart-
ment (Figure 1).

2.3 In-process analytics, mAb determination
and calculation of specific rates

Cultivation samples were taken every 12 h and cell count-
ing/viability determination was performed using the auto-
matic picture analyzer Cedex HiRes Analyzer (Roche,
Germany). Osmolality of supernatant was determined via
freeze point depression (Mikro-Osmometer TypOMBS06,
Loser, Germany). Analysis of metabolites glucose, glu-
tamine, glutamate, lactate and ammonium were per-
formed using the Cedex Bio HT Analyzer (Roche, Germa-
ny). Antibody titer determination was carried out by HPLC
(Ultimate 3000, Dionex, United States) with a Protein A
sensor cartridge (Applied Biosystems, Netherlands).

Calculation of specific cell growth and metabolite pro-
duction or consumption rates was performed similar to
Sauer et al. [34]. Standard deviations of the calculated
mean specific rates were determined by Monte-Carlo
parameter estimation to generate multiple time-courses
for each fermentation similar to Murphy et al. [35] using
MATLAB® (The MathWorks, Inc., USA). Error in prime
variables (viable cell density, metabolite and product con-
centrations) for Monte-Carlo simulation were derived
from published studies that used the same analytical
devices [36-38].
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2.4 Intracellular pH

Intracellular pH measurements were performed, similar to
Ozkan et al. [32], using the fluorescent dye 2',7'-bis(2-car-
boxyethyl)-5,6-carboxyfluorescein acetoxymethyl ester
(BCECF-AM) (Life Technologies, USA) and a spectrofluo-
rometer (TECAN Infinite M200 Pro, Switzerland). After
sampling, the dye was immediately added to the suspen-
sion, exposing cells to a concentration of 0.5 pM BCECF-
AM, followed by immediate measurement at the pre-
heated spectrofluorometer (36.5°C). Background fluores-
cence was recorded using samples without BCECF-AM
addition and subtracted from the final results. Excitation
wavelengths were set to 505/439 nm at an emission wave-
length of 535 nm. Calibration of intracellular pH was per-
formed using nigericin (10 pM) (Sigma Aldrich, Germany)
and potassium buffers with different pH values from 6.8 to
9.0. Samples for pHi determination were taken immedi-
ately after the pH shift occurred and then approx. every
5 min to generate a highly time resolved data set.

3 Results
3.1 Short-term intracellular pH response
to extracellular pH alterations

The relatively short exposure time of the cells to elevated
pH values in large-scale was hypothesized to not signifi-
cantly affect averaged enzymatic reaction rates but may
initiate intracellular reactions or cascades, since pHi is

79- A shifted reactor
o B pHe m  control reactor

7.8+

7.7+

7,6+

pHi [-]
>

o
©
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Figure 2. Response of the intracellular pH (pHi) of CHO cells in controlled bioreactor environments due to extracellular pH (pHe) shifts. (A) As soon as
pHe was shifted to 9.0, pHi increased to elevated values. Moreover, cells started to agglomerate and die after approx. 20 min. of exposure to pH 9.0.
(B) A similar immediate increase in pHi could be observed for pHe shift to 7.8. pHi declined steadily to more physiological values with increasing incuba-

tion time.
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known to be an important secondary messenger in mam-
malian cells [29]. In order to evaluate if short-term pH
inhomogeneities as they might occur in large-scale affect
intracellular pH of the cells, batch fermentations including
controlled pH shifts were conducted. Hereby, process pH
was shifted after approx. 60 h of cultivation time from pH
values of 7.0 to 7.8 or 9.0 and kept constant during the rest
of the batch process. Fig. 2 presents the intracellular pH
values of two different control reactors with constant
extracellular pH (pHe) and two shifted reactors with a pH
shift to 9.0 (Fig. 2A) and 7.8 (Fig. 2B). Immediately after
the pH shift was conducted the intracellular pH increased
dramatically to values around 7.8 or 7.5 for pHe shifts to
9.0 and 7.8 respectively. Most interestingly, pHi started to
decline shortly after the pH shift at pH 7.8, although extra-
cellular pH was kept constant after the shift. At pH 9.0 an
early decline in pHi may occur but cannot be fully con-
firmed by the data-set, since cells started to agglomerate
and die after around 20 min followed by an increase in
pHi. Cell agglomeration could be observed by accumula-
tion of large cell clumps inside of the reactor, and cell
death was detected by a decreased viability obtained
from Cedex HiRes measurements (data not shown). In
contrast, control cultures at constant extracellular pH
values of 7.0 showed steady intracellular pH values during
the observed time (Fig. 2). Considering pH 7.8, it seems
that the cells have efficient mechanisms to steer their
intracellular pH values towards physiological conditions.
However, this cannot be fully validated by the data-set at
pH 9.0 because cells started to agglomerate and die
shortly after exposure to these conditions.
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Since strong effects on intracellular pH and cell growth
were observed at pH 9.0 and these values were reported
to be possible in large-scale fermentations [23], first pH
inhomogeneity studies using the scale-down model were
performed with a pH overshoot amplitude reaching
pH9.0.

3.2 Evaluation of growth characteristics of the two-
compartment system, subsequent optimization
studies and final experimental procedure

3.2.1 Growth characteristics and optimization studies
Due to the different set-up and process design, including
twao different types of STR and circulation with peristaltic
pumps, we assessed whether cells might perform differ-
ently during a fed-batch process in a regular one-com-
partment system compared to the two-compartment
system, even without simulation of pH inhomogeneities.
Therefore, two fed-batch processes in parallel, one in the
two-compartment system and the other one in a one-
compartment 3 L bioreactor were initially performed.
Figure 3A presents the viable cell densities and cell via-
bilities obtained from these experiments. We found that
cells reached lower viable cell densities in the two-com-
partment system, whereas cell viabilities were almost
identical until 170 h of process time.

Reduced growth in the two-compartment system was
speculated to be associated with the circulation system
or the small-compartment vessel. Therefore, initially
batch fermentations were conducted in regular one-
compartment systems one of those equipped with an
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Figure 3. (A) Cell growth and cell viabilities of fed-batch processes conducted parallel in two-compartment and one-compartment experiments. Viable cell
densities were reduced in the two-compartment system, whereas cell viabilities showed similar values. (B) Viable cell density and cell viability of batch fer-
mentations in the small-compartment vessel with submerse and headspace aeration. Viable cell densities increased strongly after switch from submerse to

headspace aeration.
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Figure 4. Experimental procedure of the
two-compartment studies. At first fer-

mentation run 1 was conducted, which
consisted of a two-compartment and an
one-compartment fed-batch process in

parallel. Base was added to the small
bioreactor of the two-compartment sys-
tem. Afterwards fermentation run 2 was
conducted, including a one-compart-
ment fed-batch process and a two-com-
partment fermentation with base addi-

NaOH Nﬁ)H
Fermentation L
run 1 Two-compartment: pH-overshoot One-compartment: Control
NaOH@NaCI NaOH
Fermentation ] D
run 2 Two-compartment: Control One-compartment: Control

external recirculation loop and a peristaltic pump at a
set-point of 300 mL/min. Both batch fermentations showed
almost identical viable cell densities and cell viabilities
(data not shown). Due to this observation, the recircula-
tion system was not considered to influence the cell
growth of the used cell line.

Subsequently, batch fermentations were performed
solely in the small-compartment bioreactor to evaluate
the cells’ growth behavior inside of that system. The gath-
ered data revealed that the viable cell density was strong-
ly reduced in the small-compartment bioreactor although
cell viabilities stayed at high values (Fig. 3B). Increased
volumetric gas flow (vvm 0.04) as well as an increased
surface-to-volume ratio and smaller bubble diameters in
the small compartment, in comparison to the large-biore-
actors (vvm 0.01), were then hypothesized to be the major
contributors to the reduced cell growth of the two-com-
partment system, as observed in Fig. 3A. Due to limita-
tions of the mass flow controller, the aeration of the small-
compartment was changed from submerse to headspace
aeration (10 mL/min). This resulted in a strong increase of
approx. 70% in viable cell density in a second batch fer-
mentation (Fig. 3B). Based on these results headspace
aeration in the small-compartment bioreactor was used
for the following two-compartment studies.

Finally, although cell growth in the small-compart-
ment bioreactor could be significantly improved, the two-
compartment and one-compartment systems were not
considered to be directly comparable and therefore a
special experimental procedure had to be applied for the
pH inhomogeneity studies.

3.2.2 Experimental procedure

of the two-compartment studies
As derived from previous results the two-compartment
and one-compartment systems were not suitable for
direct comparison. Ideally, the availability of two two-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion to the large bioreactor. Base was
spiked with NaCl to achieve similar
osmolality profiles between the two-
compartment fermentation runs.

compartment scale-down models would allow for controls
within experimental fermentation runs and thereby
ensure an unconfounded comparison between fermenta-
tions with and without simulated pH inhomogeneities.
Since this was not the case in this study, a different
experimental procedure had to be established. Figure 4
shows a scheme of the applied strategy in this study. At
first, a two-compartment fed-batch fermentation with
simulation of pH inhomogeneities and a parallel fed-batch
process in a regular one-compartment system were con-
ducted (fermentation run 1). In a subsequent fermentation
run, a two-compartment fed-batch process without pH
overshoots and in parallel another one-compartment fed-
batch process were performed (fermentation run 2).
Through this methodology confounding effects of uncon-
trolled parameters like preculture age, media batch, etc.
can be detected in the one-compartment system and
considered in the two-compartment study. The simula-
tion of pH overshoots led to an increase in media osmolal-
ity, as observed in similar studies [13, 39]. Since increased
osmolality values can have significant effects on cell
physiology [40], media osmolality between the two-com-
partment runs had to stay in between comparable levels.
Therefore, in the two-compartment control fermentation
run the alkali solution was spiked with NaCl (Fig. 4).

Through the applied strategy it was possible to inves-
tigate the effect of simulated pH inhomogeneities on cell
physiology and fed-batch performance conducting two
fermentation runs and without the instalment of a second
two-compartment system.

3.3 Simulation of pH inhomogeneities in a fed-
batch process using the two-compartment
scale-down model

The two-compartment control strategy and the intro-
duced experimental procedure were applied for the simu-
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Figure 5. Two-compartment process control. (A) pH overshoot values in the small compartment. In total 40 pH overshoots occurred with frequencies
ranging from approx. 1/3.3 h™' to 1/9.5 h™'. The mean overshoot value was 9.08 (standard deviation +/-0.24). (B) Example of a pH overshoot with a
defined mixing time of 360 s and an amplitude maximum at pH 9.0. Each pH overshoot in the small-compartment led to a small pH increase in the large-
compartment. (C) Osmolality profiles of the conducted fermentation runs. Due to the applied control strategy, osmolality strongly increased in the two-
compartment systems when compared to the one-compartment runs. Osmolalities of the two-compartment fermentation runs stayed in similar ranges.
(D) pH profiles of the large-compartment during both two-compartment fermentation runs. Each base addition in the small-compartment during the pH
inhomogeneity study led to a small increase in the pH of the large-compartment. This effect was considered in the control fermentation run through appli-
cation of the same pH-profile in the large-compartment as in the pH inhomogeneity study. pH deadbands are shown trough dotted lines.

lation of pH inhomogeneities with a pH amplitude up to
pH 9.0. In total 40 pH overshoots occurred during the
two-compartment fermentation (Fig. 5A). The mean
measured overshoot pH value was 9.08 (standard devia-
tion 0.24) and the time between pH overshoots varied in
a range of 3.3 to 9.5 h. Already seven to 17 overshoots
occurred in the early process phase, until 50 or 100 h of
process time. Figure 5B shows in more detail one single
pH overshoot out of Fig. bA. The mixing time in this
example was confirmed to be 360 s with a measured
amplitude maximum at pH 9.0. Media osmolality within
the two-compartment fermentation runs and within the
one-compartment runs, showed comparable values
(Fig. 5C). Due to the simulation of pH inhomogeneities or
addition of base spiked with NaCl in the two-compart-
ment control run (Fig. 4), osmolalities in the two-compart-
ment fermentation runs reached higher values than those

1600633 (8 of 13)

in the one-compartment systems. The volume of the
alkali zone was successfully controlled at 5% of the total
liquid volume throughout the fermentation process (data
not shown). Each pH perturbation in the small-compart-
ment led to a subsequent pH increases in the large-com-
partment (Fig. 5B and 5D). This effect was considered
during the two-compartment control fermentation runs
and pH profiles in the large-compartment were similar
between the two-compartment experiments (Fig. 5D).
Therefore, differences between the two-compartment
fermentations could only be addressed to the pH pertur-
bations in the small-vessel.

Metabolite profiles as well as viable cell densities
(VCD), cell viabilities and cell specific rates were repro-
ducible in between the one-compartment processes
(Fig. 6A-D and Table 2). Therefore, no effects of different
preculture ages or media batches on process performance

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. (A) Viable cell density (VCD) and cell viability, (B) lactate concentration and (C) ammonia concentration as well as (D) product titer over process
time for fermentation run 1 and 2. One-compartment fermentation runs behaved similar in their process performance. The two-compartment runs both
showed an early decrease in cell viability, lower maximum VCDs and no lactate and ammonia consumption when compared to the one-compartment runs.
The two-compartment process with pH inhomogeneities showed decreased maximum VCD and product titer than the two-compartment control runs.

could be detected between the fermentation runs 1 and 2
of the experimental procedure (Fig. 4). Fermentation pro-
cesses conducted in the two-compartment system
showed different process performance when compared to
the one-compartment runs. Both fermentation runs in the
two-compartment system reached lower maximum VCDs
and cell viabilities started to decrease after approx. 120 h
of process time (Fig. 6A). Furthermore, no uptake of lac-
tate or ammonia occurred during these fermentations
when compared to the one-compartment runs (Fig. 6B
and 6C). However, specific lactate production rates
seemed to be slightly increased in the two-compartment
system (Table 2).

Metabolite profiles as well as cell viabilities between
the two-compartment studies showed similar trends.
However, final lactate concentrations and maximum
viable cell densities were higher, approximately 37 and
30% respectively, in the two-compartment control run
(Fig. 6A and 6B). No significant effect of pH inhomoge-
neities on specific metabolite consumption or produc-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion rates were observed (Table 2). Specific rates were
only evaluated until critical osmolality values were
reached, since high osmolalities can strongly affect cell
metabolism [40]. Additional shake-flask experiments
conducted at our institute revealed increased byproduct
formation and decreased cell growth above a critical
osmolality value of approx. 360 mOsm/kg for the applied
cell line (data not shown). Specific ammonia production
Qamm 12Ctate production qy. ., glucose consumption g,
glutamine consumption Qg AS well as specific produc-
tivity q, were comparable between the two-compart-
ment fermentations (Table 2). The average specific
growth rate pu was reduced when pH overshoots to 9.0
occurred compared to the control. Additionally, already
during the exponential growth phase, specific cell
growth (umax) seemed to be affected by the simulated pH
inhomogeneities, whereas p . showed similar values
between the one-compartment runs and the two-com-
partment control run (Table 2). Lower maximum viable
cell densities were observed in the pH inhomogeneity
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Table 2. Specific metabolite rates and cell growth for the conducted one-compartment and two-compartment experiments out of fermentation runs 1 and
2 until critical osmolality values above 360 mOsm/kg were reached. Standard deviations were determined by Monte-Carlo simulation as described in the
Materials and methods section.

One-compartment One-compartment Two-compartment Two-compartment
runl run 2 (pH 9.0) run 1 (control) run 2
9, [PM/ (day*cell)] 3.44 (+/-0.24) 3.28 (+/-0.23) 3.56 (+/-0.25) 3.76 (+/-0.26)
Dgin [PM/(day*cell)] -0.77 (+/-0.13) -0.75 (+/-0.13) -0.82 (+/-0.14) -0.76 (+/-0.13)
Dgluc [PM/ (day*cell)] -2.93 (+/-0.60) -2.57 (+/-0.53) -2.88 (+/-0.59) -3.35 (+/-0.69)

Gomm [PM/ (day=cell)]

4, [pg/ (day*cell)]
u(1/10%h)
Wi (1/102 h)

0.56 (+/-0.07)
2417 (+/-0.31)
2.67 (+/- 0.04)
3.59 (+/-0.07)

0.51 (+/- 0.06)
24.25 (+/-0.31)
291 (+/- 0.04)
3.65 (+/- 0.07)

0.63 (+/-0.08)
22.75 (+/-0.29)
2.46 (+/-0.03)
3.35 (+/- 0.06)

0.53 (+/— 0.06)
21.96 (+/-0.28)
2.82 (+/- 0.04)
3.73 (+/- 0.07)

(pH 9.0) fermentation (Fig. 6A), as a consequence of the
lower maximum as well as average specific cell growth.
Different product titer levels (Fig. 6D) can be mostly
attributed to the differences in cell growth since specific
productivities were comparable for all processes and
only slightly reduced during the two-compartment runs
when compared to the one-compartment fermentations
(Table 2).

4 Discussion

The goal of this study was to establish a scale-down
model which is capable of simulating the effect of large-
scale pH inhomogeneities during an industrial fed-batch
process and to investigate the effects of pH inhomogenei-
ties on cell physiology and process performance.

4.1 Short-term intracellular pH response
to extracellular pH alterations

Extracellular pH inhomogeneities to elevated values were
hypothesized to affect intracellular pH and hence cell
physiology. The results showed that intracellular pH
immediately increased to higher values when extracellu-
lar pH was shifted to pH 9.0 or 7.8. Since extracellular pH
shifts to higher values subsequently induced withdrawal
of CO2 from the cell culture media, CO2 inside of the cells
was stripped out and most probably led to a short-term
intracellular alkalinisation effect, similar to those reported
by Jockwer et al. [41]. The intracellular pH response of the
cells was similar to those observed by Wu et al. [29], how-
ever their study was not conducted in bioreactors and
cells were incubated in buffer systems prior to pHi distur-
bances with NH,Cl. Intracellular pH is known to be an
important secondary messenger [29, 42] and elevated
values might initiate strong cell responses. The presented
results show that cell physiology was immediately affect-
ed by extracellular pH changes, indicating that similar
effects will arise during temporary pH gradients as they
might occur in large-scale processes.

1600633 (10 of 13)

4.2 Evaluation of growth characteristics of the two-
compartment system, subsequent optimization
studies and final experimental procedure

The design and process parameters (e.g. volume of the
alkali zone) of a two-compartment model were specified
to match a large-scale 10-12 m® STR, using estimated or
measured values from literature. Initial growth character-
istic studies revealed reduced growth in the two-com-
partment system when compared to one-compartment
fermentations. Circulation conditions between the two
compartments was a factor that had to be considered dur-
ing the design of the scale-down model. Commonly peri-
staltic pumps are used since they are available in most
labs, easy to implement and have no direct contact to the
cell suspension [10, 11, 13]. However, the use of peristaltic
pumps can lead to significant hydrodynamic damage,
affecting cell growth and cell viability, which is further-
more strongly dependent on the specific cell line and
clone (12, 43]. Therefore, other circulation systems as
syringe pumps or centrifugal pumps might be more suit-
able for the application in scale-down models [12, 44].
However, batch fermentations including a recirculation
loop and peristaltic pumps revealed no effects of the cir-
culation system on the applied cell line in this study (data
not shown) and thus the circulation system was not con-
sidered to be the root cause for the decreased cell growth
in the two-compartment system. Bubble-associated cell
damage at increased volumetric flow rates, higher sur-
face-to volume ratio and smaller bubble diameter have
been shown before to cause reduced cell growth in bio-
reactors [43, 45, 46] and were speculated next to be the
reason for low cell densities reached in the small-compart-
ment bioreactor. In fact, switch from submerse to head-
space aeration in the small-compartment strongly
increased cell growth. Nevertheless, due to the observed
differences between the one-compartment and two-com-
partment system a special experimental procedure had to
be applied for the pH inhomogeneity studies.

The applied experimental procedure considered
osmolality increase due to pH overshoot simulation simi-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lar to Osman et al. [13]. In contrast to Nienow et al. [12]
and Osman et al. [13] parallel control fermentations to the
two-compartment experiments, ensured that variability
in the observed results due to different preculture ages
[47-49] or media batches [49] were considered.

4.3 Simulation of pH inhomogeneities in a fed-
batch process using the two-compartment
scale-down model

Subsequently two-compartment fermentation runs were
conducted, including simulation of pH overshoots to
pH 9.0. Maximum viable cell densities were lower in the
two-compartment runs than in the one-compartment
fermentations. Furthermore, no lactate or ammonia
decrease could be observed during those fermentation
processes. These differences may be attributed to the
high osmolality values of 370-390 mOsm/kg reached after
approx. 120 h in the two compartment systems. Increased
media osmolalities might affect specific cell growth as
well as byproduct formation as reported from Zhu et al.
[40]. Possible negative influences from the recirculation
system were neglected in this study since (i), as stated
above, a batch study with recirculation by peristaltic
pumps showed no effects (data not shown) and (ii) the cell
growth of the two-compartment control fermentation
showed similar viable cell densities in comparison to the
one-compartment fermentations until a critical osmolality
was reached (Fig. 6A). Furthermore, both two-compart-
ment studies were recirculated by peristaltic pumps and
only differed in their pH profile, which allowed us to sepa-
rate the impact of the pH inhomogeneities from a poten-
tial effect of the recirculation pumps or other effects of the
bioreactor system.

pH perturbations in the small-compartment and large-
compartment as well as osmolality values in the control
and perturbation fermentation run were successfully con-
trolled. In total 40 pH perturbations occurred during the
two-compartment fed-batch run with simulation of pH
inhomogeneities. Duration of pH perturbations was con-
trolled to 360 s with a mean amplitude of 9.08. No effects
of simulated pH inhomogeneities on most specific metab-
olite production or consumption rates as well as on spe-
cific productivity could be derived, however specific cell
growth and specific lactate production seemed to be
slightly reduced. In comparison to state of the art litera-
ture [12, 13], cells were exposed to defined pH perturba-
tions using conditions, e.g. alkali zone volumes and per-
turbation starting times and frequencies, as they might
occur during an industrial large-scale 10-12 m® fed-batch
process. Due to the applied strategy, several pH over-
shoots occurred already in the early process phase. This
observation represents what might occur during large-
scale fermentations and can have a significant effect on
overall process performance. Therefore, an artificial start
of pH overshoot simulations after a process time of 48 h,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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as applied from Osman et al. [13] might not represent the
large-scale reality. In fact, especially the specific growth
rate during exponential growth phase was decreased,
resulting in a significantly lower maximum viable cell
density as well as lower final product titer than in the two-
compartment control culture. In contrast, Nienow et al.
stated that they could not conclude anything concerning
the effect of pH inhomogeneities from their studies [12].
However, since the pH amplitude was not defined in Nie-
now et al., it is not possible to directly compare our results
with this study. Osman et al. observed reduced cell
growth dependent on the applied frequency and number
of perturbations started after 48 h of process time [13].
However as stated above important scale-down model
parameter as the volume of the alkali zone, as well as the
starting time point and frequency of pH perturbations
were artificially set. Although the volume of alkali zone
was three times smaller and the residence time of the cells
in the inhomogeneous zone was halved in our study, cell
growth and thus maximum viable cell densities were
decreased due to the pH perturbations. These results
demonstrate for the first time, that even short-term expo-
sure of a small compartment of the total cell count to ele-
vated pH values, as it is expected to occur in large-scale
mammalian cell culture, can affect overall process perfor-
mance. Thus, sub-surface base addition in large-scale
could most probably reduce these negative effects as
suggested by other authors and applied by Khan (8, 50,
51]. The two-compartment system could be further used
to mimic the industrial large-scale process. However, to
be representative of the large-scale, reliable information
of important scale-down parameters (e.g. volume of the
alkali zone and pH amplitude) out of the actual large-scale
bioprocess would be necessary. This would require the
installment of novel multiposition sensors or in flow fol-
lower which are still under development and far away
from application in hiopharmaceutical production pro-
cesses (20, 52-54].

Finally, within this study a two-compartment scale-
down model, mimicking a 10-12 m® STR, was success-
fully established. Intracellular pH measurements revealed
that cell physiology is immediately affected by extracel-
lular pH changes, as they might occur at large-scale. It
could be further derived that pH inhomogeneities affect-
ed cell growth, especially in the early process phase, thus
scale-down models should not include an artificial fre-
quency and start of pH perturbations if they intend to
simulate the large-scale reality. Moreover, large-scale
processes do benefit from submerse addition of base as
long as Cleaning-in-Place considerations can be resolved.
Furthermore, usage of week bases as well as increased
mixing and optimized pH controller strategies could
result in reduced alkali zones and pH amplitudes in large-
scale. The presented results might be further interesting
for other bioreactor systems with high mixing times as
e.g. single-use wave bag bioreactors [55].
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Conclusions

Within this thesis a scale-down approach was used to assess scale-up induced process
variability due to process parameter inhomogeneities. The specific methodologies used in the
manuscripts can be seen as a toolset in scale-down studies to understand variations between

different fermentation scales (Figure 4).

Small-scale Large-scale
= R = p
Scale-up I,
6 . g ““_“.:l ‘‘‘‘‘
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Methods used in scale-down experiments
Decoupled control strategy [1, 2, 3]

Multivariate experimental design [1]

Metabolic Flux Analysis [2]

Scale-down bioreactor system [3]

Figure 4. The scale-down approach can improve the understanding of scale-up effects. The specific
methodologies used in the manuscripts are presented. Numbers in square brackets refer to the specific

manuscripts included in this thesis.

The decoupled control of process pH, pO, and pCO, in combination with the multivariate
experimental design in manuscript 1 allowed us to reveal significant interaction effects of
process parameters, in particularly of pH and pCO,, on cell physiology and product quality
attributes. Interaction effects of process parameters are usually not considered during process
scale-up but especially pH and pCO, are closely related in mammalian cell culture whereby

pCO, is usually introduced as an acidic reagent to control pH (Abu-Absi et al. 2014).
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Furthermore, bicarbonate concentrations are dependent from process pH and pCO, levels.
Increased pCO, values in large-scale can therefore further result in differences in pH and
bicarbonate concentration. The interaction effects discovered in manuscript 1 built the basis for

the investigations in manuscript 2.

In manuscript 2 we could show that elevated pCO,/bicarbonate concentrations can change
metabolic key events during cell culture processes and therefore should be considered during
process scale-up. Metabolic Flux Analysis was demonstrated to be a relevant tool during the
scale-down studies to improve the understanding of intracellular flux distributions and overall
cell metabolism. Through this methodology the onset of lactate uptake could be correlated to
an intracellular ratio of reducing equivalents. Based on these results, it seems to be beneficial
to reduce bicarbonate and pCO,, levels during process scale-up by usage of optimized gassing

strategies and alternative bases (e.g. NaOH instead of Na>CO3).

The two-compartment scale-down bioreactor used in manuscript 3 is generally an excellent tool
to investigate the effect of transient perturbations in process parameters on cell physiology and
overall process performance (Neubauer and Junne 2010). The results out of manuscript 3
revealed that even short-term exposure of cells to elevated pH values affects the cells
intracellular pH and overall process performance. However, the applied settings in this study
were based on extreme conditions out of literature and are not representing the industrial large-
scale reality. Nevertheless, the results indicate that optimized mixing, the usage of weak bases
and submerse base addition would be beneficial during large-scale cell culture processes to

reduce the impact of pH inhomogeneities.

Finally, the goal of a scale-down approach is not only to generate knowledge of possible scale-
up effects but to further transfer that gained knowledge back to the large-scale (Noorman 2011).
However, due to the lack of knowledge of the exact large-scale conditions, which would require

multiposition sensors or in-flow follower (Bockisch et al. 2014; Zimmermann et al. 2013), it is

74



Conclusions and Outlook

only possible to derive general conclusions out of the scale-down studies. Furthermore, static
process parameter conditions applied in two out of the three scale-down studies in this thesis
might provoke different cell responses than the dynamic environmental conditions experienced
by cells in large-scale processes. However, the applied scale-down approach and individual
methodologies in this thesis allowed the identification of novel process parameter effects and
intracellular metabolic regulations that occur during mammalian cell culture process scale-up.
The results of this thesis finally contribute to an improved understanding of scale-up variability
and can therefore be applied to improve process scale-up robustness e.g. by application of
submerse base addition. Furthermore, the scale-down approach and methodologies can be used

to investigate scale-up effects under the individual large-scale process conditions.

Outlook

Process parameter interactions of pH and pCO,, as well as elevated pCO,/bicarbonate have been
shown in manuscript 1 and 2 to affect cell physiology, product quality and overall process
performance. The scale-down studies should be expanded in future work with different cell
lines and under variable pCO2 conditions to gain deeper understanding of these effects.
Furthermore, the application of dynamic pCO. profiles during fed-batch processes might
provide results that are closer to the large-scale reality. Moreover, the linkage of intracellular
reducing equivalents with the onset of lactate consumption should be confirmed and evaluated
in more detail using different cell lines or clones. The two-compartment bioreactor system in
manuscript 3 is capable of exposing the cells to transient environmental conditions and
therefore can give a better approximation of the large-scale conditions. The results of the
presented study suggest that short-term exposure of cells to elevated pH conditions strongly
affect the cells physiology and overall process performance. Through further optimization of

the two-compartment system and the knowledge of the actual large-scale conditions this
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bioreactor system could become an efficient tool to investigate the effect of large-scale
inhomogeneities and could be furthermore used to screen for cell lines or clones with good

performance under inhomogeneous conditions (Neubauer and Junne, 2010).
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