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Abstract

Process development towards the production of difficult-to express proteins in perfusion cultivation
necessitates the implementation of scale-down models to manage the high number of experiments which
have to be conducted in Quality by Design (QbD) initiatives. Successive simplification of the process
mode accompanied by the application of single-use equipment provides possibilities to mimic more
complex processes in smaller scales in less time, with less work and less cost intensive conditions. The
reverse up-scaling and transfer of process conditions and set-points from simple approximated cultivation
systems to the final, more complex production method requires the application of appropriate scalable
culture parameters.

In this work, scaling parameters were evaluated to systematically transfer culture criteria between
three bioreactor systems and cultivation modes towards an improved process development strategy. The
capability of simpler small-scale systems to approximate ATF-perfusion processes was assessed. Chinese
Hamster Ovary (CHO) cells expressing a recombinant protein were cultured in 15 mL Advanced
Microscale Bioreactor (ambr™) system in pseudo-continuous mode, 1 L DASGIP multiparallel bioreactor
system in continuous mode, and 5 L Sartorius B-DCU system in Alternating Tangential Flow (ATF)-
perfusion mode. Main critical process parameters (CPP) were analyzed, i.e. cell specific metabolic rates
and productivity of the cell cultures, compared and transferred based on the evaluated scaling
parameters. Different aspects of the particular processes and their impact on cell culture were assessed
in order to build up an improved process understanding. Process parameters were found to be sufficiently
transferable when scaled by the cell specific perfusion rate (CSPR). Bench-top bioreactors operated in
continuous and perfusion culture modes showed coinciding metabolic rates but were distinct from ambr™
pseudo-continuous cultures where a stable offset over a wide range of CSPR was characterized. Cell
specific protein productivity (gp) was similar between DASGIP and ambr™ cultures but different from
ATF-perfusion cultures. Aside from an imprecise measurement method, a partial retention of recombinant
protein in the ATF-module was determined to have contributed to this observation. Moreover, deviating
pCO, was identified as a possible impact factor on gp. The differences were attributed to the physical
characteristics, i.e. mass transfer, and different scales of the bioreactors rather than the different
operation modes. Additionally, the biomass measure which is used for the calculation of cell specific rates
was identified to play a crucial role when CPP should be transferred with the presented scaling-
parameters. In general, transferability was feasible since similar trends were observed for metabolic rates

and recombinant protein related data.
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Introduction

1 Introduction

After the first approval of a recombinant protein expressed in Chinese Hamster Ovary (CHO) cells in 1986
(Altamirano et al., 2013), mammalian cell cultures have extended the possibilities and prospects within
the production of biopharmaceutical recombinant proteins. Mammalian cells, in contrast to bacteria and
yeast, enable the expression of proteins with complex glycosylation patterns and posttranslational
modifications, thereby paving the way for the production of more human-like proteins and thus the
development of new therapies. Recombinant protein production with mammalian expression systems
evolved from a niche existence to one of the leading forces for the biotechnological industry. In 2011, the
annual sales for the top 30 proteins was estimated to be 112.93 billion USD (www.pipelinereview.com,
accessed on 16 April 2013) and a total of 96 biopharmaceutical proteins expressed with mammalian cells
have been approved between 1986 and 2011 (Lai et al., 2013). The development and importance of
recombinant proteins expressed in mammalian cells for the biopharmaceutical industry is displayed by
the latest approvals of the Food and Drug Administration (FDA) with more than 60% of the recombinant
products originating from mammalian expression systems (Zhu, 2012).

One of the product categories represented in the top 30 protein sales are recombinant coagulation
factors and related substances for the treatment and therapy of bleeding disorders with a sales volume of
6.83 billion USD in 2011 (www.pipelinereview.com). The first treatment with recombinant coagulation
factors was executed in 1987 (White, 1989) and represented a milestone in diminishing life-threatening
virus transmission and additionally overcoming the limited availability in contrast to the conventional use
of plasma derived products (Franchini, 2010; Gringeri, 2011). Due to their highly glycosylated structure
(Vehar, 1984) and their low half-life (Ludlam, 1995), recombinant coagulation factors are mainly
expressed in mammalian cells, where CHO cells besides Baby Hamster Kidney (BHK) cells have been
implemented as a reliable expression system based on their low proteolytic activity, the ability to secrete
the target product into the medium, and the low risk of infection with human viruses (Kuplove, 1994;
Adamson, 1994).

The expression of instable proteins such as coagulation factors necessitates an adapted cultivation
mode considering the need of high volumetric productivity (VP) and rapid purification of the target
product. A proposed method for the production of these difficult-to-express proteins is the application of
perfusion cultures which are characterized by a continuous in- and outflow of fresh and spent medium,
respectively. By introducing an appropriate cell retention device, which is coupled to an outflow stream, a
recirculation of cells into the bioreactor is feasible, which results in high viable cell density (VCD). Thus, a
higher product titer is possible compared to continuous culture (Kompala and Ozturk, 2006).
Furthermore, the removal of metabolic by-products, such as lactate and ammonium, which can
negatively affect the culture performance (Reuveny et al., 1986a; Reuveny et al., 1986 b), and a shorter
residence time of the target product in the bioreactor, where it is exposed to degradative enzymes
(Gramer et al., 1993), are advantageous effects of perfusion cultures.

For cell line and process development towards a perfusion process, the data acquisition following

Process Analytical Technology (PAT) and QbD is facilitated when the targeted perfusion mode is mimicked
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with continuous cultures so that the process is simplified and less cost intensive. A further simplification
is achieved when continuous cultures are replaced with pseudo-continuous cultures. The simplification
steps allow for a higher number of experiments at supposedly reproducible process conditions in smaller
scales. Thus, with a successive scale-up strategy, the process development pathway can be aligned and
optimized. But still, the transfer of the conditions and results from a simplified process in a smaller scale

to the actually mimicked set-up is not trivial.

Within this framework, the question how closely ATF-perfusion processes are approximated by fully
automated pseudo-continuous cultivations and continuous cultivations in smaller scale has not been
answered yet. Therefore, in this work, cultivations of CHO cells in pseudo-continuous, continuous and
perfusion mode with a stepwise increasing working volume from 15 mL to 5L in different bioreactor
systems were executed, in order to identify similarities and differences in cell culture performance. The
used bioreactors included the 15 mL Advanced Microscale Bioreactor (ambr™) system (Sartorius Stedim
Biotech S.A., France), the 1 L DASGIP Parallel Bioreactor System (Eppendorf, Germany) and the 5L
Sartorius BIOSTAT® B-DCU system (Sartorius Stedim Biotech S.A., France) with an ATF2-system
(Repligen, USA).

To assess the question of transferability, several factors have to be considered and several
experiments have to be executed. First, to compare cell culture performance between the systems, a
suggested scaling parameter has to be chosen. Then, in order to understand the impact of the different
scales, bioreactors and operation modes on cell culture performance, preliminary experiments have to be
conducted. In this case, the variation of the defining operation mode conditions within one set of
bioreactor system will provide the necessary information. Possible differences can then be attributed
solely to the operation mode. Furthermore, the role of general process conditions that are influenced by
the bioreactor system design will be examined in this work for the classification of their effect on cell
culture performance. The preliminary experiments will provide additional resolution power to locate
sources of possible differences.

To assess the question of how closely the simpler culture systems approximate ATF-perfusion
processes, additional experiments are necessary. In order to generate a basis of comparison and to
evaluate possible limitations of the proposed approach, mammalian cells will be cultured at different
operating points in all three systems. The obtained critical process parameters (CPP) from these
cultivations will be compared based on the proposed scaling-parameter. Moreover, the suitability of the
scaling-parameter is to be critically questioned by comparison with other appropriate parameters.
Furthermore, bioreactor system specific influences on the outcome of this study will be evaluated. This is
especially relevant regarding the additional cell retention system in continuous perfusion cultures.
Ultimately, the feasibility of simpler small-scale bioreactor systems to approximate CHO ATF-perfusion
processes will be evaluated. Possible differences can then be attributed to the scale, bioreactor system,

operation modes, or general process conditions.
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2 Theory

In Global Research at Novo Nordisk A/S in M3lgv, Denmark, one pillar of the research interest is the
development of perfusion processes for the production of therapeutic proteins targeting bleeding
disorders. A final production method for a target product at Novo Nordisk A/S is perfusion cultivation
using the Alternating Tangential Flow (ATF) system. In general, large-scale perfusion processes have to
be controlled at optimal set-points, which often form a reasonable compromise between optimal process
parameters for the chosen cell line and the special characteristics of a large-scale cultivation, where
diminishing economic risks, such as production downtime is essential (Werner, 1991). Thus, a choice has
to be made in order to combine good volumetric productivity and stable process characteristics.

Recent initiatives, like QbD and PAT, aim for an improved process understanding by comparing as many
culture parameters as possible, which leads to a consolidated knowledge about the cell line and its
physical, chemical, and mechanical requirements at the very beginning of the process development
chain. The comprehension of cell culture parameter interaction is particularly important for the actual
production process, where CPP have to be defined. The quality initiatives that commence in the Research
and Development (R&D) area result in a high number of experiments that have to be conducted even
when using Design of Experiments (DoE) strategies. Due to economic reasons and time limitation,
identifying and comparing these parameters is not possible by conducting experiments in production
scale. Therefore, mimicry of large-scale cultivations is performed in simpler small-scale equipment.
Often, these processes are already operated in continuous cultivation mode (Heath and Kiss, 2007;
Fernandez et al., 2009). The method of using non-controlled small-scale systems provides a first
approach for executing a high number of experiments since these systems are easier to handle and the
set-up is less time-consuming. Routine experiments in process development are executed mostly in
shake flasks (Buechs, 2001), which, as well as roller bottles or micro well plates, do not possess direct
sparging or pH control. Eventually however, the tested process conditions have to be transferred to
systems with active control systems, in order to simulate process conditions in industrial stirred tank
bioreactors (STR). This transfer from uncontrolled, non-sparged shake flasks and micro plate wells to the
conditions in a STR can often lead to changes in cell culture performance (Hewitt and Nienow, 2007).
Newly developed controlled small-scale bioreactors could substitute uncontrolled culture systems. With a
similar control capability as bench-top bioreactors, they may help to diminish the alterations during the
transfer and could be used for fast and extensive data acquisition.

In Figure 2-1, the traditional and a newly proposed simplification of perfusion processes in lab- and
small-scale and the application of these systems during process and cell line development are illustrated.
Within the cultivation systems tested, the most accurate simulation of production-scale cultivation is
achieved by using the Sartorius bioreactor system including a 5 L bioreactor with an ATF2-module for cell
retention. The DASGIP bioreactor system, operated in continuous mode, allows an advanced investigation
of culture conditions and screening operations in bench-top bioreactor scale. The multi-parallel
arrangement and the compactness of the system enable the execution of a high number of experiments

already in normal lab-scale dimensions. For a further simplification, bench-top bioreactors are replaced
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Figure 2-1: A: Simplification of a lab-scale ATF-perfusion process. Shake flasks are replaced with the ambr™
system for better process control possibilities. B: Exemplary cell line screening and process development stages with
the use of the proposed simplification step. Clone selection is started in a pre-screen (284 well plates, 96 well-plates,
DW= deep well plates, SF= shake flasks). The selected clones are subsequently tested for different CPP which are

included in the process development strategy.
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with the ambr™ bioreactor system which is a novel automated small-scale bioreactor system that can be
operated in pseudo-continuous mode. Thereby, the potentials of convenient, disposable, easy-to-use
equipment and controllable process conditions for a better understanding of mammalian cell cultures are
combined.

Due to the different dynamic behaviors of the systems, a characterization based on a straightforward
comparison via direct culture parameters, such as VCD and product concentration, might be imprecise,
because the flow rates into and out of the system are not taken into account. These flow rates are not
the same for perfusion and continuous cultivation. Cell specific rates, e.g. the cell specific growth rate,
include these flow rates and therefore form a better basis of comparison. An approach to compare
continuous and perfusion mode cultivation by specifically looking at the environmental conditions of every
cell in the bioreactor is the use of the cell specific perfusion rate (CSPR) as proposed by Ozturk et al.
(Ozturk et al., 1996). Few authors have been evaluating the effect of CSPR on the cell specific rates in
perfusion cultures or even comparing different operation modes based on these parameters. Henry et al.
compared pseudo-continuous, continuous and perfusion cultures and indicated a dependency of cell
specific rates (whereas the dependency on the growth rate was not described) and the CSPR (Henry et
al., 2008). However, for these experiments the same non-instrumented culture vessels were used, so
that a generalization of the results to various instrumented bioreactor types with active process control is
not guaranteed. Zeng et al. showed, by reviewing continuous and perfusion cultures from other
researchers, that a correlation between CSPR and the cell specific growth rate was observable (Zeng et
al., 1998). The obtained values for CSPR and the growth rate are not applicable for the transfer of CPP
though, since different cell lines, media compositions, and bioreactors were used.

In order to elucidate the applicability of a transfer of process conditions between scales and operation
modes, various interacting fields of biotechnology have to be considered when planning the experiments
as well as describing and evaluating the results. In this chapter, an overview about technological and
biological influences that were key tasks during this project are presented and introduced. In this
framework, a balanced decision between the informative value and the significance of these influences for
the processes has to be made. A central role for the outcome of a cell culture process is linked to
bioprocess technology but also the cells’ physiology. Thus, both the global and the local cellular level
were included for the design and evaluation of the experiments. By focusing on the major determinants
of a cell culture process, a basis was created that allowed to compare a high number of experiments with

a sufficient resolution.

2.1 Pseudo-continuous processes with the Advanced

Microscale Bioreactor (ambr™)

In small-scale cultivation systems, perfusion or even continuous cultivations are not feasible due to
physical limitations. Therefore, a simplification of these process modes by implementing a pseudo-
continuous mode can be conducted, which should presumably result in the same output since the

definition of a continuous culture is maintained. Here, a constant flow and a constant volume are replaced
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with an exponentially increasing flow and an exponentially increasing volume yielding in the same
constant dilution rate. After a defined interval, a fraction of the cell suspension is discarded to prevent an
overflow of the culture vessel. Figure 2-2 shows the concept of a pseudo-continuous process.

Beneath a critical interval length for the replacement of cell culture, VCD and specific rates are very well
comparable to continuous processes (Westgate and Emmery, 1989; Leno et al., 1991). However, at high
dilution rates and hence a large volume exchange pseudo-continuous culture is reported not to be a good
approximation of continuous culture (Henry et al., 2008). Because of the simplicity in process control,
pseudo-continuous processes provide an interesting model for cell culture processes in the early stage of
process development in bioprocess engineering. By replacing highly instrumented and highly controlled
processes, e.g. high cell density perfusion cultures with pseudo-continuous cultures, a basis for the
understanding and optimization of the former can be constituted. Perfusion processes are moreover
linked to higher operating expenses owing alone to the scale in which they can be executed or to
additional equipment such as cell retention devices. This makes pseudo-continuous processes an
appealing cost-effective alternative for researchers. Regarding the QbD and PAT initiatives, the demand
for convenient pseudo-continuous systems is stimulated since this method of operation can be conducted
in small scales. Scale-down for pseudo-continuous processes is easily performed, whereas perfusion and
chemostat cultures are limited either by scale-down feasibility of the cell retention device or imprecise
pumps. Small-scale pseudo-continuous systems with a working volume in the milliliter range could
therefore be used for the first stage in process development. This system could be aligned towards a fully
functional and robust continuous or perfusion process when there is a need for a high number of
experiments due to e.g. cell line screening. Furthermore, the combination of pseudo-continuous and
small-scale bioreactors bypasses the higher labor costs of lab or large scale processes and therefore
offers a promising method towards a better process understanding.

Recently a new small-scale system was implemented as a useful research tool for multi-parallel and
automated cultivation of mammalian cells. The Advanced Microscale Bioreactor (ambr™) system
(Sartorius AG, Germany) consists of an automated workstation equipped with 15 mL single-use
bioreactors with 9-15 mL working volume for mammalian cells. The micro-bioreactors contain an agitator
shaft with impeller blades, pH and pO, sensors, a sparge tube and a removable vessel cap for liquid
handling. For an automated determination of the cell concentration a CEDEX HiRes (Roche Diagnostics,
Germany) can be connected. The withdrawal and addition of liquids is performed by an automated,
programmable liquid handler (LH) which is able to pipette defined amounts of volume. The ambr™
workstation is placed in a laminar downflow (LAF)-bench to ensure a sterile environment. The whole
cultivation process can be programmed, including feeding profiles, in advance with the ambr™ control
software. Operational action during the cultivation is only needed to replace pipette tips, media and
waste containers. In Figure 2-3, the ambr™ workstation and the corresponding single-use ambr™ vessel
are displayed.

By using this system, gross errors by executing personnel are diminished, a faster workflow can be
achieved and multi-parallel comparative cultivation processes can be performed. It has been shown that
cultures run with the ambr™ system show a similar outcome for cultivated mammalian cells to lab STRs
with working volumes up to 200 L (Nienow et al., 2013; Rameez et al., 2014). It has to be highlighted

that with this implementation up to 48 parallel cultivations are possible. Such a high number of experi-
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Figure 2-2: Definition and comparison of a classical continuous and a pseudo-continuous culture. Adapted from
Heitmann (2013).
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Figure 2-3: A: Fully equipped 15 mL ambr™ 24 workstation with bioreactor vessel (front). Plates for liquids are in
front of the culture stations (CS) where the bioreactors are placed. The ambr™ 48 workstation is exhibiting space for 2
additional CS and 2 deep well plates. B: Liquid handler (LH) picking up a lid from a deep well plate. C: LH picking up a
pipette. Images were retrieved from www.tap-biosystems.com and were adapted.
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ments can be rarely executed by a single operator when conventional small-scale systems such as shake
flasks are used. Moreover, the introduction of a small-scale system with controlled agitation and aeration
conditions is avoiding further problems normally encountered when a transfer of process conditions
between different operation modes is intended. Thus, the ambr™ represents an elegant tool for process
development and an improvement compared to the conventional use of shake flasks (Zupke et al., 2012;
Carpio et al., 2012; Casipit et al., 2012; Hsu et al., 2012; Nienow et al., 2013).

2.2 Continuous processes or chemostat with DASGIP

bioreactors

Continuous or chemostat processes are characterized by a constant flow into and out of the bioreactor
vessel at which the working volume does not change. Thereby, spent medium, cells, target protein and
toxic byproducts are removed from the system and at the same time the culture is supplied with fresh
nutrients. The chemostat is operated at certain dilution rates (D) which should be set below the critical
dilution rate, D¢, where a wash-out of cells occurs (Narang, 1998).

In research, continuous processes are widely used for the production and investigation of difficult-to-
express proteins. These proteins require a certain mode of cultivation since either the used host system
is producing low target protein titers, the protein is instable, or it exhibits an auto-inhibiting effect. Blood
coagulation factor VIII serves as a paradigm and has been successfully licensed as one of the proteins
produced with continuous cultivation (Bodeker, 2013). Alternative production methods like fed-batch
processes, though exhibiting high product titer, are of relatively short duration and feature long residence
times. With continuous processes, residence time can be altered by choosing an appropriate dilution rate
and the process can be maintained long enough to produce a desired amount of protein. Additionally,
continuous processes allow the use of smaller bioreactors compared to fed-batch cultures (Kadouri and
Spier, 1996), thus saving space. However, addressing the question which process mode to choose solely
based on product titer has become redundant. The matter should rather be considered based on the type
of target protein and its special requirements for production (Konstantinov et al., 2006). The major
advantage of continuous cultures over fed-batch cultures lies in the ability to provide a constant
environment for the cells and thus a controllable process. Especially in the R&D environment, continuous
processes have been used to study the cell culture behavior under defined conditions (Miller et al., 1988;
Hiller et al., 1991; Berrios et al., 2011). The alteration of a variable in steady state conditions, where all
parameters are static, allows for an easier evaluation than in dynamic systems such as fed-batch
processes. Continuous processes, in contrast to pseudo-continuous processes, are limited by the
availability of precise pump systems which determine the lowest possible flow rate and thus the scale of
the used bioreactor. The DASGIP Vessel Type DS10000DSS (Eppendorf AG, Germany) used during this
project is a conventional glass bench-top bioreactors that can be operated in parallel with the DASBOX
control unit allowing 8 cultivations at the same time. The unit is complemented by a peristaltic multi-
pump system and apparatuses for gassing, agitation and temperature control. These units are connected

to a computer with installed software for sensor calibration and for control of the cell culture process. The
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1 L working volume of the DASGIP bioreactors should permit a sufficiently precise regulation of the
dilution rate when using peristaltic pumps. The DASGIP continuous cultures were used in order to
introduce a transition between the fully automated pseudo-continuous ambr™ cultures and the ATF-
perfusion cultures with the Sartorius B-DCU system. In Figure 2-4, the DASGIP bioreactor system is

shown.

Figure 2-4: DASGIP bioreactor system. On top, gassing, temperature, pH, stirring, and pump modules are displayed.
These are controllable in remote mode with the DASGIP software on a linked PC. The bioreactors are placed in a
container and are connected to PC (bottom) and modules. Images were retrieved from www.eppendorf.com and were
adapted.

2.3 Perfusion processes with 5L-Sartorious BIOSTAT®
B-DCU bioreactors and Alternating Tangential Flow (ATF)
systems (ATF-perfusion)

A disadvantage of continuous processes that has often prevented its use for the production of
pharmaceutical proteins is the low volumetric productivity combined with the necessity of higher
instrumentation control compared to fed-batch processes. However, the advantageous features such as
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low residence times for proteins and a theoretical long term consistent production are desired attributes
for bioprocesses. The improvement of continuous processes by introducing cell retention devices in order
to achieve high cell densities, and thus higher product titers, led to the implementation of perfusion
processes as a promising cultivation mode for the production of biopharmaceuticals (Ozturk et al., 1994;
Dowd et al., 2003; Konstantinov et al, 2006). In the case of the production of unstable proteins,
perfusion cultivations are favored over other modes since they result in a better product quality
(Choutteau et al., 2001). In R&D, perfusion cultivations can also be used to quickly establish a working
cell bank or high cell density seed trains, thus reducing labor costs (Clincke et al., 2013). During
perfusion processes a fraction of the cell suspension is led through a cell retention device which separates
the cells from the medium. The cells are recirculated to the cultivation system whereas the cell-free
medium is discarded as a harvest stream. Additionally, to assure high cell viability and preventing the
accumulation of dead cells, a fraction of the cell suspension is discarded via a cell discard or bleed stream
(Banik and Heath, 1995a, Banik and Heath, 1995 b; Castilho et al., 2002; Hiller et al., 1993; Ozturk et
al., 1997; Mercille al., 2000; Dalm et al., 2004).The centerpiece of a perfusion system is the cell
retention device which determines the performance of the perfusion process. Many different designs have
been tested including external and internal cell separation. Spin filters and membrane systems are known
to exhibit a low cell retention efficiency at high cell densities because of clogging and fouling, whereas
gravitational and centrifugal systems show reduced efficiency at high volumetric flow rates (Ozturk et al.,
1996).

The hollow-fiber membrane based ATF-system (Repligen, USA) supposedly minimizes the membrane
associated clogging and can be operated at relatively high flow rates. The ATF-system consists of a
metallic sphere that is divided into two chambers by a silicone diaphragm. The upper chamber is
connected to a hollow-fiber cartridge which in turn is connected to the bioreactor. The lower chamber of
the sphere is connected to the ATF-controller which alternately builds up overpressure and a vacuum by
discharging or aspirating air, respectively, from the chamber. Because of the pressure change the
diaphragm moves up and down, thus creating a flow from and to the metallic sphere. Hence, the cell
suspension in the bioreactor is alternately drawn in the hollow fiber module and extruded again. The
permeate site of the ATF-systems’ hollow fiber module can be connected to a harvest pump. During the
extrusion of the cell suspension, the applied harvest flow rate is the driving force for the separation of
parts of the medium from the cells. The cells and the remaining medium within the hollow fibers are
flushed back to the bioreactor. During the suction, cells that might be attached to the membrane are
carried along with the incoming cell suspension, thus generating a cleansing effect. The frequency of the
cycle can be individually chosen. The advantage of the ATF-system over other cell retention devices is
linked to the cell-free harvest stream with long term operation ability. CHO cell densities of over
80-10° cellssmL? to over 100-10° cellssmL! can be achieved in ATF perfusion cultivation (Marx, 2012;
Clincke et al., 2013), thus surpassing other membrane based retention systems (Castilho and Medronho,
2002). Additionally, the ATF-system can be purchased in different scales so that up-scaling of
bioprocesses can be easily conducted. However, product binding to the hollow-fiber membrane at low cell
viability has been observed (Robin, 2013). The ATF-system can be easily connected to conventional 5L-
Sartorius bioreactors which in turn can be controlled by a BIOSTAT® B-DCU unit. Additional MFCS/win®

software allows a more sophisticated perfusion process design. Processes operated with this set-up are
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denominated ATF-perfusion in this work. The ATF-perfusion platform is the last step in the Cell Culture
Technology department at Novo Nordisk A/S before the perfusion processes are transferred to bigger

scales in other subsequent departments.
In Figure 2-5, the 5 L Sartorius bioreactor with the control unit and the ATF2-system are displayed.

The principle of operation of the ATF-system is illustrated.

Flow through _ Flow through

fibers: separatlor) fibers: backflush of

of cells and media cells and cleansing

Diaphragm —e— Diaphragm

moves up ? N gas in-flow moves down gas out-flow

Figure 2-5: 5 L Sartorius bioreactor with B-DCU control tower and ATF2-system. The mechanism of cell retention of
the ATF-module is depicted below. The two sequences, left and right, are repeated alternatingly. Images of the
bioreactor and the DCU were retrieved from www.sartorius.com, the image of the ATF2 system was retrieved from

www.refinetech.com. Both were altered.
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2.4 Physiology of Chinese Hamster Ovary (CHO) cells in

culture

Many factors influence the cell culture performance of CHO cells. These factors include, amongst others,
physicochemical parameters of the ambient cell culture environment as well as nutrient and metabolite
levels and composition in the cell suspension. In the following section factors that differed or have been
actively changed between the different experiments are briefly described and their effects on CHO cell

physiology are portrayed.

2.4.1 Effect of nutrients and metabolic byproducts

The main carbon sources in conventional mammalian cell culture media are glucose and glutamine.
Glucose is metabolized via the glycolysis pathway in the cytosol and serves as an energy source for CHO
cells. Glucose is transported into the cells with the help of membrane protein transporters and is
subsequently phosphorylated by hexokinases in the cell cytoplasm to glucose 6-phopshate where it is
further converted via several intermediates to pyruvate (Godia and Caird, 2006). Pyruvate can follow two
different reaction pathways. One is the direct conversion to lactate by lactate-dehydrogenase, where
nicotinamide adenine dinucleotide is oxidized from its reduced form NADH to NAD* which is reused for
the glycolysis pathway. The other pathway requires the transport of pyruvate into the mitochondria
where it is converted to acetyl coenzyme A (Acetyl CoA) and is afterwards introduced into the
tricarboxylic acid cycle (TCA). Although less energy is generated during the first reaction pathway (Godia
and Caird, 2006), the second reaction pathway is not preferably used by CHO cells and other
immortalized cells or tumor cells (Zhou et al., 2011). This behavior is attributed to the deregulated
metabolism of immortalized cells (Garber, 2006) which results in a faster glycolysis (Moreno-Sanchez et
al., 2007). Thus, glucose is converted to a great extent to lactate and is not introduced via Acetyl CoA
into the TCA. Therefore, CHO cell cultures also require glutamine as a second nutrient source which is
essential for the TCA (Reitzer et al. 1979).

Glutamine is transported into the cytosol via unspecific amino acid transport systems (Gédia and
Caird, 2006). For the incorporation into the TCA, glutamine is converted to glutamate at the
mitochondrial membrane by phosphate activated glutaminase (PAG). During this process ammonium is
released. Glutamate is then transported into the mitochondria and interconnects with the TCA mainly at
two points. It is converted by glutamate dehydrogenase to a-ketoglutarate which is part of the TCA.
Here, another ammonium molecule is formed. This process is reversible, so that glutamate can also be
formed from a-ketoglutarate. Glutamate is also generated during the translocation of electrons across the
mitochondrial membrane with the malate-aspartate shuttle. In an intermediate step aspartate is
converted to oxaloacetate, which is part of the TCA, by aspartate aminotransferase and, simultaneously,
glutamate to o-ketoglutarate. Therefore, glutamate has to be regarded both as a substrate and a

product. An important function of the malate-aspartate shuttle is the regeneration of NAD" which is
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reused in glycolysis. A deregulated malate-aspartate shuttle results in a higher conversion of pyruvate to
lactate in order to regenerate a sufficient amount of NAD* (Lu et al., 2008).

An efficient metabolism, i.e. feeding glucose via pyruvate into the TCA, can lead to energy in the form
of 32 adenosine triphosphate (ATP) molecules in contrast to only 2 ATP when pyruvate is converted to
lactate. However, not only the glucose metabolism but also the glutamine metabolism is deregulated
(Godia and Caird, 2006). This inefficiency results in a high accumulation of lactate and ammonium which
might have detrimental effects on cell culture performance. Effects on hybridoma and CHO cell growth
have been observed at lactate concentrations above 40 mM and ammonium levels starting from 2-4 mM.
(Ozturk et al., 1992; Lao and Toth, 1997; Altamirano et al. 2013). The adverse effect of lactate on cell
growth is caused mainly by a reduction of pH of the medium and an increase in osmolality (Cruz et al.,
2000; Altamirano et al. 2013), whereas the precise mechanism of ammonium toxicity is unclear
(Altamirano et al, 2013).

2.4.2 Effect of pH

In cell culture, the pH has to be controlled in an optimal range since pH significantly affects cell growth,
protein production and cell metabolism (Kurano et al. 1990; Borys et al. 1993; Miller et al., 1988; Link et
al., 2004; Yoon et al., 2005). Normally, the pH is controlled within a dead-band around the set-point
value. Due to the inaccuracy of the online and offline sensors for pH and the system’s time response, a
typical variation of £0.1 pH units is considered acceptable. Bicarbonate and CO, are often used to control
pH. pH excursions from this range can influence cell culture performance severely. Shifts of 0.2 pH units
have been observed to increase transient apoptosis in mouse myeloma cells (Osman et al. 2001) and to

alter the metabolism of CHO cells (Trummer et al. 2006).

2.4.3 Effect of carbon dioxide

Carbon (CO,) dioxide is a catabolic product of the cell metabolism and as previously mentioned used for
pH control. In solution, carbon dioxide is hydrated to carbonic acid which dissociates to bicarbonate and

hydrogen ions

CO,+H,0 ¢ H,CO3 © HCO3 +H". 2-a

Since CO, is in equilibrium with bicarbonate, an excess of CO, leads to an acidification of the cell
culture. The addition of base for pH control would lead to a desired reduction in pH but at the same time
to an increased osmolality since the equilibrium in reaction (2-a) is driven further to the right (de
Zengotita et al., 1998). The high osmolality in turn can have negative effects on the cell culture
performance (Kurano et al., 1990; Ozturk and Palsson, 1991). Sufficient ventilation of the culture system
via the gas flow rate is therefore essential to remove excess CO, (Aunins and Henzler, 2008). The CO,

partial pressure (pCO;) has to be kept in a certain range, because cells also consume CO, for the
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synthesis of pyrimidines, purines and fatty acids (deZengotita et al., 1998). The optimal level of pCO, is
40-50 mm Hg (Gddia and Caird, 2006). Levels of more than 120 mmHg have been shown to inhibit cell
growth of CHO cells (deZengotita et al., 1998).

2.4.4 Effect of osmolality

Osmolality describes a solution’s osmotic pressure and is an important process parameter for mammalian
cell culture. Osmolality has an effect on cell size, since water can easily pass the cell membrane via
aquaporins and water channels (Verkman et al., 1996). A static description of the dependency of cell
volume and osmolality is futile, because volume regulatory pathways are induced when CHO cells are
cultured under osmotic stress (Sarkadi et al., 1984). The effect of osmolality on cell culture performance
and morphology has been intensively studied under hypo- and hyperosmotic conditions (Ozturk and
Palsson, 1990; Takagi et al., 1999; Lee and Lee, 2001; Kim and Lee, 2002; Kiehl et al., 2011).
Therefore, media with a range of 270-330 mOSm-kg™! are used which is acceptable for most cells (Zeng
and Bi, 2006). Hyperosmotic conditions can be generated by base addition and CO, input which are
linked by equation 2-a. The individual contribution of each factor on cell culture performance is therefore
difficult to separate during cultivations. Studies specifically dedicated to elucidate particular effects of
osmolality and pCO, by decoupling these parameters showed that pCO, and osmolality contributed to
growth inhibition in a dose-dependent manner and had synergistic effects with osmolality (deZengotita et
al., 1998).

2.5 Parameter for the comparison of different process

modes, scales and bioreactor constructions

Commonly, cell culture performance is assessed by obtaining primary cell culture parameters, e.g. cell
concentration and viability as well as metabolite and product concentrations. A comparison of different
cell culture processes based on these values is possible as long as the employed mode of operation, the
scale and equipment is identical or similar. The direct comparison of continuous and perfusion cultures
based on VCD is not feasible since the perfusion set-up results in higher cell concentrations. Therefore, in
this work, another set of parameters for comparison has to be applied. In this case specific metabolic
rates provide a more uniform approach. Here, a relation between primary parameters, the set dilution
rate and, most often, the viable cell concentration is established, thus regarding the time-dependent
state of a single cell (see chapter 2.5.1). The utilization of specific rates permits the observation of
individual cells and their environment rather than monitoring a cell population. This cell status is
applicable for comparison across scales, process modes and bioreactor constructions (Ozturk, 1996;
Konstantinov et al., 2006). However, problems can occur because of inaccurate and time-delayed
measurements of metabolites and product concentrations which result in fluctuation of specific rate

values.
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For continuous or perfusion processes a relatively easy obtainable and sufficiently accurate specific
rate is the CSPR. The CSPR is the quotient of the dilution rate D and VCD of the culture process and
describes the fraction of supplied medium per cell and day, comprising all medium components in a single
entity. The dilution rate can be easily controlled with adequate and precise pumps, whereas automated
VCD measurement with a cell counter diminishes subjective errors. Thus, compared to metabolite specific
rates, the instrumentation efforts to change and control the CSPR at certain set points are relatively low.

The CSPR has been suggested by several authors as a promising variable for the control and design of
robust perfusion cultivation processes (Ozturk et al., 1996; Zeng et al., 1999; Konstantinov et al., 2006).
Based on the assumption that the metabolic phenotype of the cells does not change over time and
medium composition is sustained, consistent production of recombinant protein can be achieved, if the
CSPR is maintained constant (Ozturk et al., 1996). The CSPR can also be used in order to optimize
protein production, as proposed by Konstantinov et al. (Konstantinov et al., 2006). According to
Konstantinov et al., the CSPR can be pushed towards the minimal CSPR (CSPR,,,) which still allows a
robust process. This is either achieved by keeping the cell density constant and lowering D, or by keeping
D constant and increasing the cell density. With a bleed rate or cell discard rate the cell density can be
varied, thus only the modulation of pumps is necessary. In both cases high fed-batch like protein titers
should be achievable, whereas in the latter case also a higher volumetric productivity (VP) is predicted.

Finding the optimal CSPR for protein production in perfusion mode is time and cost intensive, so that
simpler scale-down models which are mostly operated in continuous mode are preferable. By including
two parameters, D and VCD, that directly affect substrate consumption and product formation, the CSPR
offers the possibility to control a biological system across different process set-ups, so that a transfer of
culture conditions can be performed with fixing the CSPR to certain set-points. As the CSPR of perfusion
mode processes is linked to the bleed rate and harvest rate, whereas the CSPR of continuous mode is
linked to the bleed rate alone, it is fundamental to determine whether the same effect on cell culture
parameters can be observed. Few authors have been examining the correlation between CSPR and cell
specific rates in different bioreactor set-ups. Their results demonstrate dependencies of various rates on
CSPR. In connection with this thesis however, some questions were not addressed. In their work either
the same, not fully controlled bioreactor systems (Henry et al., 2008) or processes with fundamentally
different origins which resulted in large variations (Zeng et. al, 1998) have been evaluated and
compared. Hence, the evaluation of the effect of CSPR on cell culture performance across scales,

bioreactor systems and operation modes needed to be assessed.

2.5.1 Interconnection of dilution rate, cell specific rates and Cell Specific
Perfusion Rate (CSPR)

The mathematical model for the calculation of the specific rates are substantially similar for pseudo-
continuous, continuous and perfusion process cultivations. All models assume a constant reaction

volume, V., over time or at fixed volume reduction time points,
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V() = Fin(t) — Foue () = 0, 2-b

where the variation over time, specified with in- and outflow rates, is 0.

The volumetric input flow rate F;,,
Fin(t) =Ffeed(t)+FB(t)+FAF(t)r 2-C

includes the volumetric inflow rate of the medium, Freq, the titration rate for base, Fg, and the addition of
antifoam Far.
The volumetric output flow rate Fg,

Faut(t) = FBleed(t) + FHarvest(t)/ 2-d

is made up of the cell discard or bleed flow rate, Fgieeq, and the harvest rate, Fuanest. The sampling flow
rate, Fs, is included in Fgeeq. Due to the missing cell retention, Fy equals 0 in continuous and pseudo-
continuous cultures. Here, only the bleed and sampling rate comprise the outflow rate.

Based on these assumptions, the dilution rate D,

_ Foue(®)
by = | AGN

can be defined as the quotient between the volumetric output flow and the liquid reaction volume.
These parameters are used to describe the mass balances in the bioreactor. The balance of the cell

mass, My, in the liquid reaction volume,

F ee
iy (t) = _B]l/Tigt) sy () + p -y (8), 2-f

comprises cell growth, y, and the removal of cells with the bleed rate. The transformation to a

concentration balance requires the consideration of
my (t) = cx () - Vi (6) 2-g
and its derivative
titg (t) = Cxp(t) - Vi (£) + ¢y (£) - Vi.(8). 2-h
Combined with equation 2-b the balance for the cell concentration, cx_ or VCD, can be denoted as

~Ioteed® ) () + (D) - exu (B)

CxL (t) = V() 2_|
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During steady state the balance can be solved to the cell specific growth rate, y,

_ Fpieea(t)
u(e) = Wl

which is only dependent on the bleed rate, Fgeq, at constant VL. Thus, when considering the continuous

2-j

cultivation mode and equation 2-d and 2-e, a dilution rate that is higher than the achievable maximum
specific growth rate leads to cell wash out. Similarly, a dilution rate below the minimum specific growth
rate or maintenance growth rate does not allow a continuous cultivation.

The same method can be applied for the concentration balances of the substrate concentration in the

liquid reaction volume cg,

s, = D(t) - (csp — Cs1) — qsyx () - cxu, 2-k
which consists of the dilution rate, the substrate concentration of the medium reservoir, csg, the cell
specific substrate uptake rate, qs;x, and the cell concentration. In steady state, transposing the substrate

concentration balance leads to qgs/x,

D(t) - (csp — Cs1)

cx () 2!

qs/x(t) =

From equation 2-k it is apparent that a higher dilution rate leads to a higher cell concentration at

steady state condition when the cell to substrate yield yy/s,

__h@® i
yxs(t) = 5D’ 2-m

remains constant. However, as mentioned before, a dilution rate higher than the maximum growth rate

would result in cell wash-out.
A similar approach provides the balance for the product concentrations cp,
¢pp = —D(t) - cpr + qpyx(t) * Ccxp, 2-n
and the cell specific production rate during steady state qp/x,

D .
qp/x(t) = %- 2-0

Based on the equations above, the volumetric productivity VP,

VP(t) = D(t) - cpr(£) = qpx (L) - cx, (1), 2-p
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can be calculated.

The yields for the turnover of a substrate into a metabolite, ys,p, can be easily derived from qgs/x(t) and

ge/x(t):

qs/x(t)
= . 2_
YSIP = 4o a
The calculation of the cell specific perfusion rate CSPR,
D(t)
CSPR(t) = , 2-r
® cx (t)

illustrates the difference of continuous and perfusion process cultures, when equation 2-d is considered.
For perfusion cultures, both the bleed and harvest flow rate have an effect on the CSPR, whereas for
continuous cultures only the bleed flow rate has an impact.

The relationship of CSPR and growth rate during steady state can be represented when equation 2-j is

transposed and inserted in equation 2-r:

u(t)

CSPR(t) = ——.
® cx (t)
Thus, at steady state a linear relationship between CSPR and p is to be expected. Furthermore, CSPR has

an effect on specific rates such as substrate uptake rates,

Csr (8) + qsyx () - cx (8)

[esr(t) — 51, ()] - cxp () 2t

CSPR(t) =

and product formation rates,

—Cp(t) + qpx(t) - cxp,(t)
cpL(t) - cx (1)

CSPR(t) = . 2-u

where also linear relationships at steady state can be assumed.

2.6 Scale-Up/Down parameters

The use of different bioreactor systems is usually an obstacle in process development towards industrial
scale applications. Normally, due to the high number of experiments, systems that are easy to handle
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and do not require process variable feedback control are used in the initial stages of screening for highly
productive clones and optimization of process conditions. Successive scale-up is then carried out with the
aim to transfer the identified optimized cell culture characteristics to large-scale industrial stirred tank
bioreactors. Here, not only the applied working volume for cultivation changes but also geometrical and
physical characteristics of the cultivation systems, so that a linear scale-up is not applicable (Marques,
2010). Parameters that have to be usually considered during scale-up for production purposes, such as
pH and temperature, can be easily controlled and modulated in lab-scale. These factors have only a
significant impact in ranges above lab-scale bioreactors where mixing is considered a major task (Lara,
2006). Since this thesis is only focusing on culture volumes below 5L, scale-up methods towards
industrial scales are not further discussed and can be found elsewhere (Nienow et al., 1996; Schmid,
2005). However, when focusing on the critical process parameters that have to be maintained throughout
the scale-up to support a certain cell environment, much attention has been paid to oxygen supply.
Assuring a sufficient oxygen supply by an adequate oxygen concentration in the liquid phase is of crucial
importance for animal cell cultures (Trummer et al., 2006a). The oxygen transfer rate OTR, which
describes the transfer of oxygen from the gas to the liquid phase, is proportional to the volumetric mass
transfer coefficient ki a. This parameter in turn is dependent on geometrical characteristics of the used
bioreactor as well as the modulation of e.g. stirrer speed (Van't Ried, 1979). Van't Ried proposed the

following relation between the k_a value and characteristic vessel parameters:
P a
kia=K- (—) NCALE 2-v
VL

with K, o, and B being constants. P is denoted as the gassed power input, V,_ as the liquid volume, and v

as the superficial gas velocity. Thus, it can be inferred that the k,a can be maintained in different

bioreactor vessels to ensure sufficient oxygen supply by keeping the volumetric power input(VPI), Vi, and
L

the superficial gas velocity vs constant (Xing et al. 2009). These parameters are defined as

P _Np-N°-D°p

— 2-w
VL VL
with the power number of the vessel configuration, Np, the stirrer speed, N, the impeller diameter, D;,
and the density of liquid in the vessel, p, and
F,
vg = ﬁ 2-X

with the volumetric gas flow, Fg, and the cross sectional area of the vessel, Ay.

Other potential scale-up parameters such as mixing time or impeller tip speed (both linked to agitation
speed) are changed by VPI and superficial gas velocity based scaling.

An appropriate k,a value chosen by a scaled superficial gas velocity and VPI does not only determine
defined oxygen concentrations in the cell culture liquid but at the same time the concentration of carbon
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dioxide which is transported out of the liquid phase. This ventilation is affected by the chosen agitation
speed and gas flow. As mentioned in chapter 2.4.3, pCO, has effects on cell proliferation and has to be
taken into consideration when applying the chosen parameters for scale-up or scale-down.

Other parameters have been proposed and studied to determine applicable scale-up criteria (Hubbard,
1987; Chisti, 1993; Varley and Birch, 1999). A summary of cultivation process parameters is given by
Schmidt (Schmidt, 2005). It has to be noted however, that no single scale-up criterion has been proven
to be superior. Thus, the choice of scale-up parameter has to be evaluated for every individual case
(Schmidt, 2005; Marques et al., 2010). In this work the VPI was used as a key parameter for scale-up.
This method was already described for animal cells (Langheinrich and Nienow, 1999) and was
recommended by the former Novo Nordisk consultant Alvin Nienow for a fed-batch cultivation strategy.

For the deployed bioreactors of this work the vessel related variables were obtained from literature or
provided by the manufacturer. Table 2-1 provides an overview of the properties of the different vessels
used during this work. Based on these parameters a scale-down approach was suggested. For the ambr™
system, the scaled airflow of 0.21 ccm was not applied, since pCO,-stripping with a constant basic airflow
of 0.1 ccm proved to be sufficient. Also, Nienow et al. (2013) reported in a thorough characterization of
the physical characteristics of the ambr™ system that the k,a is lower at a reduced sample volume of
13 mL. Since a pseudo-continuous process was applied, the volume was increasing from as low as 9 mL
to 15 mL and higher k_a had to be assumed during periods with lower actual volume.

The values for the ambr™ marked with an asterisk (*) were retrieved from Nienow et al. (Nienow et
al., 2013). With these variables, the parameters for maintaining constant VPI and thus a constant k,a
could be calculated. Since the same medium was used for all the experiments, the density of the medium
was canceled out of equation (2-w). Combined with the fixed parameters determined by the type of
bioreactor, only the stirrer speed and the airflow at constant VPI and superficial gas velocity,
respectively, had to be changed for each bioreactor set-up. The initial values were assigned to the 5L-
bioreactor. The calculated mutual power input was with 48 W-m™ in the normal range routinely used in

animal cell culture (Nienow et al., 2013).

Table 2-1: Important vessel related variables for the three different bioreactors used for successive scale-down
calculations.

Variable Type of bioreactor
5L-Sartorius 1L DASGIP 15 mL ambr™
Working volume V| (L) 4.3 1.0 15.10°3
Impeller diameter d; (cm) 7.50 5.20 1.14"
Power number Np 1.2 1.2 2.17
Cross sectional area of the
tank A, (cm?) 201.10 83.32 4.155%
Stirrer speed (rpm) 250 283 727"
Airflow at constant v (ccm) 10.00 4.14 0.21"
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3 Materials and Methods

3.1 Cell line, Medium and Seed-culture

The cells used for this work were derived from a CHO-K1 cell line that produced a recombinant protein
with puromycin as a selection marker. The used medium was the chemically defined HyClone™
CDM4CHO™ medium (GE Healthcare, USA) which was adjusted to contain 6 mM L-glutamine. For the
seed cultures which were propagated in shake-flasks (Corning, USA), 6 ug-mL?! puromycin (Life
Technologies, USA) was added. The medium used for the bioreactor cultures did not contain puromycin.

In order to establish a cell bank (CB), a vial with 107 cells was thawed. The cells from the research cell
bank (RCB) had been stored in medium with 10% dimethyl sulfoxide (DMSO) at -196°C in liquid
nitrogen. The thawed content of the vial from the RCB was transferred to a 15 mL Falcon® tube (VWR,
USA) and centrifuged at 200 g for 5 minutes in a Centrifuge 5430R (Eppendorf, Germany). The
supernatant was discarded and the cell pellet was re-suspended in 10 mL medium with a temperature of
36.5°C. 300 pL of cell suspension was removed for cell concentration measurement with a Cedex HiRes®.
The cell suspension was then transferred to a 125 mL Erlenmeyer shake flask (Corning, USA) and diluted
to 0.3-10° cellssmL™ with fresh medium. The cell suspension was incubated in an Infors HT Multitron
shake incubator (Infors AG, Switzerland) at 140 rpm and 36.5°C at a controlled 5% CO, atmosphere.
After 72 hours, the cells were passaged to 500 mL shake flasks (Corning, USA) with an initial cell
concentration of 0.3-10° cellss-mL™ and cultured in the shake incubator at 120 rpm while maintaining the
other conditions. This procedure was repeated after 72 hours. Subsequently, 20-107 cells were
transferred into a 50 mL Falcon® tube (VWR, USA) and centrifuged at 800 rpm for 5 min. Thereafter, the
supernatant was removed and the cells were re-suspended with 20 mL medium containing 10% DMSO.
1 mL each was transferred to 20 1.8 mL Nunc™ cryogenic tubes (Thermo Scientific, USA). The tubes
were stored at -80°C for 7 days in an in-house ice chest which ensured a temperature reduction
of -1°C-h’L. Then, the cell containing tubes were transferred to a nitrogen freezer and stored for further
use at -196°C.

The thawing procedure of cells from the CB was identical with the treatment described for the RCB.
The cells were propagated in shake flasks with a step-wise up-scaling to up to 1 L working volume until
the required cell number for inoculation of the bioreactor systems was reached.

3.2 Bioreactor experiments

This section describes the general set-points for process control and methods for each bioreactor
experiment. As mentioned before, no puromycin was used in the medium for the bioreactor cultures.

Temperature was controlled for all experiments at 36.5°C. pH was controlled, unless otherwise
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mentioned, at 7.1+0.05 by addition of CO, and 1M sodium bicarbonate. The dissolved oxygen
concentration (DO or p0,) in the cultures was controlled at 40% air saturation. The values for agitation
and basic gas flow can be found in chapter 2.6 or, if varying, are noted in the corresponding results
section. Opposed to the experiments in bench-top bioreactors, the cultivations in the ambr™ system
required the addition of 20 pL 3% Antifoam C (Sigma Aldrich, USA) each day. In other systems Antifoam
was only added on demand.

Before inoculation, bench-top bioreactors were filled with phosphate buffered saline (PBS) and were
autoclaved. Subsequently, the PBS was removed and replaced with medium. Vessels for the ambr™
system were supplied pre-sterilized. After polarization of the pO,-electrodes, the medium was conditioned
to the right temperature and pH set-points. Inoculation cell density for all cultures was 0.3-:10° cells-mL™.

3.2.1 ambr™ bioreactor system

The used ambr™ system consisted of an ambr™ 48 workstation including 4 culture stations (CS) for up to
48 parallel cultivations. Cell counts were measured with an at-line Cedex HiRes® once per day. The
feeding interval, e.g. the time length between two medium feeds, was programmed for 2 hours unless
otherwise noted. Every 24 hours, the volume was reduced to the initial value. A simple algorithm was

implemented to ensure a constant dilution rate at exponentially increasing inflows and culture volume:

Vit+1) = 4Ok D.

The volume to be added at the next feeding time point, V(t+1), is the product of the volume
determined before the feeding time-point, V(t), multiplied with the constant dilution rate, D. The product
is divided by the number of feeds per 24 hours, n. The volume for each time point was recorded
automatically by the ambr™ system and used for further calculations. The final working volume, just
before the volume reduction, was set to 15 mL. Samples for substrate, metabolite, osmolality, and
protein analysis were taken from the supernatant of the harvested cell suspension that was collected

during the volume reduction step.

3.2.2 DASGIP bioreactor system

The DASGIP system was equipped with Type DS10000DSS vessels. Electrodes for pH and pO, control
were calibrated before the cultivation. The Bioreactors were connected via silicone tubing to medium
reservoirs, bleed flasks and base reservoirs. Via the integrated DASGIP pump modules (MP4 and MPS8)
medium (F;,) and base (Fg) were pumped into and cell suspension (Fpeeq) Was pumped out of the
bioreactor. The feed was controlled by a level sensor which acted as a switch for the feed pump
controller. In order to mimic the ambr™ cultures more closely, a feed algorithm was implemented so that

medium was supplied once every hour. The working volume was set to 1 L. Samples for cell count, pH
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and pCO, were taken daily with a single use syringe that could be connected via a luer-lock mechanism
to the bioreactor. Supernatant of the extracted sample was used for substrate, metabolite, osmolality,

and protein measurements.

3.2.3 Sartorius-ATF perfusion bioreactor system

The Sartorius-ATF-perfusion system consisted of a 5 L double jacketed UniVessel® bioreactor vessel, a
BIOSTAT® B-DCU control tower (both Sartorius Stedim Biotech S.A., France) and an ATF2-system
(Repligen, USA) including a 0.2 pm hollow fiber module with 850 cm? surface area.

As can be inferred from chapter 2.5.1, the ATF-perfusion process differed from the classical
continuous cultivation set-up of the DASGIP system. Inflow of medium (F;,) and base (Fg) was realized
via integrated BIOSTAT® B-DCU pumps. The bleed (Fgeeq) Was removed from the bioreactor with a
Watson Marlow 120U peristaltic pump (Watson Marlow, USA). The harvest (F4) was removed after
filtration by the ATF-system. The working volume was 4.3 L. The same sampling technique was used as
during the DASGIP cultivations.

In order to generate a higher VCD, the harvest rate was switched on after 72 hours of batch
cultivation. Earlier experiments showed that by using a ramped harvest rate, i.e. increasing the harvest
rate linearly, from an initially lower flow, Fuinit, to the set-point, Fuset, @ smooth transition and minimal
overshooting of VCD - as a consequence of the supply with fresh medium - to steady state VCD is
achieved. Thus, the time between reaching steady state and the start of the culture was minimized so
that the culture age of the cells for the three bioreactor systems was as comparable as possible. In this
case, Fuinic Was 0.50 d™! and Fyeer Was 1.25 dt. After reaching Fyee: the bleed rate was initiated.

3.3 Analytics

3.3.1 Determination of cell concentration or biomass

For the determination of the viable cell concentration, samples were taken once daily and analyzed with
an automatic Cedex HiRes® Cell Counter (Roche Diagnostics, Germany). The measurement is based on
the trypan blue exclusion staining method. Trypan blue is excluded by intact cell membranes so that
when mixing the dye with cell suspension only dead or dying cells exhibit a blue stained cytoplasm (Louis
and Siegel, 2011). The Cedex HiRes® uses an image-based counting method to determine viable and
dead cell counts. Based on the applied cell suspension volume, the cell concentration is calculated.
Additional information such as average cell diameter, aggregation rate and cell size distribution is
provided.

Given that the cell size changes over time in mammalian cell cultures, cell concentration might not be

an adequate culture parameter for the description of the state of a cell culture. The growth rate, often
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determined by the increase of cell number per volume unit, might be misinterpreted when using common
cell measurement methods. Because of certain process conditions, cells can invest energy in augmenting
the cell volume rather than in cell division. Then, the measurement of the biomass, as employed in
microbial cultures, might be a more precise measurement for determining cell growth. The viable

biomass volume VBV,

3-b

Ave()\®
).

4
including the viable cell concentration, VCD, and the average cell diameter, AVC, can be directly

calculated from the given Cedex HiRes® data.

3.3.2 Determination of substrate and metabolic turnover products

Substrate concentrations were measured either enzymatically with a CuBiAn-HT270 system (Optocell,
Germany) or with a BioProfile 100+ system (Nova Biomedical, USA). Usually the BioProfile system is used
for providing a coarse overview of substrate and metabolite concentrations. The CuBiAn was considered
to be a more sensitive analyzer so that the results of this system were primarily used for the comparison
of cell culture performance in this project (Martin Heitmann, personal communication, 14.04.2014). The
measurement principle of the BioProfile is based on the measurement of ions with ion selective electrodes
(ISE) (see Durst, 2011). In the CuBiAn, a colorimetric reaction based on the interaction of the analyte
and enzymes is measured and compared to a standard calibration curve. Unless otherwise mentioned,

the substrate and metabolite derived data was measured with the CuBiAn-HT270.

3.3.3 Determination of target product concentration

The concentration of the recombinant protein in the supernatant of cell culture samples was analyzed
with an in-house Sandwich Enzyme-Linked Immunosorbent Assay (ELISA). The measurement principle is
based on the streptavidin-biotin-peroxidase complex (ABC). In this case, after coating the surface of a
microtiter plate with a coating antibody, the sample containing the analyte (the recombinant protein) is
added to the plates. The analyte functions as an antigen for the coating antibody. After an incubation
step and washing step, a biotin-linked detection antibody is added and also binds the analyte.
Subsequently another incubation and washing step, a streptavidin-peroxidase conjugate is added.
Streptavidin has a very high affinity to biotin (Holmberg et al., 2005) and thus binds to the detection
antibody. After incubation and washing, 3,3',5,5'-Tetramethylbenzidine (TMB) can be added that is
converted by peroxidase to 3,3',5,5'-tetramethylbenzidine diimine which causes the solution to take on a
blue color. The color intensity is concentration dependent. The reaction can be stopped by using

phosphoric acid. The color intensity can be recorded and compared to a standard.
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Previous results show wide variations for the protein of interest of this work when using this ELISA for

analysis, but other instruments and techniques were not available.

3.3.4 Determination of offline-pH, pCO, and Osmolality

The measurements of offline pH and pCO, were executed with a RapidPoint® 500 Blood Gas System
(Siemens Healthcare, USA). The measurement principle for pH determination is based on the
potentiometric method using standard ISE. The partial pressure of CO,, pCO,, is measured with a
modified Severinghaus electrode (Severinghaus, 2004).

Osmolality was determined with an Osmomat (Gonotec, Germany). The measurement principle is
based on the comparison of the freezing point of H,O and the sample. Pure H,O, with an osmolality of
0 mOsm-kg™?, freezes at 0°C, whereas a solution with 1 mOsm-kg™ exhibits a freezing point at -1.858°C.

A linear calibration between 0 mOsm-kg™* and 300 mOsm-kg™ can be performed.
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4 Results and Discussion

In total, 5 experiments with different bioreactors, operation modes and process conditions were
conducted which resulted in 62 cell cultivations that were evaluated. The experiments were planned
successively to include the findings of previous experiments into the design. An overview about the
different experiments is presented in Table 4-1.

In the first experiment, a wide range of dilution rates was covered in DASGIP continuous cultures
(chapter 4.1) in order to study the effects on cell culture performance and to establish a basis for
comparison. In experiment 2, the observed results should be reproduced with data from cultivations in
the ambr™ system (chapter 4.2.1). Additionally, the effect of varying feed intervals was studied. The
third experiment was designed to investigate effects of adapting growth rates in the transition phase
between batch phase and continuous cultivation phase by changing the initial dilution rate (chapter
4.2.3). A different start phase was also used in experiment 5 based on the expertise in perfusion process
design in Novo Nordisk’s Cell Culture Technology Department. The ATF-perfusion was executed for the
scalability evaluation of the identified parameters in pseudo-continuous and continuous cultivation
(chapter 4.3). The second cultivation in DASGIP bioreactors (experiment 4) should give information about

effects of pH and pCO, variation on culture performance (chapter 4.2.4).

Table 4-1: List of experiments and corresponding bioreactor systems, operation modes, number of cultivations per
experiment and the underlying purpose of the experiment. Chapters where the corresponding experiments are
described and evaluated are listed on the right.

. Bioreactor Operation No. of Corresponding
Experiment L Purpose
system mode cultivations chapter
1 DASGIP Continuous 7 Screening of D 4.1 &4.2.1 &4.3
Screening of D,
2 ambr™ Pseudo- 24 Effect of feed 42.184.2.384.3
continuous intervals

Pseudo- Reproducibility
> amor™ continuous 24 test, Effect of 4.2.2
adaption to D

Effect of pCO,

4 DASGIP Continuous 6 - 4.2.4
and Osmolality
_— Comparison to
5 Sar;c_)rr;us Perfusion 1 ambr™ and 4.3

DASGIP
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4.1 Relationship of CSPR and various specific rates at

different dilution rates of continuous cultures

The identification of scaling parameters towards a systematic process development strategy was first
approached with 7 parallel continuous cultivations in DASGIP bioreactors. After an initial 3 days batch
phase, the cultures were maintained for 61 days in continuous mode before terminating the processes.
The processes can be divided into two experimental phases. In the first phase, each bioreactor was
assigned one bleed flow rate and thus a dilution rate set-point. Therefore, a broad range of process
conditions was covered in order to provide an overview of the effect of dilution rate on cell culture
performance. However, the desired set-points of D differed from the actual achieved due to imprecise
pumps which emphasizes the issue of continuous cultures in small scale. The actual set-points were
maintained throughout the culture. In the second phase, a dilution rate set-point change was initiated to
examine possible effects on cell culture performance. Since different dilution rates result in different
metabolic states (Hiller et al., 1991), possible differences in cell culture data due to a set-point shift from
low and high rates, respectively, to a mutual rate were investigated. It has been reported that cells
cultured at the same dilution rate showed distinct steady states when the metabolic state was shifted
beforehand (Europa et al., 2000). The shift of process parameters, e.g. the dilution rate, during process
development is a common procedure for testing different set-ups in one experiment. Experiments with
hybridoma cells in continuous cultivation indicate that physiological state multiplicity is achieved
depending on the direction of the dilution rate shift (Follstad et al. 1998). Phase I comprises the
cultivation from the start until day 35, whereas phase II includes day 35 until the end of the process.
Table 4-2 shows the schematic experimental planning of phase I and phase II.

For a closer approximation of ambr™ pseudo-continuous processes, a level sensor controlled hourly
feed was implemented, i.e. medium was pumped into the bioreactor once every hour if the level sensor
was signaling a critical volume. The bleed rate was kept constant due to software restrictions. Besides the
dilution rate, all other set-points were identical for the 7 cultures. The substrate and metabolite
measurements during steady state were executed in the CuBiAn system, but the time range until day 11

was covered by Bioprofile measurements.

Table 4-2: Dilution rate set-points of 1 L DASGIP continuous cultivations

Phase I: Phase II:
1%t set-point (day 0-day 35) 2" set-point (day 35-day 61)
culture 1 D;=0.154d" D,=0.25d*
culture 2 D;=0.24d* D,=0.34d*
culture 3 D;=0.25d* D,=0.35d*
culture 4 D;=0.28 d! D,=0.38 d!
culture 5 D;=0.40d*" D,=0.35d™*
culture 6 D;=0.44 d* D,=0.34d*
culture 7 D;=0.46d* D,=0.35d™*
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4.1.1 Phase I: Characterization of continuous cultures with different
dilution rates

In phase I, processes that were run with a lower dilution rate exhibited lower VCD values than processes
with higher dilution rate set-points. Figure 4-1 (A) shows the time course of VCD for exemplary cultures.
VCD steady state condition for all cultures was reached after 14 days and, except for culture 1, was
maintained until the end of cultivation phase I. The VCD for cultures 5, 6, and 7 was almost identical at
4.44-10%cellsmL™? to 4.57-10%cellssmL* during steady state, although the dilution rate differed by up to
0.06 d'1. This suggests that at around D=0.40 d! a critical dilution rate is reached, where higher medium
supply rates do not support higher VCD. The steady state VCD of culture 4 (D=0.28 d!) with 3.95-10°
cellssmL? was higher than the VCD of cultures 2 and 3 (D=0.24d! and D=0.25d!) with 3.66-10°
cellsmL™? and 3.74-10% cellsmL™, respectively, albeit the small difference in D. This supports the
assumption of an upper VCD limit at high dilution rates. Culture 1 showed the lowest VCD with an
average of 3.13-10° cellsmL™ during the assumed steady state.

Additionally, the processes with set-points increasing from D=0.15 d! to D=0.28 d'! showed an initial
damped oscillation phase until steady state was reached. The duration of the oscillation decreased with
increasing dilution rate. In contrast, the processes with D>0.40 d'! showed none or only marginal
fluctuations. A reason for this behavior is the adaptation process during the transition phase from batch
to continuous cultivation. The cell specific growth rate, u, was approximately 0.7 d* at the end of the
batch phase. After the transition from batch to a continuous process, the substrate demand of the cells at
this time point can only be satisfied with a high dilution rate close to the present growth rate. If a lower
dilution rate was implemented, the growth rate and cell viability could not be maintained (Miller et al.,
1988). The transition phase is characterized by an oscillating trend of VCD and thus p. The oscillation
originated mainly from the prevailing demand and supply of nutrients, since y and the consumption rates
of nutrients are interconnected. Higher p is accompanied by an increase of substrate consumption. The
supply with fresh nutrients, on the other hand, is fixed via D, so that a high demand at high p cannot be
satisfied permanently. Therefore, the high VCD at the beginning of the transition phase could not be
supported and p decreased which in turn led to lower substrate consumption rates. Thereafter, due to the
fixed supply via D and the low substrate consumption rates, the available substrate amount was
increasing in a time delayed manner. The higher substrate availability allowed again an increase in p and
VCD. The phases of high and low p, VCD, and substrate consumption rates alternated until, in
combination with the discharge of cells via the bleed flow, the parameters stabilized over time and
leveled off. This procedure resembled a closed-loop control where the control deviation is adapted
stepwise. This is also reflected by the fluctuating glucose and glutamine concentration in the beginning of
the continuous cultivation phase (data not shown). Neither glucose nor glutamine was exhausted with a
concentration over 2.0 mM and 0.7 mM, respectively, throughout process phase I. The oscillating
behavior was also described by other authors (Martens et al., 1992; Banik et al., 1996). In this
experiment, the tuning was more durable and provoked higher amplitudes the lower the dilution rate was
set. Moreover, lower dilution rates resulted in lower glucose and glutamine concentrations and lower

lactate concentrations. Ammonium concentrations were almost identical for all D (data not shown).
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Figure 4-1: Course of VCD (A) and viability (B) over time for culture 1 (open circles), 2 (open triangles), and 7
(open diamonds) during phase I. The dotted line symbolizes the start of continuous cultivation.
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However, ammonium measurements could not be evaluated further since samples had been stored for a
longer period at -20°C so that evaporation effects were likely. Therefore, ammonium related data and
calculations were only provided for a general overview of cell culture behavior.

Viability differences for cultures at different D set-points were also observed. Viability courses over
time of cultures 1, 3, and 7 are displayed in Figure 4-1 (B). During the transition phase, the viability
decreased for all cultures but to a different degree. At lower dilution rates a lower viability was recorded
which, at least initially, correlated to the oscillating VCD. Viability stabilized over time, but distinct levels
depending on D were kept. Culture 7 (D=0.46 d™!) showed almost 99% viable cells, whereas for culture 3
(D=0.25d') a viability of only 94% was reached. This phenomenon is consistent with reports of
hybridoma continuous cultures (Miller et al., 1988).In contrast to the other cultures, culture 1
demonstrated a noticeable different behavior. The VCD of culture 1 began to decline after an assumed
steady state between day 14 and day 24 with ca. 3.13-10° cellssmL™. After a local minimum of 2.78-10°
cellssmL™? at day 26, the VCD seemed to stabilize but after day 28 the decreasing trend continued until
the set-point change where 2.23-10° cellssmL™ were recorded. Before the steady-state, strong oscillations
of VCD and viability were recorded. The viability decreased until day 8, where it reached a vertex of 77%.
From then onward, the viability showed an oscillating increase until day 31, where it stagnated at
approximately 90%. The overall low viability can be ascribed to low nutrient and possible high toxin
concentration that occur at low dilution rates (Miller et al., 1988). However, after the increase of viability
after day 8, the VCD did not fully stabilize and decreased slowly, so that low viability due to a low dilution
rate is not the sole explanation for the VCD trend after day 14. Additionally, metabolic byproducts such
as ammonium and lactate, which could affect cell growth of mammalian cells (Ozturk et al., 1992, Lao
and Toth, 1997), were either in a non-toxic range or at the same level as the other cultures. Therefore,
other parameters might give more information.

Interestingly, the average cell diameter (AVC) of culture 1 showed an abnormal behavior compared to
the other cultures. This relation can be observed when plotting viability and average cell size against the
culture time (Figure 4-2).

After a decrease at the beginning until day 15 from 14.1 ym to 13.1 um, the cell diameter increased
to 14.9 pm until the start of phase II. The other cultures also exhibited an initial decrease in average cell
diameter but after day 10 only increased slightly and remained constant in a range of 13.5 ym to
14.0 pym until the set-point change (data not shown). The decrease and increase in cell size of culture 1
can be partially explained by the viability time course. Small cell size is coherent with low viability since
dead cells fully or partially disintegrate. The time courses of AVC and viability show similar oscillations
until day 14 and thereafter run almost parallel until day 24. After day 24, the AVC increased faster than
the viability which stabilized later at around 90%. At the beginning of this diverging trend, it was
observed that the offline and online pH differed and a drift of the online-electrode was assumed. The
offline pH increased until the end of phase I from 7.06 to 7.12 because of a lower lactate concentration
(see Figure 4-4) and probably contributed to the increase in cell diameter of culture 1. Results of an
experiment conducted subsequently, indicated that higher pH is associated with larger average cell
diameter (see chapter 4.2.4). However, the effect of a slowly increasing culture pH was not investigated,

so that the cell diameter could have been impacted by other factors.
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Despite reflecting a morphological change, the decreasing average cell diameter also had implications
on the evaluation of the measured biomass. In this case, biomass was expressed as cell density which
was obtained by an image based system that counts the number of cells present in a defined volume and
by that calculates a concentration. However, the changing cell volume is not taken into account with this
method. Given the same concentration of cells - measured as cells per milliliter — larger cells take up
more space within the cell culture liquid and thus reflect a higher volumetric biomass than smaller cells.
When biomass is defined based on the fraction of cell volume per bioreactor volume (VBV), the measured
biomass trend might differ from that of the VCD (see chapter 3.3.1).
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Figure 4-2: Course of average cell diameter (open squares) and viability (filled triangles) of culture 1 over time
during phase I. Arrows emphasize the trend of the corresponding culture parameters.

When the VCD is replaced by the viable biomass volume (VBV) and plotted over time as shown in
Figure 4-3, the initial fluctuations are reduced and a more robust steady state can be observed for most
of the continuous cultures. The more stable steady state for culture 1 is prominent, since the cell
diameter fluctuated more than in the other cultures. Consequently, VBV might be an additional tool for
the description of cell culture performance when different cell sizes are monitored. The present example
suggests that a dilution rate of D=0.15 d! supports a stable biomass concentration based on VBV. Yet,
the VCD reflects a possible change in metabolism of the cells that accompanied the unusual time course
of the cell diameter.
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Figure 4-3: Course of VCD (filled triangles) and VBV (open squares) for culture 1 (A), culture 3 (B), culture 7 (C).
The dotted lines represent the average of VCD and VBV, respectively, during steady state.

This peculiarity of culture 1 is represented by the trend of lactate and glucose shown in Figure 4-4.

At first, the lactate concentration was congruent with the VCD measurements and reflected the
oscillating behavior in a staggered manner (see Appendix 1). From around day 14 until day 24, similar to
the VCD course, the glucose concentration and the lactate concentration reached a more stable
distribution of approximately 3 mM and 43 mM, respectively. After this time-point, the glucose
concentration rose to 6 mM, whereas the lactate concentration declined to 30 mM just before the dilution
rate set-point change. The lactate to glucose vyield, Y, aqci, decreased during this period from
1.36 mol'-mol™ to 0.66 mol-mol™. The glucose and lactate concentration of the other cultures did not vary
to that extent and y.,c.c was almost stable. This change in metabolism, of course, is related to the
decreasing VCD during this period. It also might indicate cell line instability since the process control,
besides the transient increase in pH, was working normal. The cells cultured at a dilution rate of
D=0.15 d* were stressed at a different level as cells from the other cultures which was reflected in
viability and average cell diameter measurements. These results suggest that D=0.15 d! is close to the
minimum growth rate for cell maintenance and might have, in combination with cell line instability,

caused this abnormal behavior.
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Prior experiments also showed unsteady performances of this cell line at low dilution rates. However,
due to the limited data set, a final explanation for the observed behavior could not be proposed. Still, the
data of culture 1 indicates that low dilution rates at around D=0.15 d™! might lead to abnormal behavior
and should be handled carefully for further evaluation. Only data between day 10 and day 24 was used
for comparison between scales and process modes where a stable process was assumed and the steady

state conditions were acceptable.
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Figure 4-4: Course of lactate concentration (filled triangle) and glucose concentration (open square) of culture 1
over time.

Disregarding the special characteristic of culture 1, the trends of cultures 1-7 show exemplary the
insufficiency of comparing continuous cultures with different dilution rates based on primary culture
parameters. The sole review of VCD, substrate concentrations, and product concentrations only provides
raw information about the effect of the set-point variable D on cell culture performance and thus just
display the general output. A classification whether cells exhibit a distinct metabolism is difficult, since
not only D but also VCD determines the metabolic state and productivity of a culture. The inclusion of the
dilution rate into the parameter data set by calculating cell specific rates enables a better resolution of its
effect on cell culture performance and thus the efficiency of a process. As described earlier, the CSPR,
which includes D, can be used for process control and provides the advantage of linking VCD, product

titer, cell specific production rate, and VP.
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As mentioned in chapter 2.5.1, higher dilution rates theoretically lead to higher VCD. Figure 4-5 reflects
this trend. VCD values between 3.13-10° cellssmL'and 4.57-10° cellssmL* were achieved for dilution rates
between 0.15 d! and 0.46 d!, respectively. The marginal plateau of the VCD values at dilution rates
D>0.4 d! illustrates the achievable upper VCD limit at high dilution rates as mentioned in the section
before. The calculated coefficient of determination of R?=0.9484 underlines the dependency of D and VCD
but does not show a very high linear relation. When only cultures with D; < 0.4 d! are regarded, a R? of
0.9952 is obtained which further emphasizes the achievable VCD limit at higher dilution rates. Although

culture 1 showed a distinct metabolism, the steady state VCD seemed to fit to the dilution rate set-point.

50
R2=0.9952

Y=5.635*X + 2.291
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Figure 4-5: VCD arithmetic mean (open squares) during steady state condition for different dilution rate set-points.
R? is the coefficient of determination of the linear regression analysis. The equation for the regression line is shown in
the top left corner. The error bars show the standard deviation of the data points used to calculate the arithmetic
mean for steady state between day 14 and 24 (N=9).

Theoretically, in steady state condition, the dilution rate equals the cell specific growth rate p if VCD
measurements are constant. Thus, a similar trend as in Figure 4-5 can be expected when plotting p over
CSPR. Indeed, when regarding Figure 4-6, the same trend is observable. A slight saturation-like trend of
M at high CSPR can be identified. Since the calculation of p is dominated by the dilution rate at almost
linearly increasing VCD, this trend is not as prominent as in the D-VCD diagram so that a highly linear
CSPR to p relationship with a R? value of 0.9937 can be found. Growth rates ranged between 0.15 d and
0.46 d'* for CSPR between 0.049 nL-cell'*-d? and 0.103 nL-cell'*-d!, respectively. This is concordant with
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the report of Zeng et al. where also a linear dependency was proposed (Zeng et al., 1998). Altogether,
choosing a certain growth rate set-point via the dilution rate also allows targeting a defined CSPR
operating point and vice versa.

Besides the growth rate as a critical process parameter, a process is also defined by its substrate and
metabolite production rates. The effects of CSPR on these rates are displayed in Figure 4-7. A linear
dependency of the glucose consumption rate, qg. the lactate production rate, q., the glutamine
consumption rate, qgn, and partially the ammonium production rate, gamm, on CSPR is observable. For
delcs Grac, @nd qggin very high coefficient of determinations with R2>0.97 were calculated. The non-linear

correlation of qg, and CSPR (R?>=0.2683) was a result of the generally low glutamate concentrations

R%=0.9880
Y

= 6.151*X -0.1547

[d™]

0.0 1} T T T
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CSPR [nL-cell’t.d ™

Figure 4-6: Averaged growth rate y (open squares) during steady state for various CSPR values. R? is the
coefficient of determination of the linear regression analysis. The equation for the regression line is shown in the top
left corner. The error bars show the standard deviation of the data points used to calculate the arithmetic mean (N=9).

which resulted in large fluctuations for the calculated rate. Hence, a reliable analysis of the cell specific
glutamate rate was impaired. The measurement for ammonium might not be reflecting the true values
since the samples had been stored for more than a month at -20°C before analysis (Martin Heitmann,
personal communication, 10.09.2014). Nonetheless, the underlying trend of higher qamm at higher CSPR
is noticeable.

The diverging trends of qg. and q.sc show that more lactate per glucose was produced at higher CSPR.

This phenomenon is widely described in literature and is related to glucose concentrations in the medium.
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Higher glucose concentrations in the reaction space resulted in an increased uptake of glucose of
hybridoma cells (Miller et al., 1989) which is mainly converted into lactate via pyruvate due to an
inefficient metabolism (see chapter 2.4.1). Since CSPR is representing the available volume of medium
per cell and day, higher glucose concentrations are present at higher CSPR (Konstantinov et al., 2006),
thus higher glucose consumption rates are achieved. An increase in qg, however, is not associated with
a comparable increase in lactate production which results in a higher lactate to glucose yield, Y acacic, for
different cell lines (Sanfeliu et al., 1997; Yang et al., 2000). Consequently, at a CSPR of 0.103 nL-cell*-d!

the lactate to glucose yield was calculated with 1.53 mol-mol? whereas only 1.18 mol lactate per mol

7 0.6

¥ 4209882

 nn=0.8882
= 50.47°X -0,3066 = 2.899°X - 0.01800
0=0.9906 6n=0.9702
= 31287 + 0.5690

<2 < 2

<3 <=2

= 3.711°X + 0.04656

0.4

1
]
1
]

d
d

1
1

q;[nM cell”-d’
q;[nM cell’

A dann
I—< © 02— ’

0.04 0.06 0.08 0.10 0.12 0.04 0.06 0.08 0.10 0.12

CSPR [nL-cell’*.d’"] CSPR [nL-cell’t.d™']

40 2.0
R?=0.2683 2
_ R’=0.9676

Y = -383.0°X + 26.11

]

Y = 6.543°X + 0.84189

1.5

1
Yiacigic [Molmol™]

Qg [PMcell™d™]
/‘
g i
<
<
<

+ ¥ oacu * yLac/Glc
104 —

0.04 0.06 0.08 0.10 0.12 0.04 0.06 0.08 0.10 0.12

CcsPR [nL-cellt-d™] CSPR [nL-cell™d™]

Figure 4-7: Cell specific consumption and production rates of glucose (open squares) and lactate (open circles) (A),
glutamine (open diamonds) and ammonium (open triangles) (B), and glutamate (open inverse triangles) (C) over
CSPR. In (D), the lactate to glucose yield, yiaccic (asterisk), is shown over CSPR. The equations for the regression
analysis are shown in the top left corner. The error bars show the standard deviation of the data points used to
calculate the arithmetic mean (N=9).

glucose was formed at a cell specific perfusion rate of 0.049 nL-cell'*-d!. Theoretically, 2 mol of lactate
can be generated from 1 mol of glucose when no other metabolic pathway is used (Lodish, 2000). Thus,
a yield of 1.53 mol'mol™? at a relatively high CSPR compared to Yiagcic at lower CSPRs reflects a more
inefficient metabolism, where less than 25% of the glucose could be used for energy generation in the
TCA.

Glutamine consumption rates also showed higher values at higher CSPR. At a cell specific perfusion
rate of 0.049 nL-cell'*d? qg, was 0.23 nM-cell'*d!, whereas at CSPR=0.103 nLcell*d?! a qgn of
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0.45 nM-cell'*-d"* was measured. Despite the issues of ammonium analysis, it seemed that, just as for the
glucose to lactate turnover, the increasing glutamine consumption was accompanied by a non-parallel
increase in ammonium production. This is also in accordance with literature (Sanfeliu et al., 1997; Yang
et al., 2000).

In the case of qg,, the decreasing trend could indicate a more efficient utilization of glutamate at high
CSPR. Since glutamate is a side product of glutaminolysis, a positive qg, suggests that glutamate, after
the conversion from glutamine, is not fed into the TCA. Negative qg,, which could occur as indicated by
the error bars, would show on the other hand that glutamate of the feed medium and of the
glutaminolysis reaction is converted into compounds used in the TCA. Glutamate consumption values in
the picomol range, however, indicated a more or less direct turnover and incorporation of glutamate into
the TCA. This is supported by the extreme linear dependency of lactate and glucose to CSPR. An
inefficient glutamate utilization could affect the regeneration of NAD™ via the malate-aspartate shuttle,
thus provoking a higher pyruvate to lactate turnover (Altamirano et al.,2001) to satisfy the NAD™
demand of the cell in the cytosol (Altamirano et al., 2013).

The limited measurement capacity did not allow concentration determination of other substrates, so
that a full balance analysis of the TCA flux was not executed. Albeit a possible measurement inaccuracy
for ammonium and glutamate, the dependencies emphasize the role of CSPR as a tool for process control
where substrate consumption and metabolite production can be regulated via a CSPR open loop control.
The linear potential between CSPR and substrate consumption and metabolite production rates was also
reported in literature (Henry et al., 2008).

Besides the metabolic rates, one of the most important CPP is the product concentration which in turn
determines VP and the cell specific protein production rate, gp, at a given dilution rate. A high volumetric
output at stable cell specific productivity is desired. When plotting gp against the CSPR (Figure 4-8 (A)), it
is obvious that no linear relationship is observable. At higher CSPR the values for gp exhibited fluctuations
that could be misread as a gradually increasing trend with higher CSPR leading to higher gp. The large
error bars, however, reflect noisy ELISA results and put the slightly higher mean values into perspective.
The physiological properties of this cell line were not evaluated so that detailed data on metabolism
associated protein production was not available but protein production seemed to be non-growth
associated. This is in accordance with results from other experiments where this cell line was used.
Higher substrate consumption rates therefore do not lead to higher protein production rates and indicate
inefficient utilization of energy sources.

If an underlying non-growth associated protein production is assumed, the volumetric productivities of
cultures 3 and 6 were showing notably different behavior. This is emphasized when plotting VCD against
VP (Figure 4-8 (C)) for which a proportional relationship should be expected. Especially culture 6 at
VCD=4.57-10° cellssmL™ was considerably lower as e.g. culture 7 at the same VCD. The VP for culture 6
was only 58% of the latter. Culture 3 on the other hand was around 18% higher than culture 2 which
exhibited a comparable VCD. When these two cultures (3 and 6) are excluded from the linear regression,
a linear relationship can be observed (R?=0.9513), whereas a R? of 0.3144 is calculated when all data
points are included. Thus, culture 3 and 6 were regarded as outliers concerning VP. Due to the almost
constant cell specific productivity and the linear dependency of VP on VCD, a similar function of VP
against CSPR as in Figure 4-5 can be observed in Figure 4-8 (B). In between CSPR values of
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0.049 nL-cell’*d* and 0.089 nL-cell*-d, the volumetric productivity increased, whereas a CSPR higher
than 0.089 nL-cell’*-d! did not result in higher VP.

However, the results were not satisfying. Large error bars were calculated for most of the cultures.
The used ELISA analysis produced large variations within triplicate measurements (data not shown), so
that the informative value of the generated recombinant protein related data was lowered. General
trends could be determined, but the resolution power could not provide a clear basis for comparison.
Both, the actual protein measurement with the available indirect ELISA and the storage and transfer of
protein samples exhibited various error sources (Martin Heitmann and Ali Kazemi Seresht, personal
communication, 07.07.2014) that contributed via error propagation to these noisy protein measurement
results. Other detection methods were unfortunately unavailable during this project. Therefore, the
relationship between CSPR and protein concentration derived rates and parameters for this continuous

cultivation could only be evaluated conditionally.
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Figure 4-8: Normalized cell specific production rate, gr (open squares), (A) and normalized VP (open circles) (B)
over CSPR. In (B), the assumed outliers are depicted with an asterisk. Below, the normalized VP is plotted against the
VCD. The linear regression was calculated without the assumed outliers(C). The error bars show the standard
deviation of the data points used to calculate the arithmetic mean (N=9).

38



Results and Discussion

4.1.2 Phase II: Effects of a dilution rate shift on cell culture performance

After day 35, a dilution rate set-point change was initiated in order to elucidate possible effects on cell
culture performance. It has been reported in literature that cells can adopt a different metabolism in
continuous cultivation depending on the environmental conditions they experienced before in the
propagation phase (Follstad et al., 1998; Europa et al., 2000). A set-point shift during cultivation is often
executed to test different process conditions within one experiment which reduces time and labor costs,
amongst others. The reported different metabolic states or steady state multiplicity would in turn impact
the applicability of transferring process conditions when a set-point change was performed. To avoid
sudden extreme nutrient excess or limitation, the new dilution rate set-points (D,) were chosen to be
shifted by AD<0.1 d*. The corresponding cultures for an up- or down-shift were chosen in a manner for
most cultures to achieve a similar set-point of circa D,=0.35 d'. Thus, the dilution rates of cultures 1
(D,=0.25d1), 2 (D,=0.34d"), 3 (D,=0.35d?), and 4 (D,=0.38 d!) were increased with 0.1 dl. The
dilution rates of cultures 6 (D,=0.34 d!), and 7 (D>=0.35 d™!) were decreased by 0.1 d™'. Culture 5 was
only shifted by 0.06 d in order to reach D,=0.35d™. The same conditions in terms of dilution rate
change and effective D, were therefore applied for cultures 2 and 3 (group 1) representing the up-shift in
dilution rate and cultures 6 and 7 (group 2) representing the down-shift in dilution rate as can be seen in
Table 4-3.

Table 4-3: Culture parameters of DASGIP continuous cultures before (1) and after () a dilution rate shift.

CSPR; CSPR:

Culture  D;[d?'] D.[d?!] ADI[d] Diff. [%] [Lceld?]  [nLceld™] Diff.[%]
1 0.15 0.25 -0.097 63 0.049 0.082 67
Group 1 2 0.24 0.34 -0.101 41 0.066 0.101 52
3 0.25 0.35 -0.095 38 0.067 0.095 41
4 0.28 0.38 -0.095 34 0.072 0.101 41
5 0.41 0.35 0.060 -15 0.089 0.083 -7
6 0.44 0.34 0.099 -23 0.096 0.095 -2
Group 2
7 0.46 0.35 0.109 -24 0.103 0.097 -6
Yiac/Glct Yiac/Gic2 Diff. Norm. Norm. Diff. VCD; [10° VCD; [10° Diff.
Culture [mol-mol™®] [mol-mol?] [%] VP, [-] VP, [-] [%] cellsmL?] cells-mL] [%]
1 1.18 1.24 5 0.51 0.26 -50 3.13 3.19 2
2 1.26 1.65 18 0.67 0.36 -46 3.66 3.39 -7
3 1.27 1.56 22 0.81 0.28 -66 3.71 3.58 -4
4 1.30 1.58 22 0.70 0.38 -46 3.94 3.77 -4
5 1.46 1.40 -4 1.00 0.65 -35 4.54 4.01 -12
6 1.44 1.42 -2 0.58 0.85 47 4.57 3.65 -20
7 1.53 1.43 -7 0.88 0.65 -26 4.44 3.74 -16

With this design, the effects of shifting up or down the dilution rate to a mutual dilution rate on cell

metabolism and possible differences regarding AD could be investigated. The different acquired metabolic
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states at D; were expected to change after the set-point shift (Hiller et al., 1991). An up-shift in dilution
rate would theoretically result in a higher VCD, whereas a down-shift in dilution rate would lead to lower
VCDs (see chapter 2.5.1), which has also been reported by Hiller et al. (Hiller et al., 1991). A proof or
evidence of the contrary would be valuable for the further experimental design.

Interestingly, all cultures that were shifted to D,~0.35 d™! showed a reduction in VCD (Figure 4-9).
Only culture 1 exhibited slightly higher VCD, values after a shift from 0.15 d™! to 0.25 d*. The percentage
reduction differed between the cultures where D was reduced to the cultures were D was increased.
Cultures at D,~0.35 d™! with D,>D; showed a decrease of 4% to 7% in VCD, whereas cultures with D,<D;
showed a decrease of 12% to 20%. The smaller decrease for culture 5 (12%) in comparison to group 2
might be due to the lower AD. At D,~0.35d™?, VCD, was ranging between 3.39:10%cellssmL™? and
3.77-10%cellsmL? for the cultures with up-shifted D and between 3.65-10%cellsmL™? and
4.01-10%cellssmL? for cultures with down-shifted D. Thus, different VCD, have to be expected when
changing D. A clear trend for this behavior could not be determined. Nonetheless, the decrease for all

cultures with D,~0.35 d™! was not expected since the corresponding D, should support even higher VCD
as could be derived from Figure 4-5 in chapter 4.1.1.
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Figure 4-9: Comparison of key process parameters before and after a dilution rate change. The arithmetic means
of the corresponding steady states are depicted; error bars show the standard deviations (Di: n=9; D,: n=4). The
dotted arrows originate from the values during the first D set-point. A: VCD over D for all cultures. B: CSPR over D for
cultures 2, 3, 6, and 7 which form group 1 and group 2. C: Yiacjaic Over CSPR of the same cultures as in (B). D: VP over
CSPR of the same cultures as in (B). Cultures 1-7 are depicted as: 1=open circle, 2= open square, 3=open triangle,

4=o0pen inverse triangle, 5=open diamond, 6=open pentagon, 7= cross. Substrate and metabolite measurement was
conducted with the Bioprofile 100+ system.
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Following the set-point change, group 1 and group 2 exhibited almost the same CSPR, with a mean of
0.097 nL-cell’*d? and a maximum deviation of 0.004 nL-cell’*-d*. Compared to CSPR;, group 2 showed
only slightly lower CSPR,, whereas group 1 exhibited drastically higher CSPR, values after the set-point
change. Percentage differences for the latter between +41% and +52% and the former between -2%
and -6% were calculated. Cultures 1 and 4 showed the same high increase in CSPR as group 1 with
+52% and +67% respectively, whereas the CSPR, of culture 5 was slightly decreased by -7%. Thus, the
CSPR was adapted to values similar to high dilution rates in phase I.

The lactate to glucose yield of group 1 and group 2 after the dilution rate change showed almost no
difference between the cultures within each group. In general, the yield increased up to 22% for cultures
with D,>D; except for culture 1 where y|.¢cic did not change substantially. This more inefficient utilization
of glucose after an up-shift of D is also described by Hiller et al. (Hiller et al., 1991) and has also been
mentioned in chapter 4.1.1. Cultures with D,<D; showed only a slight decrease with 4% to 7% in Y ac/Gic
which is in the same range as the decrease in CSPR. This is in agreement with the beforehand proposed
dependence of y acic On CSPR. The differences in magnitude between the two groups seem not to be
affected by the percentage change in dilution rate (for group 1: A 38% to 41% increase in D; for
group 2: A23% to 24% decrease in D). Similar percentage dilution rate changes of up- and down-shifted
cultures with an increase in dilution rate of 34% for culture 4 and a decrease of 24% for culture 7 did
result in a yiacaic change of +18% and -7%, respectively. However, considering the rather large error
bars, a definite change in y a¢cic could not be determined.

The differences between group 1 and group 2 were also noticeable when observing the change in VP
at the old and new corresponding CSPR. The VP of group 1 was lower after the set-point change and
lower than the VP, of group 2. In group 2, culture 6 with an increased VP showed an opposed behavior
than culture 7. However, as assumed in chapter 4.1.1, VP; of culture 6 was an outlier. Therefore, only
culture 7 was considered for VP comparison. VP, of group 1 were between 41% and 58% lower than for
culture 7. The percentage decrease of VP, in comparison to VP; was 26% for culture 7 and 46% to 66%
for group 1. The values obtained are considerably lower than for similar CSPR; values without a set-point
change. Since no unusual metabolism - as is indicated by y,.qaic2 - regarding the beforehand calculated
yields at CSPR; was observed, the reduction in VP must be found elsewhere.

An explanation for the decreased VP might be the age of the culture. For long term CHO cultures it
has been reported that recombinant protein expression decreased up to 50% compared to initial values
after 38 days of cultivation due to molecular stress (Kaufman et al., 1985). Transcription factors of the
enhancer binding protein family might be up-regulated under stress conditions which contribute to long
term culture instability (Bailey et al., 2012). A change in dilution rate contributes to cell stress, so that
the unexpected behavior might be a combination of both. It was not the intention to investigate changes
in dilution rate in detail. Therefore, the observations made were sufficient for the continuation of this
project.

In conclusion, it can be denoted that a change in dilution rate will result in different VCD and VP
compared to the original set-up at corresponding CSPR values. Therefore, without further cause and
effect analysis, a change in dilution rate during the experiments of this work was ruled out. However, this
additional experiment might prove to be valuable in order to understand results of other experiments

were set-point shifts were initiated.
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4.2 Evaluation of CSPR as a scaling factor between

15 mL pseudo-continuous and 1 L continuous cultures

The observed interdependencies in 1 L continuous cultures point out that CSPR is a promising parameter
for controlling various cell specific rates and VP within one type of cultivation mode and bioreactor
system. The transfer of process conditions to other bioreactor scales and operation modes, i.e. the
ambr™ system in pseudo-continuous mode, with CSPR as a scaling factor should be - in theory (see
chapter 2.5.1) - also possible. Other challenges for this transfer of process conditions, however, were
numerous. Besides the use of CSPR as a scaling parameter for CPP, other factors had to be included for
the physical scale-up or scale-down respectively from the ambr™ system to the DASGIP system or vice
versa.

As already mentioned in chapter 2.6, a classical scale-up between systems of different culture
volumes is often performed based on the k,a. The k.a based scaling, e.g. keeping VPI and superficial gas
velocity constant, concomitantly alters other factors which might have implications for scale-up. An
extensive study to characterize the physical properties of the ambr™ system showed that, although a
similar outcome in terms of VCD and VP was reported, this bioreactor system exhibits different
characteristics than bioreactors in larger scale. Reynolds numbers were found to be in the transition
region rather than being turbulent, which is owed to the small scale. Moreover, the VPI is not evenly
distributed in the vessel, but regions with very low dissipation exist. Thus, mass transfer might be a
problem in this system. The authors conclude that very high VPI is required to keep k,a constant which in
turn exposes the cells to higher shear stress. The fact that, despite the different physical characteristics

between the ambr™

and other bioreactor systems, a similar process performance was possible was
ascribed to the cell’s response to similar stresses. In the ambr™ system and larger bioreactors, this
stress is generated in the same manner, i.e. stirring and sparging whereas in the ambr™ the fluid
mechanical stresses are higher and the environmental stresses are lower than in bench-top scale. It was
proposed that cells react on these strains in an integrated way (Nienow et al., 2013).

In this case, the change in process mode added another factor that could influence the outcome of
this scaling study. For the continuous DASGIP and pseudo-continuous ambr™ cultivations, basic process
conditions were equalized. Both cultivations were started with an initial batch phase that was ended after
72h. Thereafter, the continuous operation mode was started at the set dilution rate. Differences in the
bioreactor system design influenced the process operation. The aeration system of the ambr™ allowed
the implementation of a constant basic gas flow. When the pO, could not be maintained anymore at its
set-point by the employed constant flow, additional O, was supplied by a separate flow. Thus, the final
gas flow rate was higher than the initially set constant flow rate. With the used DASGIP set-up, only a
fixed gas flow rate could be realized where a gas mixture of air, oxygen and carbon dioxide was
controlled by the DASGIP software to control pH and pO,. Thus, different overall gas flows were applied
during the two cultivations.

In this chapter a general comparison between ambr™ pseudo-continuous cultures and DASGIP

continuous cultures is presented where differences and similarities are highlighted and discussed. Based
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on these findings, subsequent experiments, which were conducted in order to identify causes for possible
differences, are introduced and discussed.

4.2.1 Comparison of ambr™ pseudo-continuous and DASGIP continuous

cultures

In order to compare the process parameters from cultures cultivated in ambr™ and DASGIP bioreactors,
a 90% confidence interval (CI) was used. Two different CIs were calculated. The first CI was derived from
the arithmetic mean (CIM) of the corresponding values during steady state. The second comprised all
data points (CID) that were used to calculate the arithmetic mean of the corresponding parameter group.
Thereby, the CID from all the data points depicts the expectable distribution of single data points for
other experiments when using the same measuring devices and comprises a wide range of values. The
CIM of the arithmetic mean indicates where anticipated values could reside if more sensitive and
reproducible measurements were available or a more stable steady state was achievable. Since the
ambr™ is the first process technology tool towards up-scaling, the CIs were calculated for the ambr™
system. Values that were within the 90% CIM were considered to be significantly similar (Rita and
Ekholm, 2006).

Since pseudo-continuous and continuous cultivation should eventually result in the same measurable
cell culture parameters, a comparison of primary culture parameters can provide a first overview of the
reproducibility between the two operation modes and bioreactor systems. In Figure 4-10, the VCD and
viability over time of an ambr™ and DASGIP culture are displayed.

Interestingly, the cultures showed differences during the transition phase between batch and
continuous cultivation. Both, VCD and viability were comparable for the two cultures during the first 72
hours of the batch phase. After the switch to continuous cultivation, the VCD of the DASGIP culture
exhibited drastically higher VCD values than the ambr™ culture with a peak at day 5 with
4.79-10° cellsmL. In contrast, the VCD of the ambr™ culture was only 3.66:10° cellsmL™? at day 5.
Thereafter, the VCD of the DASGIP culture dropped until day 8 to 3.25-10° cellsmL? and commenced
with a damped oscillatory behavior. During the same time range, the VCD of the ambr™ culture showed a
maximum of 4.19-10° cellssmL* at day 7. Subsequently, also the ambr™ culture switched over to the
oscillatory characteristic. The cause for the oscillation was already explained in chapter 4.1.1. The
staggered peaks and the higher maximum VCD for the DASGIP culture can be explained by the different
growth rates after the batch phase (data not shown). Here, higher growth rates were observed in the
DASGIP culture compared to the ambr™ culture with 0.90 d* and 0.58 d?, respectively. The higher
growth rate of the DASGIP culture led to a higher increase in VCD which could not be supported by the
set D, which in turn eventually resulted in a more drastic decrease in VCD. The lower growth rate of the
ambr™ culture in the beginning caused a lower increase in VCD so that the impact of the implemented D
was not so prominent and resulted in a smoother transition. This deduction also explains the drop and
the subsequent stabilization of the viability of the DASGIP culture which was simultaneous with the peak

and stabilization of the VCD. Higher growth rates and a drop in viability after the batch phase as well as a
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stronger oscillatory characteristic of the VCD over time were all observed for DASGIP cultures compared
to ambr™ cultures at different D. Cultures at higher dilution rates showed smaller differences between
the systems, which is congruent with the observations in chapter 4.1.1, since the high growth rates in
the transition phase are better supported by the high Ds. The observed differences resulted in an
additional experiment in order to investigate the effect of different transition phases on cell culture
performance (chapter 4.2.2).

In general, the two cultures show a consistent trend for both VCD and viability. After initial differences
in both VCD and viability the cultures stabilized and a relatively constant steady state was observed after
day 14 with a VCD of approximately 3.59-10° cellss-mL™ for the ambr™ culture and 3.71-10° cells-mL™ for
the DASGIP culture. The viability was 96% and 94%, respectively. The data after day 24 was not
considered since ambr™ process conditions were changed and because of the considerations in chapter
4.1.1.
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Figure 4-10: Time course of VCD and viability for ambr™ pseudo-continuous and DASGIP continuous culture both
operated at D=0.25d*. Symbols: VCD: clear; viability: filled; ambr™ data points: circles; DASGIP data points:
squares.

In contrast to similar VCD and viability values, the measured AVCs were considerably different
between ambr™ and DASGIP cultures. Figure 4-11 (A) depicts the time trend of AVC for all D combined
of the corresponding bioreactor systems. Interestingly, the ambr™ cultures showed a significantly higher
cell diameter throughout the cultivation. Both culture systems reached a stable AVC between day 14 and
24 with approximately 14.3 ym for ambr™ cultures and 13.8 um for the DASGIP cultures. The offset
between the two culture systems might originate from different aggregation rates which were also
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observed (Figure 4-11 (B)). Apparently, lower aggregation rates concomitantly lead to lower measured
cell sizes. Presumably, the aggregates distort the calculation of the average cell diameter since the cell
sizes of aggregated cells are included in the AVC (Ronni Bertelsen, Roche, Switzerland, e-mail
communication, 15.01.2015). The more unstable aggregation rate of the ambr™ system might not be
reflected properly because of technical problems around day 17 which probably have affected cell related
measurements. Thus, a more stable trend could be expected when no technical difficulties would occur. A
lower aggregation rate is typically achieved by higher VPI. Since calculated VPI for ambr™ and DASGIP
were similar, the heterogeneous distribution of VPI in the ambr™ vessel (Nienow et al., 2013) might have

led to higher aggregation and thus higher recorded cell diameters.
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Figure 4-11: Top: Average of the AVC (A) and the aggregation rate (B) of all cultures of ambr™ (filled circles) and
DASGIP cultures (open squares). The DASGIP and ambr™ cultures operated at D=0.15 d* were excluded due to the
peculiar trend described in chapter 4.1.1. The error bars indicate the standard deviation calculated from all data points
of the corresponding cultures (ambr™: N=7; DASGIP: N=6). Bottom: Arithmetic means of VCD (C) and VBV (D) of
ambr™ pseudo-continuous cultures (filled circle) and DASGIP continuous cultures (clear squares) over dilution rate D
during steady state condition. The error bars represent the standard deviation calculated from the VCD values of both
cultures during steady state condition (ambr™: N=10; DASGIP: N=9).

The VCD values of the ambr™ cultures at different dilution rates showed almost the same trend as the
corresponding DASGIP cultures (Figure 4-11 (C)). At lower D, the VCD measurements for the DASGIP
cultures were slightly higher than the corresponding ambr™ cultures, e.g. 3.71 cellsmL? and
3.59 cellssmL™, respectively, at D=0.25 d*. In turn, the ambr™ cultures exhibited slightly higher VCD

values than DASGIP cultures at higher dilution rates with 4.76 cellssmL* and 4.44 cellsmL, respectively,
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at D=0.45 d'!. The achievable upper VCD limit at higher dilution rates described in chapter 4.1.1 is also
observable for the ambr™ cultures. The small difference in VCD between the cultures, however, is
negligible as indicated by the error bars. A 90% CI was not included due to the non-linear correlation. In
terms of VCD, it can be concluded that ambr™ cultures run in pseudo-continuous mode are very well
suited to reproduce data of continuous DASGIP cultures.

Yet, when it is assumed that the cell diameter was in fact lower in the DASGIP culture and was not a
distorted function of the measurement system, then a lower biomass, expressed as VBV, was observable
for DASGIP compared to ambr™ cultures (Figure 4-11 (B)). The trend of VBV was similar for ambr™ and
DASGIP cultures up to D=0.3 d!, whereas ambr™ cultures showed slightly higher VBV. This is not
surprising since almost identical VCD but lower cell diameters were measured for DASGIP cultures. At
D>0.4 d!, the ambr™ cultures showed, in contrast to DASGIP cultures, a further increase in VBV.
DASGIP cultures exhibited the same behavior as in Figure 4-11 (C). When comparing two biomass
measures, these different outcomes illustrate the necessity of highly accurate determination methods.
Since all CPP and specific perfusion rates are calculated with a measure for biomass, it is highly important
which biomass unit is chosen. However, the method of determining the VBV is erroneous due to error
propagation and the utilization of AVC. Moreover, references for VBV and derived rates in literature are
spare, so that for further calculation VCD was used. It illustrates, however, that the choice of biomass
determination is crucial for the evaluation on basis of specific perfusion rates.

The comparison of growth rates of the two systems shows the ability of pseudo-continuous cultures to
reflect continuous cultures. In Figure 4-12, the cultures’ growth rates are compared as a function of
CSPR.

Regarding the 90% CIM, the DASGIP cultures lay within the limits which showed that the cultures of
both systems were significantly similar. The determination of the 90% CIM was not possible at
CSPR=0.149 nL-cell’*-d!. However, the error bars of the ambr™ cultures and the trend of the 90% CIM
suggest that even the culture with this CSPR might be statistically not different from ambr™ cultures. The
large standard deviation of both cultivation systems originated from the oscillatory behavior of the VCD
described earlier, which affected the calculation of p. The error bars of the ambr™ cultures were higher
than the ones from the DASGIP cultures due to a technical malfunction which acted as a disturbance
variable on VCD measurements and thus on p for all ambr™ cultures. Since p is a calculated variable,
error propagation also contributed in general to high standard deviations. Nonetheless, the oscillatory
behavior of VCD played a central role for the spread of p which is indicated by the wide-ranging
90% CID.

Still, the transfer of p as a process set-point parameter between pseudo-continuous and continuous
culture and different scales resulted in a significantly similar CSPR. Thus, CSPR was proven to be a
suitable scaling parameter when averaged p is considered. However, the wide CID indicates that p is not
reproducible on a day to day basis. The different daily fluctuations of p in ambr™ and DASGIP cultures
could in turn have an effect on the cell’'s metabolism and the performance of the cell culture. The
generation of a more stable process, and thus a stable p, is part of process optimization which, especially
for the pseudo-continuous process in the ambr™ system, still has to be thoroughly performed. Starting
points for optimizing the process might be the screening of the transition phase of ambr™ cultures, which
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showed differences compared to the classical continuous set-up, and an investigation of the effect of

different feeding intervals on cell culture performance.

[d™]

0.0 1} T T T
0.04 0.06 0.08 0.10 0.12

-1 -1

CSPR [nL-cell "-d 7]

Figure 4-12: Arithmetic mean of y of ambr™ (filled circles) and DASGIP (clear squares) cultures over CSPR. Error
bars are standard deviations of p (ambr™: N=10; DASGIP: N=9). The 90% CIM is indicated with dotted lines, the 90%
CID is shown as a solid line.

In contrast to the similar steady state VCD values, the metabolism of cells cultured in pseudo-
continuous mode in the ambr™ system was different compared to the cells from DASGIP continuous
cultures. As mentioned in chapter 4.1.1, the ammonium measurements of the DASGIP cultures were
unreliable and were excluded from the comparison. Also, the glutamate concentrations were not
considered due to the very low concentrations so that no further analysis was considered based on this
metabolite.

Nonetheless, a metabolic comparison based on glucose, lactate and glutamine was possible.
Interestingly, the continuous cultures of the DASGIP bioreactors showed higher qg. for all the CSPR
tested compared to ambr™ cultures (Figure 4-13 (A)). The same distribution was observed for qac
(Figure 4-13 (B)). The observed higher q,,. of the DASGIP cultures was associated with the increased
glucose consumption as described for hybridoma cells (Miller et al., 1988; Sanfeliu et al., 1997). Neither
Jaic NOr qrac Were within the 90% CIM so that the cultures were regarded as not similar. However, for qgc
the slopes of the linear regression (not shown) of the ambr™ cultures and the DASGIP cultures were
almost identical. The stable offset was roughly 0.5 nM-cell’*-d!. This signifies that, besides the different
glucose consumption and thus different metabolism at similar CSPR, targeting and transferring a specific

Jeic set-point with CSPR is possible. The slopes for q,,c. on the other hand, were not similar and showed

47



Results and Discussion

-
a
o
©
°

IS
°

Al.dAl]

w
o

qgic [NM-cell

®ambr
® ambr2 a
DASGIP
Ooascie

0.04 0.06 0.08 0.10 0.12 0.04 0.06 0.08 0.10 0.12
0 4
CSPR [nL-cell’*d ] csSPR [nL-cell’"-d™]

°

6

°
IS

Qo [NM cell™d™]
o

°
o

o
@«

®ambr

Ooascie Ooascie
0.0 0.0 +—

0.04 0.06 0.08 0.10 0.12 0.04 0.06 0.08 0.10

®ambr

0.12
CSPR [nL-cell’".d '] CSPR [nL-celltd™]

Figure 4-13: Cell specific rates and yiascic over CSPR for ambr™ (filled circles) and DASGIP (open squares) cultures.
A: ggeic against CSPR. B: quac against CSPR. C: ggin against CSPR. D: yiagac against CSPR. Error bars are standard
deviations of p (ambr™: N=10; DASGIP: N=9). The 90% CIM is indicated with dotted lines, the 90% CID is shown as

a solid line.

that the difference in cell specific lactate production rate between the two systems decreased with
increasing CSPR. Here also, the values of the continuous cultivation were not part of the 90% CIM of the
pseudo-continuous cultivations. Yet, they fitted into the 90% CID. In overall, this indicates that cultures
in ambr™ and DASGIP bioreactors operated at high CSPR and thus high D show a more similar turnover
of the main carbon source glucose. This feature also is reflected when plotting the lactate to glucose yield
over CSPR (Figure 4-13 (D)). With increasing CSPR, the difference in yi.cc was reduced until at
CSPR>0.089 nL-cell'd! the yield was almost the same around 1.45 mol-moll. When observing the
Yiag/clc CUrve in more detail, it can be assumed that the ambr™ cultures were behaving abnormal at low
CSPR, since no linear correlation could be established which actually should be expected (Henry et al.,
2008). The low volume addition at low CSPR in the ambr™ might have contributed to the noticeably
different behavior. In earlier experiments it was observed that a substantial fraction of the reaction liquid
volume evaporated during ambr™ cultivations (Martin Heitmann, personal communication, 28.07.2014).
This uninvestigated effect combined with the possible homogeneity issues of the ambr™ bioreactors
(Nienow et al., 2013) could have contributed in an integrated way. At a higher volume addition, i.e.

higher CSPR, the impact of evaporation is diminished which could explain the more linear trend there.
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Thus, when the data points at low CSPR are neglected, also for y .cic @ stable offset between ambr™ and
DASGIP cultures was observed.

The distinct metabolism between ambr™ and DASGIP cultures is also obvious when regarding qgn, as a
function of CSPR (Figure 4-13 (C)). Here also, a difference between the two culture systems is observed.
The DASGIP cultures values did not fit into the 90% CIM and cultures with CSPRs>0.089 nL-cell'*-d* were
very close to the lower limit of the 90% CID. The slopes of the linear regressions for both data sets are
different which demonstrate the divergence between the two systems. It seems that energy generation in
DASGIP cultures was shifted more to the consumption of glucose rather than glutamine compared to the
cultures of the ambr™ system. The glutamine consumption rates of the DASGIP system at high CSPR do
not seem to follow a linear trend. qg, of the culture with the highest CSPR was calculated from 5 data
points instead of 9 which might have led to the lower value. The time point for taking a sample for
subsequent analysis might also have contributed to the observed differences and resulted in non-linear
trends. The samples of ambr™ cultures were taken by the automated liquid handler each day at the same
time point. Here, the harvesting had to be started immediately after the last feed addition because of the
tight schedule for controlling 24 cultivations in parallel. The samples of the DASGIP cultures were taken
at different time points daily so that sampling after or before feed additions occurred. Consequently,
different substrate, metabolite and protein concentration samples might have been taken due to dilution
effects. In general, the comparison of metabolic rates showed that differences between the systems
exist. A transfer based on CSPR however, is still possible since stable offsets were observed. Additional
experiments concerning the sampling procedure should elucidate whether a dilution effect occurred.

The different metabolism also affected the cell specific production rate and VP when both systems are
compared based on CSPR as can be seen in Figure 4-14. A general trend to higher VP at higher CSPR for
both systems is visible. Yet, the VP of the DASGIP cultures at lower CSPR between 0.048 nL-cell’*-d* and
0.089 nL-cellld! were higher than corresponding cultures of the ambr™ system. At a CSPR of
approximately 0.066 nL-cell’*-d’?, the VP of the DASGIP culture was for example 38% higher than for the
culture of the ambr™ system. The 90% CIM demonstrated that 3 cultures of the DASGIP system were
outside the lower or upper limit. However, as mentioned in chapter 4.1.1, the cultures at a CSPR of
0.067 nL-cell’:d™! and 0.096 nL-cell-d"! were believed not to depict the normal distribution. Thus, only one
culture, which was believed to display a presumably correct pattern, was outside of the CIM. When the
two cultures are not considered in the linear regression analysis, the slopes of the DASGIP and ambr™
cultures are almost identical (9.33 and 10.17 respectively). A definite statement was difficult due to the
large error bars, which at least partially originated from noisy ELISA measurements. Nonetheless, the
slightly higher VP of the DASGIP cultures correlated well with the higher glucose uptake rate previously
mentioned which apparently stimulated protein synthesis. The slightly higher protein production is also
reflected when comparing gp of both systems. A similar trend can be seen, where qgp values of the
DASGIP cultures were either in the same range or higher as cultures of the ambr™ systems at similar
CSPR when the before mentioned cultures are not considered. Higher gp in bench-top scale can also be
derived from data reported in literature (Nienow et al., 2013). However, different scale-up parameters
were used. In this work, the range of gp for the calculated means of both systems was between 1.17 and
0.84 which, considering the noisy ELISA data, is a satisfying result. Moreover, the assumption of a non-

growth associated protein production is supported.
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Figure 4-14: VP (A) and gp (B) against CSPR from ambr™ (filled circles) and DASGIP (open squares) cultures. Error
bars are standard deviations of p (ambr™: N=10; DASGIP: N=9). The 90% CIM is indicated with dotted lines, the 90%
CID is shown as a solid line.

As mentioned in chapter 4.1.1, an additional tool to overcome a possible distortion by imprecise VCD

measurements might be the use of VBV instead to calculate specific rates. Thereby, the effect of variable

cell densities on biomass measurement can be taken into account. The CSPR would then be expressed as

a specific perfusion rate (SPR). When comparing VP based on SPR (see Figure 4-15 (A)), the values of

the DASGIP cultures seem to correlate better to the corresponding ambr™ data compared to the VP

against CSPR graph. The values for gp on the other hand show, when plotted against SPR (Figure 4-15

(B)), more elevated values for the DASGIP cultures than compared to Figure 4-14. Slightly larger error

bars are calculated which demonstrates a decline in resolving power that is mainly due to error

propagation. Since no better elucidation can be expected when using VBV instead of VCD, this method
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was not further pursued. Yet, it could indicate that specific productivity in DASGIP cultures was elevated
in comparison to ambr™ cultures.

In conclusion, differences between ambr™ pseudo-continuous cultures and DASGIP continuous
cultures have been identified. Either the scale, the bioreactor system, or the process operation mode
resulted in different substrate consumption and metabolite production rates which in turn affected protein
synthesis. When the slopes of the linear regression analysis for each culture set were compared, it was
shown that transferable and non-transferable culture parameters exist. VP, qg, VCD, and p seem to be
directly transferable when appropriate CSPRs are chosen. For VP and qg, an offset has to be considered
when a process transfer should be performed. The transfer of qg, and quac is a significant issue where
CSPR based scaling might not be applicable. The ultimate goal should be the transfer of all CPP which was
not possible with this set-up.

Thus, further analysis was necessary to elucidate the impact of process conditions on cell culture
performance. As mentioned before, different factors might have influenced the outcome of this
comparison. First of all, it was observed that different transition phases of ambr™ and DASGIP cultures
lead to different VCD and viability values in the early process stages. Although these parameters were
almost identical during steady state, it could not be ruled out that the different start-phases between
batch and continuous culture contributed to the observed differences in the late phase of the processes.
To investigate this issue, an experiment focusing only on the cellular response in regard to the switch
from batch to continuous culture was conducted. Besides the impact of continuous start phases, the
effect of the different feeding schemes was explored more in detail. The continuous bleed and hourly feed
of the DASGIP cultures compared to the two hour feed interval of the ambr™ cultures also could have
had an impact on cell culture performance. The feed every two hours led to higher bolus feeds and thus
to higher initial glucose concentrations within an interval. Therefore, further experiments were conducted
to explore these possible key determinants for the transfer of process conditions between pseudo-

continuous and continuous processes and to explain the observed different metabolism.

4.2.2 Effect of different transition phases between batch and continuous

culture on cell culture performance

Based on the comparison of DASGIP and ambr™ cultures at various dilution rates, the transition phase
between batch and continuous cultivation was identified as a possible impact factor which could have
contributed to the observed different culture performance during steady state. In order to explore the
effect of a different transition phase on the outcome of cell cultures, a DoE-like design study using the
ambr™ bioreactor system was conducted. Since the cellular response on different conditions during the
transition phase was investigated, the chosen bioreactor system and operation mode was presumably
trivial for the experiment. Therefore, the ambr™ system was used due to its simpler set-up.

After a 72 hour initial batch phase, the bioreactor cultures were operated in pseudo-continuous mode.
The usual procedure of starting the pseudo-continuous cultivation (as described in 3.2.1) was modified

for one group of the cultures. These cultures were operated at D=0.5 d! for the first day after the batch
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phase. Then, the dilution rate was lowered every day with AD=0.1 d™! until the intended set-point, Deet,
was reached. For cultures with an odd-numbered D, AD was 0.05d™! at the last day of reduction. The
purpose of this process strategy was to adapt the initially high growth rates after the batch phase by
incrementally reducing the dilution rate to the actual process set-point. The aim was to generate a
smooth transition where p would match D more closely than in non-adapted cultures. As a result, the

oscillatory behavior of VCD was expected to be less pronounced during the transition phase compared to

Batch phase
Macapiea

Onon-adapted

thﬂ

Days after batch phase [d]

D [d]
W

® adapted
non-adapted

Culture time [d]

Figure 4-16: A: Strategy for the adaptation of pseudo-continuous cultures. D is lowered step-wise daily after the
batch phase for adapted cultures (filled columns) until the desired set-point is reached. For non-adapted cultures
(clear columns), D is kept constant. B: Simulated growth data of the assumed time course of y for adapted (filled
circles) and non-adapted cultures (open squares). The dotted line separates batch and continuous phase.

non-adapted cultures. Thus, any difference in the outcome of the cell cultures could be ascribed to this
distinct process operation. Ultimately, conclusions could be drawn whether the different conditions during
the transition phase between ambr™ and DASGIP cultures of chapter 4.2.1 had had a major impact on
the observed distinct culture performance. For both culture groups, the same range of final D¢y was
assigned. The control group was operated as usual where D¢ was set from the start. All other process
parameters were maintained. In Figure 4-16, an illustration of the process strategy for the dilution rate
adapted processes is shown.

The VCD during the transition phase was, as expected, quite divergent between adapted and non-
adapted cultures. At high dilution rates, the difference between cultures was reduced since here the
adaptation phase was shortened. However, the desired lower oscillatory behavior of the adapted cultures
was not observed. On the contrary, the adaptation process led to higher VCD peaks and a subsequent
decrease until the VCD was in steady state. The non-adapted cultures showed a much smoother
transition to the steady state VCD. In Figure 4-17, two exemplary cultures (at D=0.25 d!) are shown.
Immediately after the switch to continuous cultivation mode, both cultures showed almost identical VCD
values until day 5. However, the trends are highly different. The non-adapted culture showed a
saturation-like time course until day 6 whereas the adapted culture (Dagap:=0.3 d! at day 6)
demonstrated an almost exponential increase in VCD. The former then displayed the already described
oscillatory behavior. The VCD of the adapted culture, on the other hand, increased further up to day 7
(D=0.25 d!) and then declined almost linearly before at day 10 steady state was reached. Stable VCD
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Figure 4-17: A: Time course of VCD (circles) and viability (squares) over time of adapted (filled symbols) and non-
adapted (clear symbols) cultures. B: Time course of u of adapted (filled squares) and non-adapted cultures (clear
squares). Cultures were operated at D=0.25 d™.
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conditions were reached by the two cultures simultaneously. The adapted culture showed a very abrupt
transition from rapidly declining VCD to stable values. The peak in VCD was not surprising since the
higher D in the beginning allowed for a higher y. Yet, the magnitude and duration of this elevated VCD
was unexpected. Apparently, the high p was maintained at a constant value until day 6. Here, a p of
0.43 d! was calculated at a prevailing D=0.3 d!. The characteristics of py bore resemblance to the
observed p in chapter 4.2.1 of the DASGIP cultures and the following different adaptation to Dge
compared to the ambr™ cultures of the same chapter. The trend of p indicates that the adapted cultures
were not readjusting in the same speed as the incremental decrease. After a small decrease in p at day
7, the growth rate decreased to 0.1 d'* until day 10 and showed an oscillation around the p of the non-
adapted cultures thereafter. After day 15, the growth rate of the adapted culture exhibited a comparable
behavior to the p from the non-adapted cultures. Thus, after day 7 the bigger offset between set p (via
D) and actual p led to a sudden decrease in g and VCD. Similar characteristics were displayed at other
dilution rates. Both groups eventually reached the same steady state values which is congruent with the
cultures used for the comparison in 4.2.1. Although the primary goal, namely a smoother transition, was
not accomplished, the different shifts from batch to continuous culture can be useful to verify or
contradict their impact on cell culture performance in general. In addition, the adapted cultures showed a
comparable trend during the transition phase as DASGIP continuous cultures in chapter 4.2.1.

The overview of steady state VCD at different D revealed no direct impact of the transition phase on VCD
(Figure 4-18 (A)). Both cultures showed the previously observed plateau at high D and a linear
correlation between D=0.15 d* and D=0.35 d.. This is in accordance with chapter 4.2.1. Consequently,
the achieved growth rates, when compared by the corresponding CSPR of the cultures (Figure 4-18 (B)),
showed no deviation between adapted and non-adapted cultures. The 90% CIM of p of the non-adapted
cultures comprised almost all of the growth rates of the adapted cultures. Only the adapted culture at
CSPR=0.103 nL-cell-d! was slightly outside the CIM. However, the non-similarity of this culture might
have originated from measurement inaccuracies as indicated by the large error bars. Thus, the p values
during steady state were regarded as identical for the two culture groups.

a0
C .
ﬁ#%

1]

b
W™

¢

vep [10° cellsm L]

® adapted ® adapted
o - .
non-adapted O non-adapted

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12

D [d7] CSPR [nL-cell’d "]

Figure 4-18: A: Steady state VCD arithmetic mean values against D for adapted (filled circles) and non-adapted
(clear circles). Error bars show standard deviations (N=7). B: Steady state arithmetic mean p values against CSPR.
The dashed lines show the 90% CIM, the solid lines show the 90% CID of non-adapted cultures. The symbols and the
error bars indicate the same as in (A).
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Similar observations were made when metabolic rates were compared (Figure 4-19). The cell specific
glucose consumption rate and specific lactate production rate showed almost no difference between
adapted and non-adapted cultures at corresponding CSPR. The 90% CIM included all of the mean values
so that both culture groups were regarded as similar. This is supported by the slopes of the linear
regression analysis. Here, the slopes of qg. and q..c were in very close proximity with 26.5 (qg non-
adapted) and 25.6 (qgc. adapted), respectively, and 56.7 (q..c non-adapted) and 59.2 (q... adapted),
respectively. Although the qg, data points of the adapted cultures were not fully included in the 90% CIM
of the non-adapted cultures and the slopes of the linear regression indicate a difference between adapted
and non-adapted cultures, a conclusive determination was difficult. Adapted cultures at
CSPR<0.067 nL-cell’*d? showed slightly elevated qgn, compared to non-adapted cultures. Consequently,
it could be assumed that cultures, which experienced a longer adaption phase and thus more distinct p
values during the transition to continuous cultivation, exhibited a different metabolism. However, the
large error bars for both cultures and the very narrow 90% CIM put the displayed differences into
perspective which therefore could also derive from inaccurate measurements. Additionally, the cell
specific glutamine consumption rate was different from the ambr™ cultures in 4.2.1. However, the similar
slope of the linear regression analysis of the non-adapted control culture and the 1t ambr™ experiment
(chapter 4.2.1, data not shown) implies a systematic error caused by the measurement system. Due to
the long time between experiments, different reagent batches for metabolite analysis were used which
could explain the observed offset. Regarding the cell specific rate of ammonium, which is mainly
produced during glutaminolysis, the assumption of possible differences in the glutamine metabolism
between adapted and non-adapted cultures is partially supported. Also here, elevated gamm could be
observed at low CSPR. Nonetheless, the same large error bars and narrow 90% CIM at least showed that

M cultivation but

the differences were marginal. Similar to qgn, 9amm Was lower than in the 1%t ambr’
showed the same trend. The question whether this originated from a bias of the measurement system or
by other unidentified causes could not be answered. The trends of the two rates however, suggest that
no significant metabolic change occurred. Even the cell specific glutamate rate, which was beforehand
considered to be non-reliable due to the strongly fluctuating raw data, showed a similar distribution for
both culture groups. The slopes of the linear regression were almost identical (-972 for non-adapted and
-976 for adapted cultures). Conclusively, the metabolic analysis revealed no significant difference
between the culture groups.

In this context, congruent metabolic rates were also observed to some extent during the comparison
of DASGIP and ambr™ cultures. There however, VP and g showed a slightly different behavior when
compared based on CSPR.

The trend of VP of adapted and non-adapted cultures displayed in both cases the already described
trend of higher VP at higher CSPR (Figure 4-20 (A)). For lower CSPR values and thus cultures which were
impacted the most by the adjusted transition phase, a slightly lower VP for adapted cultures was
observed. Yet, at higher CSPR and thus almost the same transition phase, the VP of adapted cultures was
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Figure 4-20: A: Normalized VP against CSPR of adapted (filled circles) and non-adapted cultures (clear circles). B:
Normalized gr against CSPR of adapted (filled circles) and non-adapted cultures (clear circles). Error bars show
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N=7). The 90% CIM calculated from the 1% ambr™ experiment is indicated with dotted lines, the 90% CID is shown as
a solid line.

higher than the non-adapted cultures at corresponding CSPR. Most of the data points were included in
the 90% CIM, whereas all lay within the 90% CID. The fluctuations within the non-adapted culture group
showed the unsteady VP measurements over CSPR, so that no significant difference based on this data
set could be concluded. On the other hand, the VP data of the non-adapted ambr™ control culture did not
reflect the distribution observed during the 15t ambr™ cultivation of chapter 4.2.1 (Figure 4-20 (C)). The
large error bars of this experiment, the experiment in 4.2.1, as well as various reports of the highly
reproducibility of ambr™ cultivations including recombinant protein related data, indicate that rather the
reproducibility of the ELISA results was an issue. The samples for ELISA measurements had been diluted
10-fold for subsequent analysis. The slope of the sigmoidal calibration curve in the expected
concentration range was very shallow so that fluctuations were likely.

Also, the CSPR based comparison of gp (Figure 4-20 (B)) showed a similar distribution for adapted and
non-adapted cultures. Again, a non-growth associated protein production could be observed, whereas

adapted cultures showed lower gp at low CSPR and higher gp at high CSPR compared to non-adapted
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cultures. Hence, the adapted cultures, which were comparable to DASGIP cultures in terms of higher p
during the transition phase, did show that no major influence of different transitions phases on VP or q,
can be expected.

In conclusion, VP and gp showed variations between adapted and non-adapted cultures. The
differences could not be attributed to the distinct transition phases but could have been impacted by the
analysis method. Substrate consumption rates, metabolite production rates and recombinant protein
related data showed only minor disparities between adapted and non-adapted cultures which also could
have originated from measurement inaccuracy. The assumption that no metabolic shift was initiated is
supported by acceleratostat experiments, i.e. a continuous culture where the dilution rate is changed
gradually at a constant acceleration. Thereby, u is adapted to the changing environment faster than in
conventional chemostat experiments. Comparison to classical continuous culture, where the dilution rate
was changed incrementally, showed that the same glucose consumption and lactate consumption rates
were achieved (Bjerre-Nielsen et al., 2007). Thus, no different metabolism between adapted and non-
adapted cultures was assumed which in turn suggested that the differences between DASGIP and ambr™

cultures were not affected by the different transition phases.

4.2.3 Effect of the feeding strategy on cell culture performance

Besides the different transition phases during the switch between batch and continuous or pseudo-
continuous cultivation, the different feeding strategy was regarded as a possible impact factor that could
have influenced the outcome of the DASGIP and ambr™ cultures. In a simulated approximation of
continuous culture by semi-continuous culture, Westgate and Emery (1989) proposed that differences
between continuous and semi-continuous cultures originated from feed concentration, replacement rate
and time between replacements. The definition of a semi-continuous process in this paper was different
from the pseudo-continuous process applied in the ambr™ system. There, a fixed volume of cell culture is
replaced with an equal volume of fresh medium at fixed times. Nonetheless, some considerations of their
model for the approximation of continuous culture can also be transferred to the pseudo-continuous
cultures of this work. Technically, pseudo-continuous culture consists of a series of short repeated batch
fermentations where a new batch is started after substrate is fed via a fixed inflow of fresh medium. The
cultivation period between feeding intervals could be considered as a batch operation. During these
feeding intervals, the cells convert substrates into cell mass, recombinant protein and metabolites. Thus,
varying the feeding interval could result in different final substrate concentrations due to concentration
dependent consumption (Miller et al., 1989). Small interval lengths between replacements were found to
mimic continuous cultures (Westgate and Emery, 1989). Regarding the experiments of this project and
the proposed impact factors for approximation of continuous cultures, the feed concentration was
identical for both culture systems. The replacement rate (similar to D) was also tested in the same range.

Thus, most interesting for this project was to study the effect of the time between replacements
reported in literature, which is identical to the feeding interval as introduced in 3.2.1. In the DASGIP
cultures an hourly feed was used, whereas for ambr™ cultures a feed every second hour had been
implemented. This difference might have contributed to the observed deviations. Simultaneously to the

ambr™ cultures that were compared to the DASGIP cultures in chapter 4.2.1, 16 cultivations including
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two groups with different feeding intervals were run to study this effect. Since the culture supplied with
fresh medium every second hour was compared to the DASGIP cultures, this group was regarded as a
reference and the 90% CIM and 90% CID were calculated for these cultures.

In Table 4-4, an overview of the process conditions of the corresponding feeding interval groups is

shown.

Table 4-4: Outline of the planned experiments for the study of the effect of feeding intervals.

Culture group Feeding interval Number of cultures Dilution rate range
(A=0.05d})

1 Every hour 8 0.15d*!-0.5d"

2 Every 2" hour 8 0.15d'-0.5d"

3 Every 4™ hour 8 0.15d'-0.5d"

Culture group 1 was supplied with medium every hour, group 2 every 2" hour, and group 3 every 4"
hour. The time between volume reductions was maintained at 24 hours. Agitation, pH, and temperature
set-points were as described in chapter 2.6. Culture group 2 is identical to the ambr™ cultures used for
the comparison in chapter 4.2.1. During the experiment it was noticed that culture group 1 was not pH
controlled due to the internal programming of the liquid handler of the ambr™ system where base
addition is only possible if the concerning bioreactors are not accessed by the LH within 30 minutes.
Because of the high feeding frequency, this criterion could not be met. Thus, the pH of group 1 was
maintained only by the addition of fresh medium at around 6.96+0.06 and was approximately 0.1 pH
units below the controlled cultures.

The comparison of VCD based on the D set-points (Figure 4-21 (A)) demonstrates distinct characteristics
between the pH-controlled (group 2 and group 3) and non-controlled cultures (group 1). The VCD of
group 1 was elevated for all D tested, whereas group 2 and group 3 showed only minor variations. The
saturation-like trend was similar for all culture groups. Hence, based on the similarities of VCD data of
culture group 2 and group 3, the difference between the latter and culture group 1 was rather assigned
to the influence of lower pH on cell density than the effect of different feeding intervals. Cells of culture
group 1 were smaller than cells of the pH-controlled cultures which affected the VCD measurement as
already mentioned in chapter 4.2.1. Here, the aggregation rate for all cultures was similar, so that the
computation of the average cell diameter was not affected by this parameter. Figure 4-21 (C) and (D)
display the average cell diameter and aggregation rate of the different culture groups. Due to the smaller
AVC, an assessment of the biomass was conducted. When plotting biomass as VBV against D the
differences between the groups are diminished (Figure 4-21 (B)). Thus, further investigation whether

possible differences were also observed for VBV based calculated rates was necessary. Due to the slightly
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elevated VCD of culture group 1, higher growth rates were calculated in comparison to group 2 and
group 3 at corresponding CSPR. At CSPR=0.070 nL-cell'*-d?, the p values of group 1 were outside the
90% CIM of group 2. Culture group 2 and group 3 demonstrated a very similar trend of u which supports
the assumption that not different feeding intervals but pH influenced cell culture parameters.

pH is widely described as an important culture parameter that affects metabolism and productivity of
mammalian cells (Miller et al., 1988; McDowell and Papoutsakis, 1998; Trummer et al., 2006b). The
examination of the cell specific metabolic rates supported the assumption that the observed disparities
derived from the lower culture pH. Although the rates and CSPR were calculated with VCD values, a
substantial heterogeneity is visible in Figure 4-22. The cell specific rates for glucose consumption and
lactate production showed different characteristics for all calculated CSPR. Since the VCD measurements
(Figure 4-21 (A)) showed a stable offset, the different characteristics were not impacted by the definition
of biomass (i.e. VCD or VBV). Consequently, differences were also observed for VBV based calculated
specific metabolic rates (e.g. qg.c: Appendix 2). The cell specific glucose consumption rate (Figure 4-22
(A)) of group 1 was considerably lower than qg. for group 2 and group 3, which is consistent with
literature where lower culture pH has been reported to lower the glucose consumption of CHO cells
(Trummer et al., 2006a). The data points of the two pH-controlled groups were considered not to be
significantly different because group 3 was fitting in the 90% CIM of group 2. The difference between
group 1 and the other two groups was greater at higher CSPR where group 1 did not fit within the 90%
CID. This diverging trend might be attributed to the slightly lower pH values that were measured at
higher CSPR for group 1 (not shown). The lower glucose consumption of group 1 is reflected by the lower
lactate production specified by q,,c against CSPR (Figure 4-22 (B)). Here also, group 2 and group 3
showed a similar distribution and similar values. Data points of group 3 were within the 90% CIM and
thus were considered not significantly different. Interestingly, group 1 also showed a lower lactate to
glucose yield (Figure 4-22 (C)) which was, however, showing the same trend as the yields of group 2 and
group 3. When the similarity of group 2 and group 3 is taken into account, an effect of the feeding
interval on the hitherto analyzed culture parameters were unlikely.

The consumption of glutamine was very similar for all culture groups. However, marginally higher qg,
(Figure 4-22 (D)) were calculated for group 1 and group 3 whose data points resided at the upper 90%
CIM limit. The higher qg, also affected gamm (Figure 4-22 (E)) which was also higher for group 1. Thus,
the more efficient glucose metabolism was accompanied by a more inefficient utilization of glutamine.
This is also displayed in the higher ammonium to glutamine yield (Figure 4-22 (F)). The comparison of
the VBV based qg, against SPR, however, did not support the assumption of elevated qg, for group 1. On
the other hand VBV based gqamm was also higher for group 1 (see Appendix 3). Yet, also group 3 showed
different VCD based gamm. Considering the similar metabolic rates and the significant error bars, the gamm
data had to be critically questioned.

The different metabolism of pH-controlled and non-controlled cultures was also reflected in the course
of VP and gp against CSPR (Figure 4-23). Culture group 2 and group 3 exhibited similar VP values for the
CSPR range tested. Only the data point at CSPR=0.082 nL-cell-d™* of group 3 was outside the 90% CIM.
Thus, it was concluded that an extension of the feeding interval from 2 to 4 hours did not influence the
productivity. Culture group 1 on the other hand, showed either similar values as group 2 and group 3 or
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elevated VP. Three data points were above the upper 90% CIM whereas another value was close to the
upper border.

The impact of pH, i.e. lower pH leading to higher VP, is also described in literature (Trummer et al.,
2006 a, Trummer et al., 2006 b). Regarding the cell specific protein production rate, this relationship is
not reflected but group 1 shows a more similar distribution to group 2 and group 3. This is plausible since
gp is calculated by dividing VP and VCD. Thus, the elevated VP and higher VCD of group 1 were
neutralized. The 90% CIM in this case is not significant due to the large error bars. Yet, the similar
spread of gp values demonstrates again the non-growth associated protein production. Thus, the
comparable gp illustrates that VP is proportional to VCD, which can also be derived from equation 2-n in
chapter 2.5.1. However, it could be argued that the calculation of gp with VBV instead of VCD would allow
a different interpretation of effects of different feeding intervals (see Figure 4-21 (B)). As mentioned
before, the differences between the culture groups are less concise when plotting VBV against D. Thus,
with a VBV based calculation of cell specific rates a different distribution of the data points of each culture
group was observed. Unfortunately, the evaluation of gp against SPR (not shown) did not contribute to
any clarification and was not pursued because of the high influence of error propagation and the resulting
large error bars on the results. Yet, it emphasizes that the choice which biomass definition is employed
for the determination of specific rates is of crucial importance when a comparison of cell cultures is
conducted.

In conclusion, the results of this experiment imply that cells exhibited a different metabolism based on
different pH conditions rather than different feeding intervals. Culture group 2 and group 3 (controlled
pH) demonstrated very similar trends for all rates and VCDs tested whereas culture group 1 (uncontrolled
pH) showed a deviant distribution. The lower pH of culture group 1 affected mainly the cell size and
glucose and glutamine metabolism. Cells of group 1 showed a smaller average cell diameter which
resulted in higher VCD recorded. The apparently decoupled protein synthesis from the metabolism might
be an artefact from the different VCD measurements between groups 2 and 3 and group 1. Nonetheless,
an effect of the different feeding strategies of the cultures compared in chapter 4.2.1 could not be

confirmed.
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Figure 4-23: Normalized averaged VP (A) and normalized averaged gp (B) in steady state against CSPR of culture
group 1 (clear circles), group 2 (filled circles) and group 3 (filled diamonds). Error bars are standard deviations of the
averaged value range (N=10). Dashed lines symbolize the 90% CIM, solid lines the 90% CID of group 2.
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4.2.4 Effect of pCO, and pH on cell culture performance

Due to the non-affirmative assumptions —different transition phases and different feeding intervals would
result in distinct cell culture performance - further differences between the compared DASGIP continuous
cultures and ambr™ pseudo-continuous cultures were evaluated.

After a thorough investigation of various culture parameters, a difference in culture pCO, between
DASGIP and ambr™ cultures was identified. The dissolved carbon dioxide in DASGIP cultures was
between 60 mmHg and 85 mmHg whereas cultures with a higher D exhibited higher pCO, levels. In
contrast, pCO, of ambr™ cultures only showed values between 23 mmHg and 30 mmHg. pCO, levels
between 40-50 mmHg are considered to be optimal (Godia and Caird, 2006) which implies that both
cultures were not meeting these conditions. The differences arose mainly because of the enhanced
stripping present in the ambr™ bioreactors due to the additional oxygen flow next to the constant basic
gas flow (Nienow et al., 2013). The additional oxygen flow was as high as 0.08 ccm and thus almost as
high as the basic gas flow. Moreover, after evaluating the algorithms of the DASGIP gas mixing module,
it was discovered that a constant CO, gas flow was set to 5% of the total gas flow by factory settings
which were believed not to be activated. Thus, CO, was not only produced by cells but also supplied by
the bioreactor system. The constant addition of CO,, however, was not maintained because it interfered
with the pH control. Therefore, CO, was added sporadic as a step-function. Many studies were conducted
in order to investigate the effect of pCO, on cell culture (Kimura and Miller, 1996; deZengotita et al.,
1998; Zanghi et al., 1999; Tagaki et al., 2000 Schmelzer et al., 2001; deZengotita et al., 2002a;
deZengotita et al., 2002b; Zhu et al., 2005) but all studies focused on elevated pCO, levels (above
100 mmHg) which normally occur in production scale and fed-batch operation modes. Since neither the
ambr™ nor the DASGIP cultures were in the optimal physiological range or the range studied in
literature, an additional experiment was conducted to evaluate the impact of different pCO, levels on cell
culture performance. The DASGIP system offered the best possibility to accurately maintain the pCO,
values because of the gas mix algorithm with a basic constant gas flow which ensured a constant
stripping. Moreover, the effect of different pH-set points was investigated in order to verify the
assumptions made in chapter 4.2.3. Also, slight differences in the pH operating point between the
compared cultures of chapter 4.2.1 were observed. The experimental outline of this experiment is
presented in Table 4-5.

Table 4-5: Planned experiments for the evaluation of pH and pCO, effects on cell culture performance. The grey
highlighted culture was not used for comparison due to technical difficulties during cultivation.

Culture Group pH set-point Gas flow Dilution rate pCO,
(ccm) [mmHg]
1 a 6.9+0.05 3.00 0.25 55
2 a 6.9+0.05 4.14 0.25 59
3 a 6.9+0.05 10.0 0.25 73
4 b 7.1+0.05 3.00 0.25 52
5 b 7.1+0.05 4.14 0.25 70
6 b 7.1+0.05 10.0 0.25 74
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Culture group a and group b served the evaluation of pH and pCO, effects on cell culture performance.
The gas flow rates were chosen based on the previous DASGIP cultures. The gas flow of 3 ccm was
selected in order to allow higher pCO, levels than in the first DASGIP experiments. Even lower flow rates
were not possible owing to technical restrictions. The gas flow of 4.14 ccm was used for control cultures
since this rate was already applied for the DASGIP cultures in chapter 4.2.1. 10 ccm reflected a vvm-
based scaling of ambr™ gas flow rates and should result in lower pCO, values. pH set-points of all
previous ambr™ and DASGIP cultures were covered and pCO, ranges were varied in comparison to
control DASGIP cultures.

When culture group a and group b are compared (Figure 4-24), different effects of pCO, and pH on
various cell culture parameters can be observed. The reported decrease in qg. at elevated pCO,
(deZengotita et al., 1998) is only observable for culture group a. At 52 mmHg pCO,, the glucose
consumption was 33% higher than at 73 mmHg. The qg values of group b showed almost no difference
at different pCO, values. A slightly decreasing trend for higher pCO, might be visible but was not
significant as indicated by the error bars. Thus, the lower glucose consumption could be an integrated
effect of pH and pCO,. Since osmolality within the culture groups was comparable, any contribution of
this parameter could be ruled out. The comparison of cultures with the same pCO, but different pH (e.g.
culture 3 and culture 6) demonstrated that higher pH alone is accompanied by an increase in qg.
Although the osmolality was higher in culture 6, a contributing effect has been rejected because the
osmolality range of these cultures between 305 mOsm-kg™* and 345 mOsm-kg™! was reported not to affect
CHO cells significantly (Kurano et al., 1990; deZengotita et al., 1998). The same relationship as for qg.
has been observed when comparing q,,. of the two cultures. No difference in glutamine consumption rate
could be observed at different pCO, or pH values (data not shown). In the case of varying pH values, this
is not surprising since the cultures in chapter 4.2.3 showed only little deviation in qgn. For the
comparison of ambr™ and DASGIP cultures this implied that lower qg, did not originate from the different
process conditions, i.e. pCO, levels, but either from the process operation mode or the different physical
bioreactor characteristics.

Regarding the unanswered differences of chapter 4.2.1 and the assumptions of 4.2.3, conclusions from
the generated data can be drawn. The metabolic rates supported the assumption made in chapter 4.2.3,
where the lower gg. and q.,c was ascribed to lower pH rather than the feeding intervals. Considering the
comparison of ambr™ and DASGIP cultures, the metabolic rates of the experiment in the current chapter
only provided ambiguous results. No correlation between elevated pCO, and higher gg could be found at
the corresponding culture pH. Thus, the higher glucose consumption of the DASGIP cultures must have
originated elsewhere. However, the pCO, range tested during this experiment was much tighter than the
differences between ambr™ and DASGIP cultivations in chapter 4.2.1. Another experiment in ambr™
bioreactors at high pCO, levels might provide further insights.

The comparison of VP and gp on basis of CSPR showed that pCO, alone had an effect on cell cultures.
At higher pCO,, a lower volumetric productivity and lower gp was calculated for both culture group a and
group b. The large error bars, which were again caused by noisy ELISA measurements, might question
the significance of the trend of lower VP and gp at higher pCO,. However, the observed trend is consistent
with the few reports concerning the effect of pCO, on productivity of mammalian cells in literature
(Kimura and Miller 1996; Ma et al., 2006). The higher VP at lower pCO, contradicts any influence of this
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parameter on the observed higher VP of the DASGIP cultures in chapter 4.2.1. It rather indicates that
even higher VP would have been generated when the same pCO, levels in ambr™ and DASGIP cultures
would have been achieved. Yet, the sampling technique for the determination of pCO, values in the
ambr™ shed doubt on the accuracy of the results. Firstly, the ambr™ bioreactor was opened by the
automated liquid handler for the removal of sample material. Here already, CO, could evaporate. And
secondly, the sample was transferred via a pipette to a conventional Cedex cup which exhibits a large
surface area so that further evaporation could occur. The time between opening the bioreactor and the
actual measurement was around 30-45 seconds. Thus, a too low pCO, might have been measured.

The different pH on the other hand did not have any significant effect on g and VP which is not
confirming the slightly higher VP for cells cultured at a lower pH described in chapter 4.2.3. Thus, it
supports the assumption that cells maintain their specific productivity albeit different uptake and
production rates of substrates and metabolites.

Additionally, the effect of pH on VCD was evaluated. Higher VCD and lower AVC was observed for
cultures at pH=6.9 compared to cultures at pH=7.1. Thus, the primary effect recorded in the experiments
of chapter 4.2.3, i.e. higher VCD and lower cell diameter at lower pH, were verified. This result supports
the assumptions, that varying the feeding intervals was not the cause for the observed differences in
chapter 4.2.3 but the different pH.

4.2.5 Conclusions drawn from the comparison of ambr™ pseudo-

continuous and DASGIP continuous cultures

In conclusion, differences in cell culture performance between ambr™ and DASGIP cultivations were
identified and the different aspects were evaluated.

The generated data was error-prone to a large extent due to the used measurement systems which
distorted the results. Additionally, the choice which definition of biomass, in this case VCD or VBV, was
used to calculate cell specific rates allowed a different angle for the interpretation of cell culture
performance between the cultures. For the determination of differences or similarities between culture
systems it is thus of crucial importance to include both and possible other biomass definitions into the
calculation and evaluation of CPP.

Another critical measurement method was the used ELISA for the quantification of the recombinant
product concentration. The large fluctuations between measurements resulted in large standard
deviations so that a clear and significant interpretation of possible differences of protein related data was
restrained. Yet, the averaged data and their trends suggest a general reproducibility of these parameters
between the systems.

The experiments of chapter 4.2.2 - 4.2.4 provided additional information about the origins of the
differences in cell culture performance of the ambr™ and DASGIP cultures. Based on supplementary
ambr™ cultivations, an impact of different transition phases between batch and continuous cultures and
different feeding strategies was ruled out. Especially the similar outcome of pH controlled cultures when

different feeding intervals were applied, suggest that the disparities were not caused by the operation

67



Results and Discussion

mode but rather by the bioreactor system. Analysis of the effect of pCO, demonstrated that the VP of
DASGIP cultures can actually be expected to be higher due to the detrimental effects of pCO, on VP.
Results from other research groups at Novo Nordisk also implied lower VP in ambr™ cultures. A cause for
this discrepancy might be found additionally in the heterogeneous mass transfer of ambr™ bioreactors
(Nienow et al., 2013).

Although the culture parameters were not transferable with their face values, similar trends were
examined. Metabolic rates were different to some extent but showed higher substrate consumption and
metabolite production at higher CSPR for both culture systems. VP and gp were similar for the culture
systems tested whereas DASGIP cultures showed slightly elevated VP which is probably connected to the
slightly higher VCD recorded. However, the effect of pCO, on cell culture performance has to be
considered which might have concealed further differences. Regarding the stable offsets of CPP achieved
in the different culture systems, a transfer between ambr™ pseudo-continuous cultures and DASGIP
continuous cultures based on CSPR is possible.
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4.3 Applicability of transferring process conditions from
pseudo-continuous and continuous to an ATF-perfusion

cultivation

The observed interdependencies and possible impact factors of chapter 4.2, such as pCO,, were taken
into account for the transfer of CPP to a cell culture in perfusion mode with ATF-system in 5 L scale. Most
of the cultures run with the ambr™ and DASGIP system were operated at D=0.25 d! so that these
cultures provided the broadest basis for comparison. In steady state, the dilution rate of pseudo-
continuous and continuous cultures is equal to y which was selected as the primary set-point variable for
the transfer of CPP because it can be easily implemented via the bleed rate in perfusion processes. Thus,
Dgeed=0.25 d! was set and a final dilution rate with D=1.5d? via the additional harvest rate was
targeted. In order to compare the ATF-perfusion steady state values to ambr™ and DASGIP cultures,
steady state was assumed 10 days after the start of the cell bleed. Thereby, the culture time between the
latest change in operation conditions and the assumed steady state was standardized for all cultures.
Hence, steady state was assumed for ATF-perfusion after 17 culture days as opposed to 14 culture days
in the other systems. After day 6, the samples for ATF-perfusion VCD measurements were diluted 1:2 in
PBS since the maximum cell density range of the Cedex system was reached. A basic constant air flow
was implemented and adjusted in order to reach pCO, levels comparable to DASGIP cultures. The final air
flow was 60 ccm and was thus higher than the scaled gas flow (see chapter 2.6). Based on the results of
chapter 4.2.4, pCO, control was considered to be more important than presumably adequate k_a-based
scaling. The results of this ATF-perfusion were compared to the cultures of chapter 4.2.1.

The direct comparison of VCD of the three systems is not feasible due to the dramatically higher VCD
measured in ATF-perfusion and provides a good example why other parameters have to be consulted for
contrasting cultures operated at different modes. Yet, combined with viability measurements the
description of VCD allowed a general assessment of the behavior of this particular cell culture. In Figure
4-25, the trends of both parameters over time are displayed. VCD measurements were showing similar
characteristics as in pseudo-continuous and continuous cultivations after the start of the cell bleed rate
(see chapter 4.2.1 in Figure 4-10). After an exponential increase during the batch phase until day 3, the
ramped harvest rate was started and VCD increased further until day 6. During the ramp, the viability
decreased in a linear fashion which is consistent with cultures in continuous culture mode. After the start
of the cell bleed, the VCD began to increase with a lower slope in a linear fashion. Both behaviors, the
increase in VCD and the decline in viability, were also observed after the start of continuous operation in
DASGIP continuous cultures. The different start phase after the batch cultivation was not considered to
be influencing the final steady state values since the results of chapter 4.2.2 implied no distinct culture
performance after different start phases in pseudo-continuous culture. Although not directly comparable
to the start phase of continuous cultures, the ATF-perfusion start phase is basically a prolonged transition
phase between batch and continuous culture with cell retention. The VCD showed a maximum at day 10
with 24.8:10° cellssmL™* and then declined to 19.2:10° cellssmL™ at day 14. Thereafter, the VCD started to

oscillate as in the other systems and reached a stable steady state of in average 22.0-10° cellssmL™! after
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culture day 16. Hence, steady state values of all three systems could be compared from 10 days after the
start of the cell bleed onwards. The viability was also constant during this time range with around 89.4%
which is much lower than for the ambr™ or DASGIP systems that were around 93% during steady state.
A reason for this is the dilution performed prior to the analysis with the Cedex. A series of dilution ranges
tested showed that lower VCD and viability was measured when higher dilutions were used. Undiluted
samples showed viabilities at around 94% but were not routinely executed since these Cedex
measurements were time consuming (30 minutes per measurement) and might have been inaccurate.
This indicates that the true VCD and viability values were higher than their apparent values. For the
calculation of specific rates, the results of the 1:2 diluted samples were used since only these were within
the measurement range of the Cedex.
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Figure 4-25: VCD (filled circles) and viability (clear circles) over time of an ATF-perfusion cultivation. The dashed
line show different phases of the cultivation: (1): batch phase; (2): ramped harvest rate; (3): constant harvest and
bleed rate.

The comparison of the main set-point variable y based on CSPR demonstrated that ATF-perfusion is very
well reflected by continuous and pseudo-continuous cultures (Figure 4-26). The p of the perfusion culture
was within the 90% CIM of the ambr™ culture. Error bars of the ATF-culture were very similar to the
DASGIP cultures at corresponding CSPR which reflects correlative variations in VCD during steady state.
The same percentage difference between two subsequent VCD measurements would produce the same

difference in y. In conclusion, the transfer of the process operation variable p is feasible with CSPR based
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Figure 4-26: Averaged p of steady state values against CSPR for ambr™ pseudo-continuous (clear circles), DASGIP
continuous (clear squares) and ATF-perfusion (filled triangle) cultivations. Error bars indicate standard deviations for
the averaged values (ambr™: N=10; DASGIP: N=9; ATF-perfusion: N=10). The dashed lines show the 90% CIM, the
solid lines the 90% CID of the ambr™ cultures.

scaling. However, as already indicated in chapter 4.2, differences were to be expected for cell specific
substrate consumption and metabolite production rates (Figure 4-27).

Indeed, the calculated glucose consumption rate of the ATF-perfusion was not reflecting the values
obtained in pseudo-continuous cultures. Although marginally higher with qgc=2.85 nM-cell’*-d?, the
glucose consumption rate of the perfusion culture rather resembled the qg. of the DASGIP cultures.
However, when calculating the 90% CIM of DASGIP cultures (not shown), qg of the ATF-culture was not
residing within those CI limits. Several causes might have contributed to this examination. Based on the
discrepancy of qg. between ambr™ and DASGIP cultures, the higher glucose consumption rate observed
in ATF-perfusion culture is partially coherent. Since the geometrical characteristics of the bioreactor,
operation mode, and scale were more similar for DASGIP and ATF-perfusion and more disparate between
ambr™ and ATF-perfusion, it could be assumed that culture performance is more similar in bench-top
bioreactors. Therefore, the fact that the ATF-perfusion qg. was not included in the 90% CIM of the
DASGIP culture might be attributed to the possible lower apparent VCD measurement. With a higher VCD
the glucose consumption per cell and day would have been lower and probably fit within the 90% CIM of
the DASGIP culture.
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Figure 4-27: Comparison of steady state cell specific metabolic rates of ambr™ pseudo-continuous (clear circles),
DASGIP continuous (clear squares), and ATF-perfusion (filled triangles) cultures. Dashed lines indicate the 90% CIM,
solid lines the 90% CID of ambr™ cultures. Error bars show the standard deviations of the averaged values (ambr™:
N=10; DASGIP: N=9; ATF-perfusion: N=10). A: Averaged qg. against CSPR. B: Averaged Q... against CSPR. C:
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The bigger similarity between ATF-perfusion and DASGIP cultures is reproduced when regarding the

lactate production rate. g, of the ATF-perfusion was also higher than in ambr™ and DASGIP cultures at
corresponding CSPR. However, the difference between ATF-perfusion and DASGIP in terms of q,,c was
more significant than for qg.. Here as well, the possibly lower apparent VCD contributed to the higher g ac
values of the ATF-perfusion. Moreover, the measurement accuracy of lactate was less consistent which is
displayed by the larger error bars. They in turn indicate that lactate production in DASGIP and ATF-
perfusion cultures was not substantially different. Yet, the value of the ATF-perfusion was not included in
the 90% CID of the ambr™ which raises the question of the transferability of q... between pseudo-
continuous and perfusion cultures. Nevertheless, the earlier mentioned heterogeneities of mass transfer
in the ambr™ might have misrepresented the metabolic rates. The same relations can be derived for the
comparison of qgn, where ATF-perfusion and DASGIP cultures showed a larger resemblance. For the
comparison of ammonium production rate and yamm/cin, the DASGIP culture results were not included due
to the already explained unreliable ammonium measurements for these cultivations. Interestingly, qamm
of the ATF-perfusion resided, though not within, close to the lower 90% CIM of the ambr™ system.
Accordingly, the glutamine to lactate yield was within the 90% CIM of the ambr™ system. Based on the
similarity of qgi, Qiac, @nd ggn between ATF-perfusion and DASGIP cultures, it is suggested that also
ammonium production and YammGin Vvalues would have been congruent. However, this has to be
investigated in an additional experiment.
The comparison of metabolic rates showed that a difference between pseudo-continuous cultures,
continuous, and perfusion cultures exists whereas the latter are more coinciding. Further experiments of
ATF-perfusion over a wider range of CSPR cultures would be needed to verify this assumption.
Nonetheless, due to the similarity of ATF-perfusion and DASGIP cultures and the already observed
transferability between ambr™ and DASGIP cultures in chapter 4.2.1 a CSPR based scaling of CPP-
though not with their face values - is generally applicable.

Based on the findings of the metabolic rates and the results of chapter 4.2 it could be assumed that
the recombinant protein related data would be similar for all culture systems. Surprisingly, the g of the
ATF-perfusion was considerably lower than in ambr™ and DASGIP cultures. It was residing outside the
90% CIM of the ambr™ system and was approximately 33% and 53% lower than in ambr™ and DASGIP
cultures, respectively, at corresponding CSPR (Figure 4-28 (A)). This outcome could not be explained
based on the observed growth and metabolic characteristics.

For the ATF-perfusion a higher pCO, (80 mmHg) was recorded than in corresponding cultures at the
same CSPR in ambr™ (23 mmHg) and DASGIP (70 mmHg) cultures. This probably contributed to the
lower gp measured when considering the results from chapter 4.2.4 which indicated a higher g, at lower
pCO,. Still, the higher pCO, cannot be considered as the main driving force for the observed disparity.
The low error bars also indicate more stable ELISA results than for the other culture systems but at the
same time question the results achieved for ambr™ and DASGIP cultures. A subsequent reanalysis of the
protein samples with a changed dilution factor for the ELISA measurement showed that the dilution factor
used for protein analysis in this work was too low since the slope of the calibration curve was very
shallow at these concentrations using a sigmoidal curve fit. Thus, higher dilution factors, which would

allow protein concentration measurement in a steeper part of the calibration curve, would have reflected
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Figure 4-28: A: Averaged gp against CSPR of ambr™ pseudo-continuous (clear circles), DASGIP continuous (clear
squares), and ATF-perfusion (filled triangles) cultures. Dashed lines indicate the 90% CIM, solid lines the 90% CID of
ambr™ cultures. Error bars show the standard deviations of the averaged values (ambr™: N=10; DASGIP: N=9; ATF-
perfusion: N=10). B: Time course of the normalized recombinant product concentration of sample taken from the
bioreactor (filled circles) and from the harvest stream (clear circles). The analysis with a low dilution factor is shown.
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the true value in a more accurate way. Yet also here, large fluctuations in triplicate measurements
were recorded.

Another aspect which probably contributed to the observed lower gp was the fact that the transmission
of protein through the ATF-membrane was impaired (Figure 4-28 (B)). The averaged transmission rate,
i.e. the percentage difference between measured protein concentration in the bioreactor and the harvest
stream, was around 56% during steady state and indicates that the expressed recombinant protein was
retained by the hollow fiber module. It is questionable whether the retained proteins were transported
back into the bioreactor and thus led to an apparent higher protein concentration in the bioreactor,
disintegrated, or remained in the ATF-module. Lower retention efficiency has been observed at low
viability. Preliminary experiments showed that at below 90% viability the transmission was significantly
reduced (data not shown). However, when assuming that the protein concentration in the bioreactor was
reflecting the actual protein amount expressed in the system, the calculated normalized g, was 0.97 and
thus would fit within the 90 %CIM. Probably all of these factors played a role and might have had an
integrated effect on recombinant protein related data. Due to the numerous assumptions, the results

concerning gp and VP therefore have to be handled carefully.
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5 Conclusion and Outlook

A considerable objective in process development is mimicry of sophisticated cell culture processes by
easy-to-control alternatives. Step-wise simplification of perfusion processes offer the possibility to select
production clones and design robust processes in a perfusion-related environment in a less time- and
work-consuming manner. Characteristic process set-points achieved in this way have to be transferred
from the simpler to the more complex bioreactor set-ups and process modes. In this work, a scale-up
and transfer of process conditions from 15 mL pseudo-continuous culture to 1 L continuous culture and
finally 5L ATF-perfusion culture based on appropriate scaling parameters was evaluated. Distinct
differences in cell culture performance between the respective bioreactor systems and -cultivation
methods were identified and evaluated.

The transfer of the process operating points, such as the growth rate of cells, is resulting in the same
CSPR for all bioreactor systems used. Thus, during steady state, the same amount of cells can be
supported by the same volume of medium. Therefore, CSPR has been proven to be a suitable scaling
parameter for the reproduction of growth characteristics in simpler small-scale equipment. Comparison of
cell specific metabolic rates revealed, however, that DASGIP continuous cultures and ATF-perfusion
cultures showed higher cell specific glucose consumption and lactate production rate at various CSPR
compared to the ambr™ pseudo-continuous system. Cell specific glutamine consumption on the other
hand was higher for ambr™ cultures. Although different rates between ambr™ and bench-top bioreactor
systems were observed, similar trends with stable off-sets were recorded. The cell specific protein
production rate was not reflected by the cell specific metabolic rates. DASGIP continuous cultures and
ambr™ pseudo-continuous cultures showed similar g, over a wide range of CSPR whereas the cell specific
protein production rate of the ATF-perfusion was only around 30-50% of gp of the other systems.
Reasons for this behavior were numerous.

a) The measurement principle of determining biomass played a crucial role for the comparability of
culture parameters based on specific perfusion rates. Differences in cell diameter have significant
influences on VCD measurements, whereas the actual biomass might be unaffected. In some cases, the
comparison based on VBV derived rates showed a more homogenous distribution between cultures. It is a
question of principle what measure of biomass to use for comparison since both exhibit advantages and
disadvantages. In this work, VCD was chosen for further comparison because more literature sources are
available and error propagation was not as dominant as for VBV based calculations. Other methods of
determining biomass, i.e. a biomass sensor based on capacitance or the determination of the packed cell
volume, might provide additional insight, but were not investigated in this work. Nonetheless, the two
different biomass measures used in this work showed that comparison based on specific perfusion rates
demands an accurate determination of biomass and to question its informative value.

b) The determination of recombinant protein related data was impeded due to very noisy ELISA
results. Protein samples were measured using a broad calibration range which contributed to the large

deviation between measurements.
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c) It was suggested that differences originated from the bioreactor system and general process
conditions rather than from the operation mode. The investigation of different feed addition - the crucial
difference between pseudo-continuous and continuous cultures - was conducted in ambr™ bioreactors
and resulted in a similar outcome. Different mass transfer characteristics of ambr™ bioreactors compared
to conventional bench-top bioreactors were reported in literature (Nienow et al, 2013) and supported the
assumption. Additionally, divergent transition phases between batch and continuous mode resulted in
similar cell culture performance in ambr™ pseudo-continuous cultures. This indicates that different start
phases, such as in the beginning of the ATF-perfusion, do not have a have a major impact on steady
state behavior.

d) Different pCO, levels contributed to the observed differences in qp between the culture systems. An
additional experiment for the investigation of pCO, effects on CHO cells at the same dilution rate in
DASGIP continuous cultures indicated distinct recombinant protein related trends. Increased pCO, levels,
as in the ATF-perfusion and the DASGIP continuous cultures, led to lower gp. Thus, at a similar pCO,, it
could be assumed that ambr™ cultures would have shown lower g compared to DASGIP and ATF-
perfusion cultures, which in turn would reflect the higher cell specific glucose consumption rate of the
latter. An assessment of the influence of pCO, on cell culture performance in the other bioreactor system
would be needed to verify this assumption.

e) In the case of the ATF-perfusion a partial retention of protein by the hollow-fiber membrane module
was detected. Hence, the calculated g might not have reflected the true value.

f) The time point of harvesting, i.e. taking a sample, was different between the three culture systems.
Whereas for the ambr™ fixed interval between sampling was programmed, the time between harvests for
the other systems was fluctuating. Thus, especially for the DASGIP culture different concentrations of
substrate, metabolites and protein might have been measured because of dilution effects exerted by the
hourly feed.

In conclusion, growth behavior could be adequately scaled using CSPR. The observed differences in cell
specific metabolic rates and cell specific protein production rate only partially originated from the
different bioreactor systems and operation modes but were also impacted to a great extent by general
process conditions and measurement inaccuracy. Although these rates differed between the bioreactor
systems, stable off-sets and similar trends were observed. It can therefore be concluded that it is feasible
to utilize CSPR as a scaling parameter for scale-down models of CHO cell perfusion processes.

Additional experiments are needed to verify assumptions that differences between bench-top
bioreactor systems and ambr™ cultures originate from the physical bioreactor characteristics rather than
from the operation mode. Here, a pseudo-continuous cultivation in DASGIP bioreactors would address the
question. Along with the traditional scale-up techniques that focus on k,a-based scaling, special care
should be taken concerning pCO, control. Online pCO, sensors are available and pCO, controlled
processes could be designed. In this context, pCO, ranges comparable to the ambr™ cultures of this
project should be investigated in order to examine the effects of very low pCO, on cell culture
performance. Moreover, an improved protein quantification method would allow a more exact
determination of protein concentration and thus clarification of the effects of different bioreactor systems,

scales and operation modes on recombinant protein production.
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The results of this work indicate that cell culture processes could be transferred from pseudo-
continuous over continuous to ATF-perfusion cultures using CSPR as a scaling factor. Initial growth and
stability characteristics could then be evaluated in ambr™ pseudo-continuous cultures since a high
number of experiments can be conducted in this system. Metabolism assessment could be executed in
DASGIP systems. Rates for substrate uptake and metabolite production between DASGIP continuous
cultures and ATF-perfusion cultures were very similar at corresponding CSPRs. Thus, a transfer of the
observed metabolic and growth conditions to ATF-perfusion cultures should be easily possible with the
culture systems investigated.

The investigation of minimum CSPR in order to achieve fed-batch-like titers following the “push-to-
low” approach (Konstantinov et al., 2006) should be facilitated when using simpler fully-instrumented
small-scale cultures such as the ambr™ and DASGIP systems to approximate the final perfusion process
and would allow a more systematic approach. The effects of CSPR on cell metabolism can be predicted in

the simple systems, thus saving resources.
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6 Appendix

6.1 Additional figures

Appendix 1: Lactate concentration and VCD over culture time of DASGIP continuous culture 1 of chapter 4.1. Lactate
concentrations were measured with the BioProfile 100+.
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Appendix 2: qgeic calculated against SPR from cultures in chapter 4.2.3. The rate was calculated with VBV. Symbols are
the same as in chapter 4.2.3.
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Appendix 3: qgn (A) and gamm (B) against SPR from cultures in chapter 4.2.3. Both rates were calculated with VBV.
Symbols are the same as in chapter 4.2.3.
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6.2 List of Abbreviations

°C Degrees Celsius

M Growth rate

Mg Microgram

uL Microliter

pm Micrometer

ABC Streptavidin-biotin-peroxidase complex
Acetyl CoA Acetyl coenzyme A

ambr™ Advanced Microscale Bioreactor

ATF Alternating tangential flow

ATP Adenosine triphosphate

Ay Cross sectional area of a vessel

AVC Average cell diameter

BHK Baby hamster kidney

ccm Cubic centimeter

CHO Chinese hamster ovary

CI Confidence Interval

CIiD Confidence Interval of all data points
CIM Confidence Interval of the arithmetic means
cm? square centimeter

CO, Carbon dioxide

CpL Product concentration in the bioreactor
CPP Critical process parameter

CsL Substrate concentration in the bioreactor
CSPR Cell specific perfusion rate

CSPRin Minimal cell specific perfusion rate

Csr Substrate concentration in the reservoir
CxL Cell concentration in the bioreactor

D Dilution rate

d day

Dadapt Dilution rate during adaptation phase
Dgieed Dilution rate when only the bleed rate is considered
Derit Critical dilution rate

D; Impeller diameter

DMSO Dimethyl sulfoxide

DO Dissolved oxygen

DoE Design of Experiments

Dset Dilution rate set-point

ELISA Enzyme-Linked Immunosorbent Assay
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Antifoam flow rate

Base flow rate

Bleed flow rate

Food and drug administration
Feed flow rate

Volumetric gas flow rate

Harvest flow rate

Initial harvest flow rate

Harvest flow rate set-point
Volumetric input flow rate
Volumetric output flow rate
Gravitational acceleration
Hydrogen oxide

Ion selective electrodes

Constant

Volumetric mass transfer coefficient
Liter

Laminar down flow

Liquid handler

Molar concentration

Minute

Minimal CSPR

Milliliter

Millimeter of mercury

Milliosmol per kilogram

Cell mass

Stirrer Speed

number of feeds per hour
Oxidized nicotinamide adenine dinucleotide
Reduced nicotinamide adenine dinucleotide
Nanoliter

Nanomolar

Power number

Oxygen

Oxygen transfer rate

Gassed power input

Phosphate activated glutaminase
Process Analytical Technology
Phosphate buffered saline

Partial pressure of carbon dioxide

Partial Pressure of oxygen
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damm Cell specific ammonia production rate
QbD Quality by Design

dalc Cell specific glucose consumption rate
dcin Cell specific glutamine consumption rate
dclu Cell specific glutamate consumption or production rate
JLac Cell specific lactate production rate
dr Cell specific protein production rate
R&D Research & Development

R2 Coefficient of determination

rpm Rounds per minute

SPR Specific Perfusion Rate

STR Stirred tank Reactor

TCA Tricarboxylic Acid Cycle

TMB 3,3',5,5'-Tetramethylbenzidine

usb U.S. dollar

VBV Viable biomass volume

VCD Viable cell density

Vi Liquid volume

VP Volumetric Productivity

VPI Volumetric Power Input

Vs Superficial gas velocity

vvm Volume per volume per minute

W-m3 Watt per cubic meter

Y Amm/Gin Yield of ammonia to glutamine

Yiac/Gle Yield of Lactate to Glucose

o Constant

B Constant

P Density of liquid

6.3 Table of figures

Figure 2-1: A: Simplification of a lab-scale ATF-perfusion process. Shake flasks are replaced with the
ambr™ system for better process control possibilities. B: Exemplary cell line screening and process
development stages with the use of the proposed simplification step. Clone selection is started in a
pre-screen (284 well plates, 96 well-plates, DW= deep well plates, SF= shake flasks). The selected
clones are subsequently tested for different CPP which are included in the process development
] 1 1= 1T 4

Figure 2-2: Definition and comparison of a classical continuous and a pseudo-continuous culture. Adapted
L T L=l F= L 720 B 5 ) O 7
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Figure 2-3: A: Fully equipped 15 mL ambr™ 24 workstation with bioreactor vessel (front). Plates for
liquids are in front of the culture stations (CS) where the bioreactors are placed. The ambr™ 48
workstation is exhibiting space for 2 additional CS and 2 deep well plates. B: Liquid handler (LH)
picking up a lid from a deep well plate. C: LH picking up a pipette. Images were retrieved from
www.tap-biosystems.com and were adapted. .....cooiiiiiiiii e 7

Figure 2-4: DASGIP bioreactor system. On top, gassing, temperature, pH, stirring, and pump modules
are displayed. These are controllable in remote mode with the DASGIP software on a linked PC. The
bioreactors are placed in a container and are connected to PC (bottom) and modules. Images were
retrieved from www.eppendorf.com and were adapted. .......coooiiiiin i 9

Figure 2-5: 5 L Sartorius bioreactor with B-DCU control tower and ATF2-system. The mechanism of cell
retention of the ATF-module is depicted below. The two sequences, left and right, are repeated
alternatingly. Images of the bioreactor and the DCU were retrieved from www.sartorius.com, the
image of the ATF2 system was retrieved from www.refinetech.com. Both were altered. .................. 11

Figure 4-1: Course of VCD (A) and viability (B) over time for culture 1 (open circles), 2 (open triangles),

and 7 (open diamonds) during phase I. The dotted line symbolizes the start of continuous cultivation.

Figure 4-2: Course of average cell diameter (open squares) and viability (filled triangles) of culture 1 over
time during phase I. Arrows emphasize the trend of the corresponding culture parameters. ............ 31

Figure 4-3: Course of VCD (filled triangles) and VBV (open squares) for culture 1 (A), culture 3 (B),
culture 7 (C). The dotted lines represent the average of VCD and VBV, respectively, during steady

Figure 4-4: Course of lactate concentration (filled triangle) and glucose concentration (open square) of
Lol | L] A A V7= ol o[ =P 33
Figure 4-5: VCD arithmetic mean (open squares) during steady state condition for different dilution rate
set-points. R? is the coefficient of determination of the linear regression analysis. The equation for the
regression line is shown in the top left corner. The error bars show the standard deviation of the data
points used to calculate the arithmetic mean for steady state between day 14 and 24 (N=9)........... 34
Figure 4-6: Averaged growth rate p (open squares) during steady state for various CSPR values. R? is the
coefficient of determination of the linear regression analysis. The equation for the regression line is
shown in the top left corner. The error bars show the standard deviation of the data points used to
calculate the arithmetic mean (N=9). ..o e e e e e 35
Figure 4-7: Cell specific consumption and production rates of glucose (open squares) and lactate (open
circles) (A), glutamine (open diamonds) and ammonium (open triangles) (B), and glutamate (open
inverse triangles) (C) over CSPR. In (D), the lactate to glucose yield, y a/cic (asterisk), is shown over
CSPR. The equations for the regression analysis are shown in the top left corner. The error bars show
the standard deviation of the data points used to calculate the arithmetic mean (N=9). .................. 36
Figure 4-8: Normalized cell specific production rate, gp (open squares), (A) and normalized VP (open
circles) (B) over CSPR. In (B), the assumed outliers are depicted with an asterisk. Below, the
normalized VP is plotted against the VCD. The linear regression was calculated without the assumed
outliers(C). The error bars show the standard deviation of the data points used to calculate the

Arthmetic MEan (N=0) . i ettt e e et e e e e e st e e e e e e eeens 38
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Figure 4-9: Comparison of key process parameters before and after a dilution rate change. The arithmetic
means of the corresponding steady states are depicted; error bars show the standard deviations (D;:
n=9; D,: n=4). The dotted arrows originate from the values during the first D set-point. A: VCD over
D for all cultures. B: CSPR over D for cultures 2, 3, 6, and 7 which form group 1 and group 2. C:
Yiac/clc Over CSPR of the same cultures as in (B). D: VP over CSPR of the same cultures as in (B).
Cultures 1-7 are depicted as: 1=open circle, 2= open square, 3=open triangle, 4=open inverse
triangle, 5=open diamond, 6=open pentagon, 7= cross. Substrate and metabolite measurement was
conducted with the Bioprofile 1004 SYStEM. ittt e e aeeaes 40

Figure 4-10: Time course of VCD and viability for ambr™ pseudo-continuous and DASGIP continuous
culture both operated at D=0.25 d™!. Symbols: VCD: clear; viability: filled; ambr™ data points:
circles; DASGIP data pOintS: SQUAMES. «iuiiiiiiiiiii i ettt a e et et e e 44

Figure 4-11: Top: Average of the AVC (A) and the aggregation rate (B) of all cultures of ambr™ (filled
circles) and DASGIP cultures (open squares). The DASGIP and ambr™ cultures operated at D=0.15 d™
were excluded due to the peculiar trend described in chapter 4.1.1. The error bars indicate the
standard deviation calculated from all data points of the corresponding cultures (ambr™: N=7;
DASGIP: N=6). Bottom: Arithmetic means of VCD (C) and VBV (D) of ambr™ pseudo-continuous
cultures (filled circle) and DASGIP continuous cultures (clear squares) over dilution rate D during
steady state condition. The error bars represent the standard deviation calculated from the VCD
values of both cultures during steady state condition (ambr™: N=10; DASGIP: N=9).........ccecevneennn. 45

Figure 4-12: Arithmetic mean of p of ambr™ (filled circles) and DASGIP (clear squares) cultures over
CSPR. Error bars are standard deviations of y (ambr™: N=10; DASGIP: N=9). The 90% CIM is
indicated with dotted lines, the 90% CID is shown as a solid line......c.cciiiiiiiiiiiiiiicic 47

Figure 4-13: Cell specific rates and y .¢cic over CSPR for ambr™ (filled circles) and DASGIP (open
squares) cultures. A: dgic against CSPR. B: q5c against CSPR. C: ggn against CSPR. D: Yy a¢/cic @gainst
CSPR. Error bars are standard deviations of p (ambr™: N=10; DASGIP: N=9). The 90% CIM is
indicated with dotted lines, the 90% CID is shown as a solid line........ccooiviiiiiiiiic i 48

Figure 4-14: VP (A) and gp (B) against CSPR from ambr™ (filled circles) and DASGIP (open squares)
cultures. Error bars are standard deviations of p (ambr™: N=10; DASGIP: N=9). The 90% CIM is
indicated with dotted lines, the 90% CID is shown as a solid line........ccooiiiiiiiiic i e 50

Figure 4-15: Comparison of VP and g of DASGIP and ambr™ cultures on basis of SPR. g was calculated
with VBV. The same symbols were used. Error bars are standard deviations of u (ambr™: N=10;
DASGIP: N=9). The 90% CIM is indicated with dotted lines, the 90% CID is shown as a solid line.... 50

Figure 4-16: A: Strategy for the adaptation of pseudo-continuous cultures. D is lowered step-wise daily
after the batch phase for adapted cultures (filled columns) until the desired set-point is reached. For
non-adapted cultures (clear columns), D is kept constant. B: Simulated growth data of the assumed
time course of p for adapted (filled circles) and non-adapted cultures (open squares). The dotted line
separates batch and coONtiNUOUS Phase. ... ..o et 52

Figure 4-17: A: Time course of VCD (circles) and viability (squares) over time of adapted (filled symbols)
and non-adapted (clear symbols) cultures. B: Time course of y of adapted (filled squares) and non-
adapted cultures (clear squares). Cultures were operated at D=0.25 d™L. .....coiiiiiiiiiiiiiiec e, 53
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Figure 4-18: A: Steady state VCD arithmetic mean values against D for adapted (filled circles) and non-
adapted (clear circles). Error bars show standard deviations (N=7). B: Steady state arithmetic mean p
values against CSPR. The dashed lines show the 90% CIM, the solid lines show the 90% CID of non-
adapted cultures. The symbols and the error bars indicate the same as in (A). ..cocoviiiiiiiiiiiiiinnens 54

Figure 4-19: Metabolic rates against CSPR for adapted (filled circles) and non-adapted cultures (clear
circles). A: qgic; B: Grac; C: dain; D: 9amm; E qgiu- Error bars show standard deviations (N=7). The
dashed lines show the 90% CIM, the solid lines show the 90% CID of non-adapted cultures............ 56

Figure 4-20: A: Normalized VP against CSPR of adapted (filled circles) and non-adapted cultures (clear
circles). B: Normalized gp against CSPR of adapted (filled circles) and non-adapted cultures (clear
circles). Error bars show standard deviations (N=7). The dashed lines show the 90% CIM, the solid
lines show the 90% CID of non-adapted cultures. C: Normalized VP against CSPR of non-adapted
cultures from the first (chapter 4.2.1) (filled squares) and the non-adapted (clear circles) ambr™
experiment. Error bars are standard deviations of VP (15 ambr™: N=7; 2" ambr™: N=7). The 90%
CIM calculated from the 1%t ambr™ experiment is indicated with dotted lines, the 90% CID is shown as
= =0 T I V1o =P 57

Figure 4-21: A: Averaged steady state VCD against D for different feed intervals. B: Averaged steady
state VBV against D for different feed intervals. C: Averaged aggregation rates of all cultures of each
group. D: Mean of average cell diameter of all cultures of each group. E: Averaged steady state p
state against CSPR for different feed intervals. Symbols: culture group 1=clear circles, culture
group 2=filled circles, culture group 3=filled diamonds. For (A), (B), and (E) the error bars show
standard deviations (N=10). Dashed lines in (E) symbolize the 90% CIM, straight lines the 90% CID
of group 2. Error bars in (C) and (D) are standard deviations of all discrete values within the culture
Lo oYUYo TR (N k2 ) P 60

Figure 4-22: Averaged metabolic specific rates of steady state against CSPR of culture group 1 (clear
circles), group 2 (filled circles) and group 3 (filled diamonds). A: qgc against CSPR; B: q . against
CSPR; C: Yiacaic @against CSPR; D: qGln against CSPR; E qamm against CSPR, F yamm/acin @gainst CSPR.
Error bars are standard deviations of the averaged values (N=10). Dashed lines are the 90% CIMs,
solid lines the 90% CIDS Of CUITUIE GIrOUP 2. ..viviuiiiieiiiit ittt et e e e e e eae e aeeeneeeananens 62

Figure 4-23: Normalized averaged VP (A) and normalized averaged qgp (B) in steady state against CSPR of
culture group 1 (clear circles), group 2 (filled circles) and group 3 (filled diamonds). Error bars are
standard deviations of the averaged value range (N=10). Dashed lines symbolize the 90% CIM, solid
lines the 90% CID Of GIrOUP 2. ..uiiiiiieiii ittt et e et e s e et e s e re s e e sner e e eaeaneaeenenes 63

Figure 4-24: Comparison of steady state values of culture group a (clear circles) and group b (filled
circles). Error bars are standard deviations of averaged values. Averaged g against pCO, of culture
group a (A) and group b (B) (N=8). Averaged q,.. against pCO, of culture group a (C) and group b (D)
(N=8). (E): Averaged normalized VP against pCO, (N=8). F: Averaged normalized gp against pCO,
(N=8). G: Mean of averaged cell diameter against pH (N=8). H: Averaged VCD against pH (N=8).
Substrate and metabolite concentrations were measured with the Bioprofile 100+ .........cccocvveinnnne. 66

Figure 4-25: VCD (filled circles) and viability (clear circles) over time of an ATF-perfusion cultivation. The
dashed line show different phases of the cultivation: (1): batch phase; (2): ramped harvest rate; (3):

constant harvest and DlEEA FatE. .uiiuiiiiii i i i i i i it r e it e e e e s e ss e eane s ranerarerarseanees 70
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Figure 4-26: Averaged p of steady state values against CSPR for ambr™ pseudo-continuous (clear
circles), DASGIP continuous (clear squares) and ATF-perfusion (filled triangle) cultivations. Error bars
indicate standard deviations for the averaged values (ambr™: N=10; DASGIP: N=9; ATF-perfusion:
N=10). The dashed lines show the 90% CIM, the solid lines the 90% CID of the ambr™ cultures. .... 71

Figure 4-27: Comparison of steady state cell specific metabolic rates of ambr™ pseudo-continuous (clear
circles), DASGIP continuous (clear squares), and ATF-perfusion (filled triangles) cultures. Dashed lines
indicate the 90% CIM, solid lines the 90% CID of ambr™ cultures. Error bars show the standard
deviations of the averaged values (ambr™: N=10; DASGIP: N=9; ATF-perfusion: N=10). A: Averaged
Jeic @gainst CSPR. B: Averaged q,,. against CSPR. C: Averaged (g, against CSPR. D: Averaged gamm
against CSPR. E: Averaged Yamm/gin @g@iNSt CSPR. .....iviiiiiiiiiii 72

Figure 4-28: A: Averaged gp against CSPR of ambr™ pseudo-continuous (clear circles), DASGIP
continuous (clear squares), and ATF-perfusion (filled triangles) cultures. Dashed lines indicate the
90% CIM, solid lines the 90% CID of ambr™ cultures. Error bars show the standard deviations of the
averaged values (ambr™: N=10; DASGIP: N=9; ATF-perfusion: N=10). B: Time course of the
normalized recombinant product concentration of sample taken from the bioreactor (filled circles) and

from the harvest stream (clear circles). The analysis with a low dilution factor is shown.................. 74

6.4 List of tables
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