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ABSTRACT

The main goal in biopharmaceutical production is achieving high volumetric productivity
while maintaining product quality (i.e. glycosylation). The objectives of this project were to
explore the use of dielectric analysis in the early detection of cell demise and to analyze the
impact of nucleotide / nucleotide sugar precursor feedings in biopharmaceutical production and
glycosylation.

Measurements of changes in the polarizability of individual cells can be performed in a
dielectrophoretic (DEP) cytometer designed at the University of Manitoba. In this instrument the
trajectory of individual cells was tracked according to their polarizability and recorded as a force
index (FI). The identified sub-populations from a batch bioreactor and apoptosis-induced
cultures were correlated with the fluorescent markers of apoptosis analyzed in a flow cytometer.
Discrete cell sub-populations were identified as cells passed through the various stages of
apoptosis. In the batch and the starvation culture the early changes in the measured FI of cells
correlated with the Annexin V fluorescent assay associated with early phase apoptosis. For the
oligomycin and staurosporine cultures changes in the FI could be correlated to modifications in
the mitochondrial metabolism linked with early apoptosis for both inducers.

In fed-batch experiments 10 mM galactose alone or 20 mM galactose in combination
with 1 mM uridine or 1 mM uridine + 8 uM MnClI, was added to the basal and feed medium for
two CHO cell lines to determine their impact on the biopharmaceutical production and the
glycosylation process. The results showed that the addition of all three precursors combined
increased UDP-Gal, which increased and maintained the galactosylation index during the
bioprocess for CHO-EG2 and CHO-DP12 cultures by 25.4% and 37.9%, respectively, compared

to the non-supplemented fed-batch culture. In both cell lines saturation was reached when a



further increase in the UDP-Gal concentration did not increase the galactosylation. A negative
impact on cell growth was observed with the uridine addition in the CHO-EG2 culture, which
was linked to the CHO-EG2 cell line being DHFR™".

This work presents a dielectric detection method to monitor early changes in the cell
metabolism and information for shifting and maintaining galactosylation during

biopharmaceutical production.
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Chapter 1

Introduction”

1.1 Biopharmaceuticals

Biopharmaceuticals are proteins or nucleic acid based products with pharmaceutical
qualities that are produced in an engineered biological source (Walsh, 2002). Many of the
biopharmaceuticals produced are glycoproteins. Animal cell cultures have been used in the
bioprocesses of these biopharmaceuticals because of their capacity to perform the post-
translational modifications needed of these glycoproteins (Varki et al., 2008). Among
mammalian cell cultures, Chinese hamster ovary (CHO) cells are the most commonly used for
the production of recombinant glycoproteins as they have been well characterized, and are
known to produce human-like glycosylation (Durocher and Butler, 2009; Ghaderi et al., 2012).

*Within the last decade there has been a rapid and increasing demand for the large-scale
production of glycoproteins — especially antibodies — from mammalian cell culture processes
(Butler, 2005). This demand is driven by the application of these molecules as
biopharmaceuticals for unmet medical needs (Walsh, 2010). To meet this high demand

significant improvements have been made in cell line engineering including the development of

* Partial content of this chapter was included in several papers (see specific indication when section is a direct copy):
#Braasch, K., Nikolic-Jaric, M., Cabel, T., Salimi, E., Bridges, G.E., Thomson, D.J., and Butler, M. (2013), The
changing dielectric properties of CHO cells can be used to determine early apoptotic events in a bioprocess.
Biotechnology and Bioengineering. 110 (11): 2902-2914.

$Butler, M., Spearman, M. and Braasch, K. (2014), Monitoring cell growth, viability and apoptosis: in Animal Cell
Biotechnology — Methods and Protocols (ed. Ralf Poertner), 1104: 169-192. Methods in Molecular Biology.
Humana Press.

“Braasch, K., Villacres, C., and Butler, M. (2015), Evaluation of quenching and extraction methods for nucleotide /
nucleotide sugar analysis: in Glyco-Engineering: Methods and Protocols (ed. Alexandra Castilho), 1321: 361-372.
Methaods in Molecular Biology. Humana Press.



mammalian expression vectors (Bebbington et al., 1992; Lucas et al., 1996) and the addition of
anti-apoptotic genes (Kim and Lee, 2002; Mastrangelo et al., 2000; Tey et al., 2000) to enhance
specific and volumetric productivity. In media development the ability to formulate media based
on the cells metabolic needs and the addition of sodium butyrate (Mimura et al., 2001) as well as
other small chemicals has shown to increase the recombinant protein production in a bioprocess.
Most importantly all of these developments in bioprocess techniques have improved the
recombinant protein titers achieved. By changing from batch to optimized fed-batch processes
cells stay metabolically active over extended periods of culture time increasing volumetric
productivity up to 1-5 g/L for antibodies (De Jesus and Wurm, 2011; Lim et al., 2010).

While these improvements increase cell specific and volumetric productivity the
monitoring of cell density and viability during a bioprocess is still pivotal. In a bioprocess the
cell density and viability are used as indicators to determine the optimal point to starting feeding
in a fed-batch culture and to determine the end point of a culture. Monitoring the cell viability in
a bioprocess is especially important in connection to the biopharmaceutical produced in the
process. As the cell viability decreases cells in the culture will lyse releasing enzymes that can
degrade the proteins or their glycan structures produced in the bioprocess (Winchester, 2005).
This will affect not only the volumetric productivity but also the product quality negatively.

The attached glycan structures of glycoproteins have been shown to affect their
physiological and pharmacological properties (Butler, 2009) important in regards to their specific
application. Because of this impact of the glycan structure — especially in antibodies (Koide et
al., 1977) — different pathways have been explored to change the glycosylation to optimize the
function of the particular glycoprotein. The knockout or addition of genes that play a role in

glycosylation has resulted in changes in the glycan profile of these cells (Wong et al., 2006;



Wong et al., 2010). However, even the simple addition of precursors has shown an impact on
the final glycan profile (Wong et al., 2010; Hills et al., 2001).

For many decades the main problem was the overall low productivity in mammalian cell
processes. These problems have been solved and processes are consistently achieving high final
titers. Now the focus is shifting to the production of biopharmaceuticals with improved effector
functions. Because the effector function of glycoproteins is based on their glycan structure
different strategize to optimize the glycosylation in a bioprocess are currently explored. Overall
it is important in a bioprocess to not only achieve high volumetric productivity by extending the

culture run but also to ensure the desired high and consistent quality in the final product.

1.2 Antibodies

Antibodies not only play a significant part in our immune system but they also make up a
very important portion of the biopharmaceutical glycoproteins produced. The first therapeutic
monoclonal antibody, Orthoclone OKT3, was approved in 1986 (Ecker et al., 2015). Since the
release of this antibody many other therapeutic monoclonal antibodies or related products have
been introduced to the market to treat a variety of diseases. In 2013 antibodies represented half
of the overall sales of biopharmaceutical products (Ecker et al., 2015). This sale revenue
represented a 90% increase compared to sales in 2008, while the sales of other recombinant
proteins experienced a much smaller increase of only ~26% (Ecker et al., 2015). As of late 2014,
47 monoclonal antibodies have been approved as therapeutic agents (Ecker et al., 2015). Hence,
antibodies have become the largest portion of therapeutic glycoproteins because of their unique
ability to be used in therapeutic and diagnostic applications. Thirty-one of the antibodies on

today’s market are full-length monoclonal antibodies with a size of ~150 kDa. Smaller



antibodies or antibody fragments are currently becoming of interest due to their potential
increased ability to penetrate tissue and tumors making them better for diagnostic purposes. For
example, a camelid single domain antibody (sdAb) linked to a human Fc region (cHCAb ~80

kDa) has shown improvements in tumor penetration (Bell et al., 2010).

1.21 Antibody DP12

The CHO-DP12 (CHO-K1) cell line produces a regular full-length recombinant human
anti-IL-8 antibody (~150 kDa) that inhibits the binding of interleukin 8 (IL-8) to human
neutrophils (Figure 1.1a). The IgG antibody has one glycosylation site in the Fc region (CH2

domain).

camelid

Figure 1.1: Comparison of the regular 1gG (DP12) and the camelid (EG2) antibody. (adapted
from Wesolowski et al., 2009; p. 158).



1.2.2 Antibody EG2

The CHO-EG2 (CHO-DG44) cell line produces a chimeric antibody consisting of a
camelid single domain variable heavy chain (sdHC) fused with a human Fc (~80 kDa) (Bell et
al., 2010) (Figure 1.2b). The single domain derived from a camelid heavy chain antibody
(HCADb) binds to the epidermal growth factor receptor, which is usually overexpressed in tumors
(Sebastian et al., 2006). The sdHc is derived from a camelid antibody, which is unique in that it
contains no light chains (Hamers-Castermann et al., 1993). That makes the sdHC the smallest
antibody-binding fragment with a size of 12 — 15 kDa (Bell et al., 2010). The human Fc portion
is fused to the sdHC to reduce immunogenicity and to ensure proper antibody-dependent cellular
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) activity. Like the CHO-

DP12 antibody this antibody has the usual glycosylation site in the Fc region.

1.3 Mammalian cell culture

To this date ~94 % of all antibodies on the market are produced in mammalian cells
(Ecker et al., 2015). While mammalian cells are more difficult to grow and usually produce
lower titers than bacterial cells they are continuing to be the preferred production vessel for
antibodies and other glycoproteins. The main reason for this is the availability of post-
translational modifications in mammalian cells not available in prokaryotes. Over the years cell
culture engineering has improved so that new and improved growth media, culture conditions
and strains can compensate for some of the previous shortcomings observed in mammalian cell

culture.



1.3.1 Batch and fed-batch culture

Two of the most common culture modes for biopharmaceutical production in mammalian
cells are the batch and fed-batch processes.

The batch process is the most common and basic approach in biopharmaceutical
production (Figure 1.2 a). Cells are inoculated in media and left to produce the product of
interest up to a predetermined point in time at which the entire culture is harvested and prepared
for downstream processing. During the time of the culture no additional media is added to the
bioreactor. The culture may initially present a lag phase in which little to no growth is observed.
The presence and length of the lag phase depends on the condition of the cells used for
inoculation. The cells then exhibit an exponential growth phase in which the cells usually double
within 15-25 hours (Butler, 1988). Towards the end of the exponential growth phase the
doubling slows down and the culture will enter the stationary phase in which growth is halted
while production is still ongoing. During a regular batch culture the stationary phase is fairly
short and more a transition phase into the decline or death phase. Most often the viability in this
type of culture declines due to the cells running out of key nutrients such as glucose, glutamine
or amino acids (Butler and Jenkins, 1989; Dalili et al., 1990). However, it is also possible that
cell death occurs due to the accumulation of metabolic waste products (i.e. lactate and ammonia)
(Doyle and Butler, 1990; Duval et al., 1992). Overall the production time is limited and
production downtime between batches due to clean up of the bioreactors can further decrease
production time. In addition, it has been observed that glycosylation decreases over the time of a
batch culture — most likely also due to the nutrient limitation (Curling et al., 1990, Hayter et al.

1992, Nyberg et al., 1999).
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The fed-batch process starts out like the batch process (Figure 1.2 b). However, unlike in
the batch culture additional feedings (e.g. media, concentrated supplements) occur in the fed-
batch culture at designated time points. The strategic addition of key nutrients (i.e. glucose,
amino acids) prolongs the overall culture time so that a higher volumetric productivity can be
achieved. However, the addition of extra nutrients also increases the overall accumulation of
metabolic waste products (e.g. lactate, ammonia) in the culture, which could lead to cell demise.
Hence, proper care must be taken to optimize the feeding strategy. Overall, the fed-batch
processes run longer resulting in higher overall production and cost efficiency. Furthermore, the
longer running / production times decrease the frequency at which the bioprocess ends and the
bioreactor needs to be cleaned prior to starting up a new run. The cleaning process takes time
during which production does not happen. Hence, when running fed-batch cultures the
bioreactor is not in operation, due to cleaning, less often compared to bioreactors run in batch
mode.

The culture mode of choice will depend on the recombinant protein in production and the

overall yield required during production.

1.3.2 Growth media

The growth medium used for the cell culture process has a significant impact on the
biopharmaceutical production. A good growth medium allows for optimal growth and a high
product titer with consistent protein quality.

Mammalian cells have more needs for nutrients and growth factors than bacterial cells.
This means that media development has been a lot more difficult to ensure that all nutritional

requirements are met. Because of these distinct requirements mammalian cells were cultured



using media with fetal bovine serum (FBS) or bovine serum albumin (BSA) (Butler, 2005).
While both supplements support growth and productivity in cell culture, their use also comes
with some fundamental problems. On the one hand supplies of FBS and BSA have shown to
have a high batch-to-batch variability due to their isolation from livestock. On the other hand
FBS, BSA and other components derived from animal sources have been associated with viral
and prion contaminations. For both of these reasons media with any animal derived components
is not appropriate for the use in biopharmaceutical production. Therefore, it is of upmost
importance to eliminate any animal derived components from the media.

In recent years FBS and BSA have been replaced with yeast or plant derived hydrolysates
(i.e. pea, cotton), which have shown to support cell growth (Sung et al., 2004). The batch-to-
batch variability found in such hydrolysates however is an issue because it can cause batch-to-
batch variability in the final product, which is not desired. However, improvements in the
hydrolysis process and final clean-up have reduced this variability (Siemensma et al., 2010;
Chun et al., 2007). While this improvement is important in the overall use of those hydrolysates
there is a push to identify the bioactive components in the hydrolysates that are necessary for
growth. The identification of these components would allow for the production of a chemically
defined medium that would be of consistent quality. By being able to design a chemically
defined medium and change individual components it will also allow us to get more insight into
the overall cell metabolism. This will also give better insight into the overall needs of individual
cell lines and their specific products.

At the moment media containing yeast or plant hydrolysates added to a basal medium are

quite commonly used. In addition, specific components such as pluronic F68, sodium butyrate,



and nucleotide / nucleotide sugar precursors can be added to the medium to improve cell

viability, productivity and product quality in the cell culture.

1.3.3 Monitoring of cell culture

During a bioprocess several parameters in the cell culture can be monitored. These
parameters can include but are not limited to cell density, viability, glucose consumption, lactate
production and product concentration. Some of these factors are monitored daily or even more
often (e.g. cell density and viability) while others are monitored less frequently or determined at
the end of a run.

The monitoring can be helpful during process development to determine key nutrients or
factors affecting the culture. This can help to improve the bioprocess by optimizing the basal or
feed medium.

In industrial processes one of the main attributes monitored is the viable cell density and
viability of a culture to observe the overall progression of the culture or to make key decision on
feeding strategies or when to terminate a culture. In addition, extracellular media components

such as glucose, lactate, glutamine and glutamate can be analyzed to take into consideration.

1.4 Apoptosis

*Most mammalian cells in a bioprocess lose viability as a result of programmed cell
death, or apoptosis (Kerr et al., 1972), initiated by a variety of triggers such as oxidative stress,
starvation, and ER stress (Limoli et al., 1998; Rao et al., 2006; Simon and Karim, 2002). Even
though the cell membrane is intact at the onset of apoptosis, once a cell commits to the

programmed death the process cannot be reversed. Therefore, it is reasonable to include all cells

10



consigned to apoptosis into a non-viable count. With the aim of increasing volumetric
productivity and maintaining a constant product quality, indicators of early events leading to
apoptosis are highly desirable in cell bioprocesses because these initial stages may be reversible
by appropriate intervention -- e.g. nutrient feeding (Geske et al., 2001). While the mid-stages of
apoptosis indicate the end of production from the cells, late stages may cause harm as lysed cells
release proteinases and glycosidases into the medium with potential to degrade the glycoprotein
product (Winchester, 2005).

*One of the earliest indications of apoptosis in a mammalian cell is the presentation of
phosphatidylserine on the cell surface (Martin, 1995). In addition cells shrink (Bortner and
Cidlowski, 2002; Bortner and Cidlowski, 2003; Kerr et al., 1972) due to ionic cell content
regulation (Panayiotidis et al., 2006) and chromatin condensation (Kerr et al., 1972). Early pro-
apoptotic signals trigger a cascade of caspase activity within the cells (Budihardjo et al., 1999).
Finally, the late stage of apoptosis is characterized by DNA fragmentation and loss of membrane
integrity. The phases of apoptosis can be detected by offline measurements of a sample from a
bioreactor using fluorescent markers with a flow cytometer. Specific markers are available for
early, mid and late stages of apoptosis.

Apoptosis can be triggered in cells by internal or external stimuli. Internal stimuli such
as DNA abnormalities cause the intrinsic pathway while the extrinsic pathway is initiated by

external stimuli such as the removal of nutrients (Figure 1.3).
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1.4.1 Intrinsic (mitochondrial) pathway

Internal stimuli such as oxidative stress, high concentration of cytosolic Ca?*, genetic
damage or the lack of growth factors can trigger the intrinsic pathway ((Limoli et al., 1998; Rao

et al., 2006; Simon and Karim, 2002; Vermes et al., 2002). The Bcl-2 family, consisting of pro-
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Figure 1.3: Overview of the intrinsic and extrinsic signaling pathway of apoptosis. (taken from
Yeo et al., 2006; p. 7)

apoptotic and anti-apoptotic members, plays a big role in the regulation of this pathway (Green
and Reed, 1998). If a pro-apoptotic member of the bcl-2 family, such as Bak and Bax, attaches
to the outer mitochondrial membrane it promotes the release of cytochrome ¢ by forming a pore
after the molecules oligomerize (Caro-Maldonado, 2011). It is believed that this release causes
the cell to commit to apoptosis (Adams, 2003; Arden and Betenbaugh, 2004). In the cytosol

cytochrome ¢ forms a complex with procaspase-9 and Apaf-1 to form a multiprotein complex
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(Caro-Maldonado, 2011). This complex is called the apoptosome and contains procaspase-9 that
is activated as part of the apoptosome (Adams and Cory, 2001; Liu et al., 1996). The activated
initiator caspase-9 then activates so called executioner caspases thereby continuing the apoptosis

pathway.

1.4.2 Extrinsic (receptor mediated) pathway

In the extrinsic pathway the trigger for the initiation of apoptosis comes from outside the
cell and is receptor-mediated. One of the receptors that is part of the extrinsic pathway is the
tumor necrosis factor receptor (TNFR1). The tumor necrosis factor (TNF) produced by cells in
response to extrinsic stimuli — such as nutrient deprivation, waste accumulation and oxygen
limitation — binds to the receptor (Al-Rubeai et al., 1990; Chung et al., 1998; Singh et al., 1994;
Singh et al., 1997). This binding then leads to a conformational change in the death domain,
which will recruit the Fas-associated death domain (FADD). This attachment is followed by the
attachment of two procaspase-8 molecules to the complex (Kischkel et al., 2001; LeBlanc and
Ashkenazi, 2003). When those two pro-caspase molecules are held in close proximity to each
other they can cleave the polypeptide chain from the other molecule to activate each other. Like
caspase-9, caspase-8 then activates executioner caspases to carry out the programmed cell death
(Boatright and Salvesen, 2003).

In addition, the caspase-8 molecule can initiate the intrinsic pathway via the bcl-2
homolog, Bid, which will interact with the pro-apoptotic Bax protein needed for the initiation of

that pathway (Scorrano et al., 2003).
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1.5 Cell Culture Density and / or Viability Determination

As mentioned above the monitoring of the cell culture density and / or viability is an
important aspect in the overall monitoring of a cell culture. *The measurement of viable cells is
important because these are the metabolically active producer cells. However, the concept of
“viability” is complex and depends critically on the cell characteristics used to define it (Browne
and Al-Rubeai, 2011). Commonly used assays, such as the trypan blue exclusion method,
associate loss of viability with a loss of cell membrane integrity as measured by the uptake of
high molecular weight dyes. However, this marks the end of apoptosis, the primary cause for
cell death in a bioprocess. Cells going through apoptosis will eventually lyse due to secondary
necrosis. The lysed cells will then release enzymes into the medium that can cause damage to
the already produced glycoproteins (Winchester, 2005). Hence the determination of an early
decline in cell viability is important. Various direct or indirect methods have been shown to be
successful in detecting specific metabolic changes that precede the late stages in apoptosis and

can be predictive of the reduced ability of cells to grow and divide when they enter senescence.

1.5.1 Coulter Counter

The Coulter counter registers electronically the presence of particles at a predetermined
size and is a rapid method that can give the total cell density of a cell suspension. It has been
used in the past for quick cell counts. The counter works by taking up a predetermined volume
of a diluted sample through a small aperture (diameter of 70 um). Around the aperture is an
electric field, which is interrupted in the event of a cell passing through the electric sensing field.
This interruption is then counted as an event. The counted events are then converted to a total

cell count via an equation taking the sample dilution and volume measured into consideration. In
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the case that several cells are in the sensing field at the same time the event is only counted as a
single event. This means that the sample has to be sufficiently diluted to avoid artificially low

counts (Butler et al., 2014).

1.5.2 Image-based analysis

Several systems are available to analyze a cell sample (stained or unstained) based on a
picture taken by a camera. The picture can be transferred to a computer and a software system
for further analysis in regards to cell density, viability, cell diameter and aggregation.

Quite often the image-based analysis is used with the addition of exclusion dyes, which
allow for the determination of viability in a cell sample. The most commonly used method is the
trypan blue exclusion method. Trypan blue is a high molecular weight dye that will only be able
to enter a cell once its membrane integrity has been compromised. Therefore, ‘viable cells’ will
remain colourless while ‘dead cells’ will take up the dye and stain blue. The software is then
able to detect and differentiate the cells based on the light intensity that passes through them to

calculate viability.

1.5.3 Flow cytometer

The flow cytometer is a laser-based technology that enables users to analyze suspended
cell samples. Flow cytometer measurements can be very precise in detecting the different stages
in the apoptotic pathway when stage-specific structures and proteins are fluorescently labeled.
By combining different fluorescent labels a good overview of the cell’s apoptotic stage can be

determined.
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$In the early stage of apoptosis cells lose their ability to maintain membrane phospholipid
asymmetry. Because of this phosphatidylserine (PS) is increasingly exposed on the outer leaflet
of the plasma membrane of the cell and not on the inner membrane surface as normally expected
(Al Rubeai and Emery, 1993). The exposed PS molecule can be labelled with an Annexin-V
molecule conjugated with a fluorescent dye, such as fluorescein isothiocyanate (FITC) (Al
Rubeai and Emery, 1993) or R-phycoerythrin (PE). In addition the cell sample is stained with
propidium iodide (PI) or 7-aminoactinomycin D (7-AAD) to further distinguish microscopically
between early-apoptotic and necrotic cells, which may also be stained by Annexin-V due to
membrane injuries allowing the Annexin-V label to enter the cell and stain PS there (Vermes et
al., 1995).

In addition, several caspase proteins play a role in the apoptotic pathway by initiating the
apoptotic cascade, causing cellular breakdown and by being involved in the maturation and
inactivation of cytokines. These can be detected by fluorescently labeling the activated caspase
proteins by either an antibody against a fragment of the specific caspase (Ishaque et al., 2003) or
by using an inhibitor of multiple caspases such as sulforhodamine-valyl-alanyl-aspartyl-
fluoromethyl-ketone (SR-VAD-FMK) (Ekert et al., 1999). In both cases the antibody or SR-
VAD-FMK are fluorescently labelled using a fluorochrome.

The fluorescent assays mentioned above and other assays to monitor viability and
apoptosis are available as individual stains or commercial Kkits (e.g. Millipore). The availability
of these assays allows for a fairly simple staining procedure for cell samples to determine their

progression through apoptosis.
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1.5.4 Dielectric based analysis

Dielectric based measurements refer to the monitoring of the cells behavior in an electric
field. These measurements are based on the electric properties cells possess and the change in
these properties throughout a bioprocess. The dielectric measurements can either be bulk
dielectric measurements when a certain volume fraction of a homogenous culture is measured or

a single cell dielectric measurement when individual cells are observed.

1.5.4.1 Dielectric properties of mammalian cells

A healthy cell has a well-balanced ionic content that is actively maintained by the cells.
Changes in the ionic content, membrane capacitance and mitochondrial capacitance have been
correlated to physiological and metabolic changes within the cells (Demierre et al., 2008;
Duncan et al., 2008; Flanagan et al., 2008; Gagnon, 2011; Huang et al., 1992; Pethig et al., 2010).
In addition, a number of studies have connected the ionic flux over the cell membrane with the
onset of programmed cell death (Bortner et al., 2012; Bortner and Cidlowski, 2002; Bortner and
Cidlowski, 2003) and found that changes in the ionic composition of the cell are linked to early
stages of apoptosis (Labeed et al., 2006). Therefore, methods based on dielectric measurements

are particularly promising for identifying emerging subpopulations of apoptotic cells.

1.5.4.2 Bulk dielectric measurement

In bulk dielectric measurements the probe measures the electrical capacitance of all cells
within the electric field of the probe (Carvell and Dowd, 2006). *A sterilizable capacitance
probe commercialized as a “biomass monitor” has been available over the last decade. Hence,

the bulk capacitance and the conductance of yeast and mammalian cell cultures can be monitored
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by a dielectric probe positioned within the bioreactor (Ansorge et al., 2010; Ducommun et al.,
2002; Knabben et al., 2010; Opel et al., 2010; Tibayrenc et al., 2011).

The monitored capacitance of the bulk cell suspension, C, is a function of the effective
dielectric permittivity of the suspension, &, which is in turn a function of the biovolume. The
dominant response of the cell to an electrical field is charge polarization, which diminishes as the
frequency of the field increases between 0.1 and 20 MHz, resulting in a large decrease in
dielectric permittivity, Ae, around the critical frequency f. (Figure 1.4). For these measurements
it is assumed that the cell membrane capacitance is constant (Foster and Schwan, 1989; Maxwell,
1881; Schwan, 1957). AC « Ae allows for the biovolume to be monitored using differences in
bulk suspension capacitance for two frequencies from the opposite ends of the range 0.1 — 20
MHz (Harris et al., 1987; Opel et al., 2010). It is also expected that Ae should only depend on
the number of cells, N, and their average radius, R. However, this simplified relationship has
been shown to deviate when there are changes in the physiological or metabolic state of
mammalian cells as they lose viability in the stationary and decline phases of a bioprocess (Opel
et al., 2010). In recent years, dielectric spectroscopy has been used successfully for cell density
and viability measurements with the advantage of constant monitoring that could enable early

corrective action to maximize cell viability (Ducommun et al., 2002).
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Figure 1.4: B-dispersion, schematic plot. Charge accumulation on the membranes occurs over a
finite amount of time, resulting in a large drop in dielectric permittivity, Ae (from permittivity,
&, at low to permittivity, &, at high frequencies) at the critical frequency, f.. Values are plotted
for dimensionless frequency, f/f. (Braasch et al., 2013; p. 2).

1.5.4.3 Single cell dielectric measurement

The prototype dielectrophoretic (DEP) cytometer developed at the University of
Manitoba (Nikolic-Jaric et al., 2013) probes dielectric properties of individual cells by
independently detecting and actuating the cells as they flow through a microfluidic channel.

*The cells are actuated by a DEP force resulting from the AC signal, with a frequency
from 0.1 to 6 MHz, applied through the set of actuation electrodes (Nikolic-Jaric et al., 2013).
Cells respond to the applied electric field by polarization, which can be defined in terms of
variations in charge distribution. This results in a vertical displacement of the cells between the

two detection sites (D1 and D2) and is translated into an electronic signature, S, as shown in
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Figure 1.5. The peaks, P1 and P2, depend on the vertical position of the cell’s center of mass and
diminish with the distance from the electrodes. Vertical cell displacements as small as 0.1 to
0.25 pum can be registered, permitting determination of the extent of actuation that occurs
between sites D1 and D2 by simply comparing P1 and Po>.

The DEP force is proportional to cell polarizability, a, and considered attractive (pDEP),
for a > 0, and repulsive (nDEP) for a < 0; point @ = 0 is called the “crossover.” Simulations
estimate the crossover frequency (when a = 0) for viable cells at about 0.5 MHz. Therefore,
AC DEP signals above 1 MHz can distinguish between the healthy viable and early apoptotic
cells, as the difference in polarizability will produce DEP forces of opposite sign. This provides
information of the dielectric properties of individual cells in a population as opposed to the bulk

average dielectric properties obtained with an online capacitance probe.

20



(a) no DEP nDEP pDEP 1 (b)
¢=0 ¢ <0

S (arb. units)

DI D2

Figure 1.5: (a) Schematic representation of the microfluidic channel. A cell (modeled to scale as a small sphere) is flowing through
the analysis volume above the differential electrode array. Three possible cell trajectories are shown: pDEP-actuated cells are attracted
to the electrodes, nDEP-actuated cells are repelled, and unactuated cells continue along a straight line. Corresponding signatures (in
the vertical plane) are the true signatures produced by CHO cells of similar sizes captured at different times during the experiment.
Similarly sized entrance peak, indicates that they were initially flowing at approximately the same elevation. The change in amplitude
resulted from about 4um vertical deflection in both the pDEP and nDEP examples. (b) Micrograph of the differential electrodes,
showing detection and actuation region, with a CHO cell on the exit from the analysis volume. (taken from Braasch et al., 2013; p. 5)
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1.5.5 Adenylate energy charge

Nucleotides including adenosine 5’-triphosphate (ATP), guanosine 5’-triphosphate
(GTP), uridine 5’-triphosphate (UTP) and cytidine 5’-triphosphate (CTP) play central roles in
metabolism. They serve as sources of energy, participate in cellular signaling and provide
information about the physiological state of the cell (Kochanowski et al., 2006). The state of
phosphorylation of these nucleotides within the cell can vary typically between tri, di- and mono-
phosphate forms. This can be used to monitor the metabolic status of the cell (Atkinson, 1968),
particularly through phosphorylation indices such as the adenylate energy charge (AEC)
(Barnabe and Butler, 2000). The AEC is an index calculated based on the concentration of the

intracellular nucleotides ATP, ADP and AMP.

[ATP] + 0.5[ADP]

AEC = T TP] + [ADP] + [AMP]

ATP is a high energy compound needed for many functions within the cell and hence a
good indicator for overall cell fitness. For healthy cells AEC values of 0.85 — 0.95 would be
expected (Atkinson, 1968). A decrease in the AEC is a good indicator for the demise of cells in
culture.

The concentration of ATP, ADP, and AMP can be determined using -either
chromatography (HPLC) or a luminescence luciferin-luciferase assay (Tomiya et al., 2001;

Holm-Hansen and Karl, 1978; Lundin et al., 1986).
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1.6 Intracellular nucleotide and nucleotide sugars

Intracellular nucleotides such as ATP, CTP, GTP, and UTP are not only an important part
of the cells energy metabolism but also an important part of the intracellular nucleotide sugar
activation needed for the glycosylation process. Many factors such as the cell line (Nakajima et
al., 2010), culture conditions, media composition and the physiological status of the cells (Ritter
et al.,, 2008) can influence the metabolite concentrations. This emphasizes the value of
accurately measuring these metabolites to study their connection and impact on the energy

metabolism and the glycosylation process during biopharmaceutical production.

1.6.1 Monosaccharide Metabolism

Glucose and fructose are the main carbon and energy source for mammalian cells. All
monosaccharides needed for energy and glycosylation processes can be derived from those two
sources (Figure 1.6) and through the interconversion or salvage of already existing glycans. In
addition, other monosaccharides can be added to the culture medium to improve the intracellular
pool of certain nucleotides / nucleotide sugars. This addition of precursors has shown to
influence these pools for some cell lines and the glycan addition in the respective recombinant
proteins produced (Gawlitzek et al., 1998; Grammatikos et al., 1998).

The monosaccharides are synthesized mainly in the cytoplasm, with the exception of
sialic acid, which is created in the nucleus. Once the monosaccharides are synthesized they must
be activated prior to being able to be used in the glycosylation process. To activate the
monosaccharides nucleoside triphosphates are needed. When activated all monosaccharides, but

the sialic acids, are di-nucleotides.
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Figure 1.6: Overview of the monosaccharide metabolism. (Freeze and Elbein, 2009; p. 6)

The nucleotide sugars used as precursors for glycosylation must then be localized to the
ER and Golgi where glycosylation occurs. This localization occurs via anti-porters, which allow
activated nucleotide sugars into the ER and Golgi while removing nucleoside monophosphates

into the cytoplasm where they will be restored (Hirschberg et al., 1998).

1.6.2 Building blocks for glycosylation

“Intracellular concentrations of nucleotides and nucleotide sugars are essential during the
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biosynthesis of glycoproteins (Tomiya et al., 2001) as they make up the building blocks for
glycosylation (Figure 1.6). Activated nucleotide sugars, such as UDP-N-acetylglucosamine
(UDP-GIcNACc), UDP-N-acetylgalactosamine (UDP-N-GalNAc)), UDP-glucose (UDP-Glc),
UDP-galactose (UDP-Gal), GDP-mannose (GDP-Man) and GDP-fucose (GDP-Fuc) act as donor
substrates of glycosyltransferases. Therefore, the abundance of these nucleotide sugars can
regulate the flux of glycosyltransferase reactions in the cell and hence N-glycan synthesis (Varki
et al., 2008; Nakajima et al., 2010; Rijcken et al., 1995; Rabina et al., 2001).

Several factors such as nutrient availability, waste accumulation, pH and dissolved
oxygen (dO2) can influence the intracellular metabolism of cells in a culture. Since the
glycosylation of proteins in a culture is dependent on the intracellular pools of activated
nucleotide sugars it is important to monitor these during the synthesis of glycoproteins. This will
give a better insight on how external changes can influence the internal metabolism and

subsequently the product quality.

1.6.3 Nucleotide / Nucleotide Sugar Analysis

“Nucleotide sugars are the donor substrates of glycosyltransferases and their availability
is known to have an impact on the glycosylation of recombinant proteins including monoclonal
antibodies (Varki et al., 2008; Nakajima et al., 2010; Rijcken et al., 1995; Rébiné et al., 2001).
In addition, the intracellular concentration levels of these metabolites can provide information
about the physiological / energetic state of the cell (Kochanowski et al., 2006; Atkinson, 1968;
Barnabé and Butler, 2000). Therefore, the ability to qualitatively and quantitatively determine
the intracellular nucleotides and nucleotide sugars can give valuable insight into the metabolism

associated with the glycosylation processes in cells. However, in order to be able to perform a
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consistent and reliable time specific analysis of these metabolites during a cell culture the
metabolism of the cell needs to be stopped immediately at the point of sampling and an efficient
extraction needs to be performed. Once the nucleotides and nucleotide sugars are extracted from
the cell sample an efficient HPLC method is needed to separate all or most of the metabolites of
interest to allow for their identification and quantification.

For the work in this thesis, an optimized method for the analysis of the intracellular
nucleotide / nucleotide sugar pool in CHO suspension cells was established (Appendix A). The
method includes protocols for quenching, extraction and HPLC analysis. To quench the cell
sample the quenching method by Sellick et al. (2009) was the most effective in the recovery of
ATP from the cell samples. In addition, this quenching method minimized ATP conversion and
stabilized cell samples resulting in higher and expected AEC values compared to the alternative
methods even after a 1-week storage period at -70°C. Therefore the “Methanol/Ammonium
bicarbonate (AMBIC)” method was chosen as the preferred quenching protocol (Braasch et al.,
2015). For nucleotide / nucleotide sugar extraction the “Envi'™-Carb column” protocol is the
most suitable for the experiments related to this thesis. This method was chosen because it
provides high recovery of nucleotides and nucleotide sugars with low variability. In addition, the
column extraction allows for easier adaptation for the analysis of multiple samples (Braasch et
al., 2015). Lastly, the HPLC method used for the qualitative and quantitative analysis of
nucleotides extracted from cells is based on a previously published HPAEC method by Tomiya

etal. (2001).
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1.7 Glycosylation

Many factors can influence the addition and distribution of glycans in secreted proteins
including cell line, culture method and extracellular environment (Butler, 2009). In
glycoproteins two types of glycans can be found: N-glycans and O-glycans. IgG type antibodies

have a fairly simple glycosylation and exhibit one N-glycan in the CH2 domain of the Fc region.

1.7.1 N-linked glycans

N-linked glycosylation is a co-translational modification of proteins in eukaryotic cells
such as mammalian cells. The process starts in the ER where a dolichol-oligosaccharide
precursor containing 14 sugars is assembled (Figure 1.7). The oligosaccharide portion of this
dolichol structure is then transferred by the oligosaccharyltransferase to the appropriate
asparagine-X-serine sequon onto a nascent protein (Stanley et al., 2009). Since not all sequons
in a particular protein will be glycosylated, glycoproteins will exhibit macroheterogeneity
between the glycoproteins in a production process (Spearman et al., 2010). Once the
oligosaccharide is transferred to the nascent protein the first steps in the process are the
sequential removal of the three terminal glucose residues. The final glucose residue in the added
glycan structure is an important part of the folding quality control in glycoproteins (Hammond et
al., 1994). After the glycoproteins are properly folded and the final glucose residue and one
mannose residue are cleaved off, the protein is moved to the Golgi for further glycosylation
processing.

Once the glycoprotein moves into the Golgi the glycan precursor structure is further
modified by the addition of other sugars. An array of glycosyltranferases is using the pool of

nucleotide sugars available as substrates to add other sugars to the glycan core structure. These
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enzymes and precursors are spread throughout the Golgi causing variability in the final addition

of glycans among proteins going through the process (Schachter et al., 1986). This means that

Glucose =————1p Mannose 1-P ——— DPP-GlcNACoMan ————— DPP-GIcNAc,MangGlcy
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Figure 1.7: Overview of the N-glycosylation process in mammalian cells. (Dwek et al., 2002; p.
66)

not all glycan structures will be the same. Hence, microheterogeneity among the glycoproteins
within the culture will be observed. Other culture parameters that have been shown to influence
the microheterogeneity are the pH (Borys et al., 1993), temperature (Nabi and Dennis, 1998) and
dissolved oxygen content (Kunkel et al., 1998).

In antibodies the typical glycan structures observed are complex biantennary glycans
with either zero, one or two galactose molecules added to the glycan structure. While most
antibody glycan structures have a fucose residue attached to their core structure, the majority of

glycans will not be sialylated.
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1.7.2 Importance of glycans

The glycans in glycoproteins such as antibodies have shown to have a great impact on the
protein’s stability, solubility (Ghirlando, 1999), transport, clearance (Gala and Morrison, 2002),
and functionality (Shields et al., 2002; Siberil et al., 2006; Scallon et al., 2007; Wright and
Morrison, 1998). These qualities of the biopharmaceuticals are so important because they will
dictate how well the biopharmaceutical will work and for how long it is able to stay in the body
before being excreted. If biopharmaceuticals are able to stay in the body for longer periods of
time, a less frequent administration of that medicine is needed.

In the glycan structure specifically fucosylation, sialylation, and galactosylation can
impact the functionality, stability and solubility (Ghirlando et al., 1999), and cellular transport
and clearance (Gala and Morrison, 2002). It has been shown for erythropoietin that the loss of
sialylation reduced the half-life in the blood stream by 50% (Erbayraktar et al., 2003).

While antibodies such as 1gG have a fairly simple glycosylation pattern in the Fc region it
has a great impact on the effector function. Antibodies are an important part of our immune
system and as such are important biopharmaceuticals that can take advantage of our own
immune system to help them in their therapeutic application. When an antibody binds to its
intended antigen, the Fc region is undergoing a conformational change activating the
complement-dependent cytotoxicity (CDC) or the antibody-dependent cell mediated cytotoxicity
(ADCC) pathway. Non-glycosylated IgG have a reduced affinity to the Fc gamma receptor 111
hindering the CDC pathway (Sarmay 1992, Tao and Morrison 1989). However, a lack of fucose
has shown to lead to a 50-fold increase in the ADCC activation (Shields et al., 2002). An
increase in the bisecting GIcNAc has also shown to increase the ADCC activity (Shinkawa 2003,

Umana 1999) — most likely due to the reduction in fucosylation (Schachter 1986, Takahashi
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2009, Umana 1999). Based on the known influence of the glycosylation on the
biopharmaceutical effector function, biopharmaceuticals with improved and desired functions

can be determined.

1.7.3 Biomanufacturing

In biopharmaceutical production it is very important to consistently produce the same
high quality product. These products are administered to patients and therefore need to have the
same qualities from batch to batch to be reliable. Because glycosylation has such an impact on
the functionality of recombinant proteins, such as antibodies, it is especially important to
produce the desired glycan profile in a consistent manner (Restelli and Butler, 2002). Hence a
better understanding of the glycosylation process will allow for an improvement to shift and/or
maintain the glycan profile for glycoprotein of interest. However, it is also important to monitor
the viability of a bioprocess. A decline in viability could mean that cells will soon lyse and
release proteases and exoglycosidases, which can destroy or alter the already produced
glycoprotein of interest (Winchester, 2005). In addition, a decline in viability might be
associated with a lack of nutrients, which are needed to prepare the building blocks for the
glycosylation process. Therefore, understanding the methods available for viability monitoring

and being able to detect cell demise early is also necessary to ensure a consistent glycan profile.

1.8 Aims of PhD

The aim of this thesis is to study two important aspects in the monitoring of
biopharmaceutical production in mammalian cells. In the first part of this thesis the monitoring

of cell viability during the production processes will be explored. The second part will look at
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the effects of precursor feeding on the cell growth, viability, productivity and the glycosylation
process. The two CHO cell lines used for this study produce two types of antibodies making
them good representatives of current biopharmaceutical processes. The cell lines were chosen
specifically for the precursor experiments due to their distinct differences in the regular glycan

structure.

A) Monitoring cell viability using image, flow cytometer and dielectric analysis.

1) To compare common viability assays for cell culture with dielectric measurements
(Chapter 3)

The monitoring of viable cell density is an integral part in the overall monitoring of a
bioprocess and the early detection of cell demise is of interest. Several direct methods are
available including microscopic counting, electronic particle counting, image analysis, and
fluorescent cytometry. These more established methods were compared to the dielectric analysis
done with the in situ capacitance probe and the DEP prototype developed at the University of
Manitoba. The aim of this study was to determine if dielectric measurements can be used to
monitor cell health and viability in batch processes using CHO cells. An important aspect was to
determine whether dielectric measurements could be used to detect the onset of cell demise

early.

2) To evaluate the use of dielectric measurements to monitor artificially induced apoptosis
in bioprocesses (Chapter 4).

The dielectric properties of mammalian cells have been linked to cell health. Since early
detection of apoptosis induction is of interest the dielectric measurements will be explored more

in depth. In order to follow apoptotic induction through different pathways, apoptosis was
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induced artificially for these experiments. This allowed to further evaluate the possibilities of
using dielectric measurements in the monitoring of cell culture viability. The goal of this study
was to correlate the measurements of the dielectric properties of cells to stages of apoptosis. A
special interest was the identification of rare events and sub-populations of CHO cells, which are
established during the progression of apoptosis, using the dielectric data from the capacitance

probe and the DEP cytometer.

B) Nucleotide sugar precursor feeding for the manipulation of glycosylation.

1) To study the effect of the nucleotide sugar precursor feedings on the growth, viability
and recombinant protein production for EG2, and DP12 in CHO cells (Chapter 5).

In this experiment nucleotide / nucleotide sugar precursors (e.g. galactose, uridine,
manganese) were added to the medium alone and in combination to observe their effect on the
nucleotide / nucleotide sugar pool and the antibody glycan profiles in those cultures. However,
changes made to the culture media can also affect the cell growth, viability and productivity in a
bioprocess, which are important aspects to consider in any bioprocess. Hence, it was important
to also monitor these parameters in addition to the expected changes (i.e. nucleotide / nucleotide
sugar pool and product glycosylation) to determine the overall effectiveness of the precursor

additions to the medium.

2) To study the effect of the nucleotide sugar precursor feedings on the nucleotide /
nucleotide sugar pool in CHO-EG2, and CHO-DP12 (Chapter 6).
The addition of nucleotide sugar precursors has been shown to have an effect on the

nucleotide / nucleotide sugar pool. However, the effect is cell line dependent and in the past
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only specific nucleotide sugars were monitored. Here a set of 18 nucleotide / nucleotide sugars
was monitored to get a more global picture of the impact of the precursor feeding using
galactose, uridine, and manganese in different combinations. By using two different cell lines
the aim of this experiment was to monitor how the precursor feeding affects the nucleotide /

nucleotide sugar pool in each cell line and to determine the similarities and differences.

3) To study the effect of the nucleotide sugar precursor feedings and the nucleotide /
nucleotide sugar pool on the recombinant protein glycosylation in CHO-EGZ2, and CHO-
DP12 (Chapter 7).

The nucleotide / nucleotide sugar pool contains all of the precursors needed for
glycosylation and their availability has been shown to influence the glycosylation profiles of
recombinant proteins. Since the two CHO cell lines used produce two different types of
antibodies with very different starting glycosylation profiles it was of interest to see how the
profiles changed with the addition of precursors. The goal of this study was to relate the changes
in the glycosylation profile to the precursor feedings and to the related changes in the nucleotide
/ nucleotide sugar pool as discussed in Chapter 6. Again, the similarities and differences
between the two cell lines and antibodies were of great interest to further elucidate the

glycosylation process in CHO cells.

33



Chapter 2

Materials and Methods”

2.1 Chemicals and reagents
All chemicals and reagents used were of the highest purity available and purchased from
either Sigma (St. Louis, MO, USA) or Fisher Scientific (NJ, USA) unless otherwise indicated.

Solutions were prepared using Milli-Q grade water and filtered using a 0.2 pm filter if needed.

2.2 Cell culture

2.2.1 Cell line

Two different Chinese Hamster Ovary (CHO) cell lines were used for this work. The
main cell line (CHODG44-EG2-hFc/clone 1A7; BRI, Montreal) used expresses a human-llama
chimeric antibody (EG2) for the epidermal growth factor receptor and was provided to the Butler
lab by Yves Durocher of the NRC, Canada (Bell et al., 2010). The second cell line (CHOK1-
Anti-1L8) used expresses an antibody against interleukin 8 (IL8) and was purchased from the

American Type Culture Collection (ATCC, CRL-12445).

* Partial content of this chapter was included in several papers:

Butler, M., Spearman, M. and Braasch, K. (2014), Monitoring cell growth, viability and apoptosis: in Animal Cell
Biotechnology — Methods and Protocols (ed. Ralf Poertner), 1104: 169-192. Methods in Molecular Biology.
Humana Press.

Braasch, K., Villacres, C., and Butler, M. (2015), Evaluation of quenching and extraction methods for nucleotide /
nucleotide sugar analysis: in Glyco-Engineering: Methods and Protocols (ed. Alexandra Castilho), Methods in
Molecular Biology. Humana Press.
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2.2.2 Culture medium

All cells were cultured in BioGro-CHO serum-free medium (BioGro Technologies,
Winnipeg, MB). Unless otherwise indicated the medium was supplemented with 0.5 g/L yeast
extract (BD, Sparks, MD), 1 mM glutamine, and 4 mM GlutaMax | (Invitrogen, Grand Island,

NY).

2.2.3 Culture Maintenance

Both cell lines were maintained in 125 mL or 250 mL baffled shaker flasks (vented caps)
(VWR International, Mississauga, Canada) with culture volumes of 30 mL and 80 mL,
respectively. Every 3 to 4 days cells were passaged at a seeding density of 2x10° cells/mL. The
cultures were grown on a shaker platform (120 rpm) in an incubator with a 10% CO: overlay at

37°C.

2.2.3.1 Viable cell determination

For the culture maintenance cell viability determination was performed by trypan blue
exclusion. In this procedure equal parts of the cell sample and 0.4% (w/v) trypan blue (Gibco)
were mixed prior to applying the mixture to the Cedex slides (Roche). The slides were then
entered into the Cedex (Innovatis AG, Bielefeld, Germany) for automatic image analysis. The
program is able to determine cell density and viability since viable cells do not take up the blue

dye. In addition, the image analysis program can determine cell diameter and cell aggregation.
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2.2.4 Experimental Cultures and Sampling

2.2.4.1 Viability assay comparison in a batch culture*

For this experiment CHO-EG2 cells were grown in a 3 L glass bench-top bioreactor
(Applikon, Foster City, CA). Throughout the run the culture was kept at 37°C, 30% dO2, pH 7.2
and a stirrer speed of 200 rpm. During the batch culture two 10 mL samples were taken at the
designated sampling points to determine the cell density and viability of the culture. Each 10 mL
sample was analyzed twice using the Cedex, Coulter Counter, and Guava Assays (described
below) giving a total of four technical replicates at each sampling point for these offline
measurements. The capacitance probe (Aber, Aberystwyth, UK) was a continuous online
measurement and two technical replicate measurements were performed at each sampling point
using the DEP Cytometer (University of Manitoba). The remainder of the 10 mL samples was
spun down at 352xg for 1 min to collect the supernatant which was then filtered through a 0.2
um filter before being stored at -20°C for later media component, productivity and glycan
analysis.

For some experimental runs an additional cell sample (1x107 cells) was taken as

described in the “Nucleotide and Nucleotide Sugar Analysis” section (Chapter 2.7).

2.2.4.2 Apoptosis induction experiments

CHO-EG2 cells were cultured in 250 mL flat-bottom shaker flasks (VWR International)
with a culture volume of 200 mL and a seeding density of 7x10° cells/mL. In between
measurements cultures were kept on a shaker platform (160 rpm) in the incubator at 37°C with a

10% CO- overlay. Each experimental set consisted of three cultures — one control culture and
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two cultures in which apoptosis had been induced. To ensure identical time measurements the
cultures were each seeded 1 hour apart (Fig. 2.1).

The inducers used for this experiment were starvation, 8 pug/mL oligomycin and 50 nM
staurosporine. For the induction by starvation the BioGro-CHO medium was prepared without
glucose and glutamine. For the induction by oligomycin a stock solution of 2 mg/mL was
prepared with dimethyl sulfoxide (DMSQO). In addition, a stock solution of staurosporine at 0.05
mg/mL was prepared in DMSO. The volume of DMSO used in the oligomycin and
staurosporine induction experiment was also added to the ‘Control’ and ‘Starvation’ culture to

ensure that differences seen in the culture were based on inducers and not DMSO.

Time
0 hrs
R
1 hrs Control
2 hrs Inducer 1
Inducer 2
L 4
End Point v
End Point
L 2
End Point

Figure 2.1: Experimental set-up for the apoptosis induction experiment.
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A 1 mL preliminary sample was taken from each culture every 12 hours to determine the
cultures cell density and viability using trypan blue exclusion. Based on those preliminary
results the proper dilutions for the Guava flow cytometer and the DEP cytometer were
determined. For the actual culture analysis two small samples (less than 0.5 mL) were taken
from each shaker flask and centrifuged at 352xg for 1 min. After removing the supernatant and
filtering it through a 0.2 um filter for later media analysis the cell pellet was re-suspended in 750
— 1000 pL fresh medium to reach a final cell density of 5x10° cells/mL. The re-suspended cell
samples were then used for trypan blue and Guava flow cytometer assay analysis in duplicate,
resulting in four technical replicates at each time point. An additional cell sample was taken for
the DEP Cytometer analysis. The sample was also centrifuged at 352xg for 1 min to remove the
supernatant. The cell pellet was then re-suspended in a mixture of low conductivity medium and
regular BioGro-CHO medium (15:1) to reach a cell density of about 2x10° cells/mL and a

conductivity of (0.17 S/m).

2.2.4.3 Precursor feeding experiments

CHO-EG2 and CHO-DP12 cells were cultured in 250 mL baffled shaker flasks with a
working volume of 80 mL. Cultures were seeded at 2x10° cells/mL and incubated on a shaker
platform (120 rpm) at 37°C with a 10% CO: overlay for the duration of the experiment. For
each condition tested seven shaker flasks were run in parallel. The culture and feed media used

for each precursor experiment were as follows:

Batch — ‘Batch’:

Basal medium — BioGro
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Feed medium — no feed

Non-precursor Supplemented Fed-batch — “NS’:

Basal medium — BioGro

Feed medium — BioGro

Galactose — ‘Galactose’:

Basal medium — BioGro + 10 mM Galactose

Feed medium — BioGro + 25 mM Galactose

Galactose + Uridine — ‘UG’:

Basal medium — BioGro + 20 mM Galactose + 1 mM Uridine
Feed medium — BioGro + 25 mM Galactose + 25 mM Uridine

Galactose + Uridine + Manganese — ‘UMG’:

Basal medium — BioGro + 20 mM Galactose + 1 mM Uridine + 8 uM MnCl;

Feed medium — BioGro + 25 mM Galactose + 25 mM Uridine + 25 uM MnCl»

All cultures were run for 7 days without feeding for the batch culture and daily feeding
starting on day 3 for the all other cultures. The volume of feed solution was calculated based on
the culture volume after sampling that day to reach 1 mM glucose in the culture volume by
feeding.

A 1 mL sample volume was taken at every sampling point for cell density and viability
from all seven shakers. The media component and productivity were determined for two shakers
per time point. The shakers used for sampling were alternated every day. In addition, starting on
day 3 for CHO-EG2 and day 4 for CHO-DP12 two cell samples (1x107 cells each) for nucleotide

/ nucleotide sugar analysis and two 10 mL supernatant samples for glycan analysis were taken.
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These samples were taken from the two shakers used for the media component and productivity

analysis that day.

2.2.5 Specific growth rate and integral viable cell density

The specific growth rate is defined as the rate of cell growth over a given time and

calculated as follows:

InN — InN,
At

u(h1) =
In which N is the cell density at time t and No is the cell concentration at time to.
The integral viable cell density (IVCD) is defined as the integration of the viable cell

density over time and calculated as follows:

t

cells — days
IVCD (106 —) = | X,dt
mL

ty

Where Xv is the viable cell density at time t.

2.3 Analysis of media components

The analysis of the media components glucose and glutamine and their metabolic
products lactose and glutamate was done using the YSI12700 Biochemistry Analyzer. The YSI is

based on an immobilized enzyme sensor technology. The enzymes bound on the membranes
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convert the substrate of interest to produce hydrogen peroxide. A probe signal is produced when
the produced hydrogen peroxide is electrochemically oxidized at the platinum anode of the

probe. This signal is then converted into a concentration.

2.3.1 Glucose consumption and lactate production

Glucose and lactate concentration in the culture supernatant were determined
simultaneously. For the analysis the glucose and lactate membranes (YSI 2365 and 2329) were
installed in the YSI and the appropriate buffer (YSI 2357) was prepared. Once installed the YSI
automatically flushes buffer over the membranes until the baseline current stabilized. After a
stable baseline current was detected an automatic internal calibration was performed with a YSI
standard (2.5 g/L glucose, 0.50 g/L lactate). Once the YSI was set up and calibrated, supernatant
samples were taken up for analysis. After every 5 samples the machine automatically re-
calibrated.

The specific glucose consumption (gs) and lactate production (gu) was calculated using

the following equation:

[AC/At]
(N — No)/(InN — InNy)]

QGOTQL=[

Where AC is the change in concentration over the time period t and N and No are the cell

concentrations at the beginning and the end of the time period, respectively.
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2.3.3 Glutamine consumption and glutamate production

The YSI was also used to simultaneously determine the glutamine and glutamate
concentration in the culture supernatant. For the analysis the glutamine and glutamate
membranes (YSI 2735 and 2754) were installed in the YSI and the appropriate buffer (YSI 2357)
was prepared. Once installed the YSI automatically flushes buffer over the membranes until the
baseline current stabilized. After a stable baseline current was detected an automatic internal
calibration was performed with a YSI standard (0.75 g/L glutamine, 0.731 g/L glutamate). Once
the YSI was set up and calibrated supernatant samples were taken up for analysis. Every 5
samples the machine automatically re-calibrated.

The specific glutamine consumption and glutamate production was calculated using the

same equation as above.

2.4 Cell Density and Viability Determination

2.4.1 Coulter Counter

Cell samples were diluted 1:125 with PBS (Invitrogen) containing 1 mM EDTA (Fisher,
Fair Lawn, NJ) and analyzed using a Coulter Counter (Coulter Electronics, Inc., Hialeah, FL).
The electronic particle count was then converted to a cell density count using the following

equation:

(particle count * dilution factor)

cell density (cells/mL) = (volume measured = 1.0E6)

(particle count * 125)
(0.5mL * 1.0E6)

cell density (cells/mL) =
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2.4.2 Image Analysis

A Cedex Image Analyzer (Innovatis AG, Bielefeld, Germany) was used to analyze cell
samples diluted 1:2 with 0.4% (w/v) trypan blue (Invitrogen) to determine the cell density and
viability. The Cedex was calibrated using polystyrene balls similar in size to CHO cells
(standard calibration method). In addition, a light calibration (to correct for exposure) was
performed every 3-4 months. A comparison of viable cell counts by Cedex and a

Haemocytometer method using trypan blue exclusion gave values within 5%.

2.4.3 Flow Cytometry Analysis

Three different assays were performed using the Guava 8HT system and easyCyte
software (EMD Millipore, Danvers, MA). Initially, a ViaCount (Catalog No. 4000-0040, EMD
Millipore) assay was performed to determine the viability and cell density during the bioprocess.
The ViaCount assay consists of two DNA binding dyes — one that enters all cells and the second
that only stains cells with a compromised membrane. The assay was performed based on the
supplier’s protocol with an incubation time of 10 min. To achieve an in-depth analysis of the
culture Nexin, Caspase 8, and MultiCaspase (EMD Millipore) assays were also performed. The
Nexin assay (Catalog No. 4500-0450) is based on the detection of phosphatidylserine on the
outer leaflet of the plasma membrane of cells, a characteristic of early apoptosis. The assay was
performed using the supplier’s protocol with 200 puL of Guava Nexin Reagent (EMD Millipore)
and an incubation time of 20 min. The Caspase 8 assay (Catalog No. 4500-0550) is based on the
detection of the active caspase 8 enzymes while the MultiCaspase assay (Catalog No. 4500-
0530) detected any activated caspase enzymes. Both assays were performed according to the

supplier’s protocol. The 7-Amino-actinomycin D (7-AAD) stain was incorporated with the
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Nexin and both Caspase assays to determine cells in late stage apoptosis. The cells detected in
the late stages of apoptosis were designated as “dead”. The designation of sub-populations of
cells following the Nexin and Caspase-8 assays was based on the acquisition of 2000 data points
per sample from the flow cytometer. The quadrant markers were positioned manually following

the supplier’s protocol.

2.4.4 Dielectric Measurements

2.4.4.1 Capacitance Probe

For the on-line capacitance measurement a capacitance probe (Aber Instruments,
Aberystwyth, UK) was incorporated aseptically into the bioreactor. The probe was connected
via an amplifier to a 220 Model detector and set to measure AC throughout the bioprocess. The
probe was set to perform a frequency sweep from 0.1 — 20 MHz every minute.

The measurements were later saved as a .csv file for further analysis by plotting in Excel.

2.4.4.2 Dielectrophoretic Cytometer

For the offline measurement a sample (5-10 mL) was taken from the bioreactor at timed
intervals, centrifuged (377xg) and the cell pellet was then reconstituted in a mix of fresh growth
medium (37°C) and a low conductivity (~ 0.067 S/m) medium (37°C) [22.9 mM sucrose
(Sigma), 16 mM glucose (Fisher), 1 mM CaCl, (Fisher), 16 mM NaHPO4 (Fisher)] (Polevaya et
al., 1999). The cell pellet was reconstituted to 2x10° cells/mL using a ratio of 2:30 (fresh : low
conductivity medium) and to reach a conductivity of ~ 0.17 S/m as measured by a conductivity

meter (Orion 3-Star Plus, Thermo Scientific). An initial time course experiment showed that the
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cell viability and the cell size were stable (within 5% of the original sample) for at least an hour
— the time needed for the DEP measurement during the experiment.
For the analysis only single cell signatures were considered. All other signatures

indicating aggregated cells were dismissed.

2.5 Protein quantification

The volumetric productivity was determined by the overall production of EG2 and DP12
for each culture volume using an ELISA while the specific productivity for each culture was
calculated based on the product concentration over the integral viable cell density (IVCD). For
the EG2 ELISA assay the standard used was provided by Yves Durocher (NRC) and the standard
for the DP12 assay was an 1gG calibrator taken from a commercial kit (Immunology Consultants

Laboratory (E-80G); 7.35 mg/mL). Each standard was prepared as outlined below.

2.5.1 ELISA for EG2

All supernatants were analyzed using an ELISA method developed in the Butler lab. The
anti-human IgG (Fc specific) primary (1°) antibody (Sigma 12136) and the anti-human IgG (Fc-
specfic)-Peroxidase secondary (2°) antibody (Sigma A0170), both produced in goat, and the
detection solutions were purchased from Sigma.

For each ELISA analysis the buffers were prepared fresh and brought to room
temperature prior to starting. The plates were coated with 100 plL/well of 1° antibody at a
1/3000 dilution in 1X PBS (coating buffer) overnight at 4°C. The coating buffer was then
removed from the plate by forcefully dumping it out and blotting the plate several times on a

stack of paper towels. After each step in the ELISA procedure the plates were washed 3 times
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with 300 uL/well wash buffer (1X PBS with 0.04% Tween). After washing the plate it was
blocked by adding 275 pL/well blocking buffer (1X PBS with 3% BSA and 0.04% Tween) and
incubated covered for 1 h at room temperature. During the blocking process the supernatant
samples were diluted to 1/1,000 or 1/5,000 in dilution buffer (1X PBS with 0.5% BSA and
0.04% Tween) depending on the expected concentration of antibody. The EG2 standard
provided by Yves Durocher (3.34 mg/mL) was diluted to 0.1 pg/mL. Before adding the samples
and standards to the plate 120 pL of dilution buffer were added to the wells needed for the serial
dilution of the samples and standards. 240 pL of the prepared samples and standards were then
added to the appropriate wells in the 96-well plate and serially diluted before incubating the plate
for 1 h at room temperature. Next 100 puL/well of the secondary antibody were added to the plate
at a 1/60,000 dilution for 1 h at room temperature. While the plates were incubating the
developing solution was prepared by dissolving two 3,3’,5,5-
Tetramethylbenzidinedihydrochloride (TMB) tablets in 20 mL of 0.05 M Phosphate-Citrate
buffer (pH 5). This substrate is light sensitive and must be protected by tinfoil while dissolving
and until used. Just prior to adding the developing solution to the plates 4 uL of 30% hydrogen
peroxide per 20 mL solution were added to the developing solution. 200 pL of this solution were
then added to each well before incubating the plate at room temperature for 30 min. During the
incubation period the plates were wrapped in tin foil. Before reading the plates at 450 nm 50 pL

of 2 M H2SO4 was to be added to each well to stop the developing process.

2.5.2 ELISA for DP12

The procedure was as outlined in the ELISA for EG2 except for the use of a different

standard. In the case of the DP12 ELISA analysis a human IgG calibrator from a human 1gG
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ELISA Kit (Immunology Consultants Laboratory (E-80G); 7.35 mg/mL) was used as the

standard.

2.6 Glycan Analysis

For the glycan analysis the glycan structures were removed from the protein and
fluorescently labeled before being analyzed via a hydrophilic interaction liquid chromatography

(HILIC) method. The glycan analysis was performed as described in Tayi and Butler (2015).

2.6.1 Glycan release

The glycans from the EG2 and DP12 antibodies were released while being captured on a
Protein A column (GE Healthcare). The Protein A columns were prepared by washing the
column twice with 400 uL. of 20 mM phosphate wash buffer (80% 20 mM NaxHPOa4, 20% of 20
mM NaH2PO.), forcing the wash buffer through by spinning the Protein A column at 172xg for 1
min after each wash step. Next 400 uL of the concentrated culture supernatant (containing at
least 50 ng antibody) were applied to the capped column and left to incubate at room temperature
for 10 min on a shaking platform. After the incubation period the supernatant was spun out
(172xg for 1 min) of the column. Washing the column three times with phosphate wash buffer
washed through any leftover un-bound antibodies. To remove the glycans from the bound
antibodies 200 puL of phosphate wash buffer and 1 uL of Peptide-N-Glycosidase F (PNGaseF)
(10 units) (Promega) were added to the capped Protein A column. The column was then
incubated overnight at 37°C on a shaking platform.

After the incubation the released glycans were extracted by spinning down the

supernatant in the column at 172xg for 1 min. To remove any further glycans released 400 puL of
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water was added to the column and also spun down. The extracted glycans were then filtered
using a NanoSep 10K column to remove the PNGaseF enzyme from the sample. Next the pure
glycan sample was dried down in the SpeedVac.

After the extraction the Protein A column was washed with glycine-Cl to remove any
bound antibodies. The column was then rinsed twice with phosphate wash buffer before being

stored in 20% ethanol. The columns were reused up to 5 times.

2.6.2 Glycan labeling and clean up

The glycan labeling solution was prepared by mixing 350 pL DMSO with 150 puL glacial
acetic acid in a 1.5 mL microcentrifuge tube. Next 10 mg 2-aminobenzamide (2-AB) were
weighed into a fresh microcentrifuge tube and dissolved in 200 puL of the DMSO and glacial
acetic acid mixture. 100 pL of the dissolved 2-AB mixture were then added to 6.2 mg sodium
cyanoborohydride (NaBH3(CN)) and mixed well.

The completely dried glycans were incubated with 5 pL of 2-AB labeling solution for 2
hours at 65°C. After the incubation period the unbound 2-AB was removed using the HypoSep
Diol column (Thermo Scientific). Before retrieving the 2-AB labeled sample for cleanup 45 pL
of acetonitrile (ACN) was added to it. The column was prepared by washing with 1 mL Milli-Q
water and 4 x 1 mL ACN before the labeled glycan sample was applied. After each mL of liquid
was applied it was forced through the column at 2 mL/min using air flow applied to the top of
the column. Next the sample was applied to the top of the column and left at room temperature
to incubate for 15 minutes. After the incubation period the extra 2-AB labeling was removed by

washing the column 5 x 1 mL ACN before eluding the labeled glycan sample with 3 x 400 puL
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Milli-Q water. The eluted glycan sample was then dried down in the SpeedVac. Prior to the

HPLC analysis the dried down glycan sample was re-suspended in 40 pL Milli-Q water.

2.6.3 HPLC using HILIC

The glycan sample was analyzed using an XBridge™ Amide column (4.6 x 250 mm, 3.5
um — Waters). The HPLC system used consisted of a Waters 1525u binary HPLC pump, a
Waters 2475 multi A fluorescence detector, a Waters 2707 autosampler, a Waters in-line degasser
AF, and an Eppendorf CH-30 column heater. The HPLC system was controlled using the
Waters Empower Pro Software. The same software was used for data analysis.

The buffers used were 50 mM ammonium formate (pH 4.4) [Buffer A] and Acetonitrile
[Buffer B]. Both buffers were HPLC grade and buffer A was also filtered using a 0.2 um filter.
The buffer solutions were not degassed as an in-line degasser was used with the HPLC system.

The glycan elution was monitored using the fluorescent detector with the excitation set at
330 nm and the emission set at 420 nm with the following settings: 10000 euf, gain 1, and data

rate 1 pts/sec. For the run the column heater was set to 30°C.

The elution program was as follows:

Table 2.1: Elution program for glycan analysis.

Time Flow Buffer A | Buffer B | Curve
0O min | 0.86 mL/min 20 80 6
48 min | 0.86 mL/min 50 50 6
49 min | 0.86 mL/min 100 0 6
53 min | 0.86 mL/min 100 0 6
55 min | 0.86 mL/min 20 80 6
63 min | 0.86 mL/min 20 80 6
64 min | 0.00 mL/min 20 80 6
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The samples were prepared for HPLC analysis by adding 6 pL of the re-suspended unknown
sample to a 20:80 mixture of sample and buffer B to give 30 uL. The injection volume for each

standard or extraction sample was 25 pL.

2.6.4 Glycan analysis

A dextran ladder was run with the regular glycan samples to determine a standard curve
for the glucose unit (GU) values. This standard curve correlated the elution time with the GU
value. This was then used to determine the GU values of the peaks found in the unknown glycan
samples. The GU values in turn were used to determine the structures associated with those
peaks found in the glycan sample by referring to the Oxford GU database and by comparing

former exoglycosidase digest results.

2.6.5 Index calculations

Index calculations were performed as described below to better compare the identified
glycan distribution among precursor feeding experiments. Indices were calculated based on the
percentage of the different galactosylated, fucosylated and sialylated glycoforms present in each

sample.

2.6.5.1 Galactosylation Index (GI)

The three main glycan structures found on antibodies are GO, G1, and G2, which are
structures containing none, one or two galactose residues, respectively. The Galactosylation

Index (GI) was calculated based on the percentage of these glycoforms as follows:
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~ (61%0.5) + (G2 * 1)

ol GO+ G1+G2

2.6.5.2 Fucosylation Index (FI)

Each glycan can potentially have a fucose molecule attached to its core structure. To
compare the overall fucosylation among glycan samples the Fucosylation Index (FI) was

calculated based on the percentage of these glycoforms as follows:

_F1
 FO+F1

2.6.5.3 Sialylation Index

The Sialylation Index (SI) is an indication on how many sialic acid molecules are
attached to the glycans in a sample. In antibodies the majority of samples have a maximum of
two sialic acid molecules attached. Based on the presence of sialic acid the SI was calculated

based on the percentage of these glycoforms as follows:

o = (S1%0.5)+(52+1)
- SO+ S1+S2

2.7 Nucleotide and Nucleotide Sugar Analysis

The protocol was developed for the extraction and analysis of intracellular nucleotide and

nucleotide sugar pools in CHO cells cultured in suspension. This protocol was chosen based on
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the comparison of two quenching protocols and a control (no quenching) in combination with
four extraction protocols found in the literature. Special attention was paid to the recovery of
ATP, the overall extraction of the metabolites of interest and the methods overall reproducibility.
It was determined that the “Methanol/AMBIC” quenching with the “Envi™-Carb column”
extraction is the best combination for an efficient and reproducible nucleotide / nucleotide sugar

analysis (see Appendix A). An overview of the entire method is shown in Figure 2.2.

1X Volume .
(1x107 cells) Store
Cell Pellet
-70°C
. - 1000g
Determine \Alable (1 min, -4°C)
Cell Density > >
Immediate
U Extraction
SX Volume Remove All Flash Freeze
Supernatant Cell Pellet
Quenching
Solution (-20°C) Resuspend in
PBS, Sonicate
3 x 15 sec on Ice
Condition
LA Column
~
Sample Prep for 6000g
HPLC Analysis (10 min)

I RN Dry Sample Elute Q Wash Transfer
b ’ in SpeedVac ) Column B Column Supernatant
Figure 2.2: The workflow for the quenching, extraction and HPLC analysis of cell samples to
determine the intracellular nucleotide / nucleotide sugar pool (taken from Braasch et al., 2015).

Store Sample
(-20°C)

2.7.1 Quenching

The quenching solution used was 60% methanol / 0.85% ammonium bicarbonate (pH

7.4) based on Sellick et al. (2009). The first step in preparing to quench a cell sample was to pre-

52



cool the quenching solution to -20°C. Next a supernatant sample containing 1x107 viable cells
was taken and added to 5 times the sample volume of quenching solution (-20°C). The sample
tube was then inverted gently twice before the cells were spun down at 1000xg for 1 min at -4°C.
Afterwards the supernatant was decanted and the residual liquid was removed using a Pasteur
pipette and vacuum. The cell pellet was then flash frozen in liquid nitrogen. Once the cells were
flash frozen the extraction was performed immediately or the cell pellet was stored at -70°C for

up to 1 week.

2.7.2 Extraction

For the extraction procedure the following solutions were prepared and stored ice-cold prior

and during use:

1. Phosphate buffered saline (PBS) (Invitrogen)

2. 10 mM NH4HCO;3 (pH 7.0)

3. Condition solution 1: 80% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid (TFAA)
4. Condition solution 2: Milli-Q water

5. Wash solution 1: Milli-Q water

6. Wash solution 2: 25% (v/v) acetonitrile

7. Wash solution 3: 50 mM triethylammonium acetate (TEAA) buffer (pH 7.0) (Fluka)

8. Elution solution: 25% (v/v) acetonitrile in 50 mM TEAA buffer (pH 7.0)

Prior to the extraction methanol treated 1.5 mL samples tubes were prepared by rinsing

the tubes with methanol. Two 1.5 mL tubes per sample were needed. The Envi™-Carb column
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was then put into a 15 mL sample tube in a stand or Styrofoam box. To condition the column 3
mL of ‘condition solution 1’ were applied. Each solution added to the column was left to elute
completely by gravity flow before proceeding to the next step. Next 3 mL of ‘condition solution
2’ were applied to the column.

While the ‘condition solution 2° was eluting through the column the cell samples were
prepared. The cell pellet was re-suspended in 0.5 mL PBS in a 50 mL sample tube. The cell
mixture was then sonicated for 3 x 15 sec on ice at level 7 with a narrow probe sonicator
(Qsonica XL-2000 Series) with the sonicator tip at the top of the liquid level. The sonicated
sample was then transferred into a 1.5 mL sample tube before it was centrifuged at 6000xg for 10
min. Next the supernatant was transferred into new 1.5 mL sample tube and topped up to 1 mL
with 10 mM NH4HCOs (pH 7.0). Until the column was ready the samples were kept on ice.

After the column ‘condition solution 2’ completely eluted the diluted extract was applied
onto the column. The Envi™-Carb column was then washed with 3 mL of ‘wash solution 1°.
Next the Envi™-Carb column was washed with 3 mL of ‘wash solution 2’ and 3 mL of ‘wash
solution 3°. Lastly the bound nucleotide / nucleotide sugars were eluted from the Envi™-Carb
column with 2 mL of ‘elution solution’ into two 1.5 mL methanol treated tubes.

The samples from both tubes were then combined and dried to complete dryness in the
SpeedVac. Once the samples were completely dry they were re-suspended in 40 uL. Milli-Q

water each and stored at -20°C until HPLC analysis.
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2.7.3 HPLC

2.7.3.1 HPLC Program and Set-Up

The nucleotide / nucleotide sugar samples were analyzed using a CarboPac™ PA1

column (4 x 250 mm). The HPLC system used consisted of a Waters 1525 binary HPLC pump,

a Linear UV/Vis 200 detector, a Waters 717plus autosampler, and a Transgenomic column

heater. The HPLC system was controlled using the Waters Empower Pro Software. The same

software was used for data analysis.

The buffers used were 1 mM NaOH (Acros) [Buffer A] and 1 M NaAc (J.T Baker) in 1

mM NaOH [Buffer B]. Both buffers were HPLC grade and filtered using a 0.2 um filter. Prior

to use the buffer solutions were degassed.

The nucleotide / nucleotide sugar elution was monitored using the UV detector at 260 nm

with the following settings: column temperature at 27°C, UV detector at 260 nm with a range of

0.2 AUFS and a rise time of 0.1 sec.

The elution program was as follows:

Table 2.2: Elution program for nucleotide / nucleotide sugar analysis.

Time Flow Buffer A | Buffer B
0 min | 0.8 mL/min 80 20
10 min | 0.8 mL/min 70 30
20 min | 0.8 mL/min 60 40
30 min | 0.8 mL/min 45 55
45 min | 0.8 mL/min 45 55
55 min | 0.8 mL/min 20 80
60 min | 0.8 mL/min 0 100
70 min | 0.8 mL/min 0 100
80 min | 0.8 mL/min 80 20
85 min | 0.8 mL/min 80 20
86 min | 0.0 mL/min 80 20
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2.7.3.2 Nucleotide / Nucleotide Sugar Standards

5 mM stock solutions of all standards of interest were prepared in 1.5 mL sample tubes
using HPLC grade chemicals and Milli-Q water. A mix of all standards was prepared by adding
equal volumes of individual standards to a 1.5 mL sample tube. The individual standards and the

mixed solutions were then stored at -20°C until use in HPLC analysis.

2.7.3.3 HPLC Sample Preparation

The samples were prepared for HPLC analysis by adding 15 pL of the re-suspended
unknown sample to an 80:20 mixture of buffers A and B to give 60 uL. The injection volume

for each standard or extraction sample was 30 pL.

2.7.3.4 Data Analysis

To identify the nucleotide / nucleotide sugars in the unknown samples all standards were
run alone and in a mix to determine their elution time (Figure 2.3). To allow for quantitative
analysis a mix of 19 standards was run at three different concentrations to calculate individual

standard molar responses.

moles (std)

molar response =
P area (std)

This information was used to identify and quantify the peaks in each elution profile
determined for the extracted samples. After determining the moles of each nucleotide /

nucleotide sugar per cell this value is converted to a concentration (mM) per cell as follows:
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fmol/cell

mM/cell = ———
Afzemer)

where r, in dm, is the average radius of the cells sampled as determined using the Cedex.
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AMP 5: UDP-GIcNAc + CTP 12: GDP-Man
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Figure 2.3: HPLC elution profile of a mixture of 20 nucleotide / nucleotide sugar standards.
The chromatogram was produced by injecting 30 uL of a mixture of 19 standards at 27°C using a
CarboPac™ PA-1 column. Each component was at a concentration of 0.0375 mM in the
mixture. The elution protocol was based on the method developed by Tomiya et al., 2001 with
the UV detector set at 260 nm. The elution gradient was as follows: To= 20% (v/v) E2; T1o =
30% (v/v) E2; Tao= 40% (Vv/V) E2; T30 = 55% (v/v) E2; Tas= 55% (v/v) E2; Tss = 80% (v/v) E2;
Teo= 100% (v/v) E2; T70 = 100% (v/v) E2; Tgo = 20% (v/v) E2; Tes = 20% (v/v) E2 (taken from
Braasch et al., 2015).
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2.8 Statistical Analysis

Differences between measurements were assessed by un-paired two-tailed Student’s t-
test. A P-value of <0.02 was considered as statistically significant.

In part A all data points are based on four technical replicates with the exception of the
DEP measurements, which were based on two technical replicates, and the capacitance probe,
which is a contiuous measurement.

In part B all data points for the cell density and viability measurements are based on
seven biological replicates. The media component, productivity, glycan, and nucleotide /

nucleotide sugar analysis are all based on two biological replicates.

58



Section A

Monitoring cell viability using image, flow cytometer and dielectric analysis

Introduction

Monitoring the cell density and viability is an integral part in the cell culture process.
The cell density and viability measurements can be used to determine the initiation of a feeding
strategy in a batch culture or the termination of a culture. The monitoring of viable cells in a
culture process is also important because those cells are considered the metabolically active
producer cells needed for biopharmaceutical production.

However, the definition of viability is very complex and depends very much on the
characteristics used to define it (Browne and Al-Rubeai, 2011). Because of this complexity it is
important to understand viability and the process of cell demise (apoptosis) in a cell culture. In
addition, it is important to understand what different cell density and viability assays measure to
better understand their capability and applicability.

For this study image analysis (trypan blue exclusion), coulter counter, flow cytometer
assays, and two dielectric measurements (bulk and single) were compared in regular batch
cultures and cultures in which apoptosis was artificially induced by starvation, oligomycin, and
staurosporine. These experiments were used to measure and further understand the progression

of apoptosis during cell demise.
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Chapter 3
The comparison of different cell density and

viability assays for cell culture”

3.1 Introduction

To ensure maximum productivity of recombinant proteins it is desirable to prolong cell
viability during a mammalian cell bioprocess, and therefore important to carefully monitor cell
density and viability. An important aspect is the early detection of the onset of cell demise. The
early detection is of importance since it will allow for measures to be taken to either extend cell
culture viability with nutrient feeding or to terminate the process when very sensitive proteins are
produced.

One of the most commonly used assays is the trypan blue exclusion method in combination with
an image analyzer. Trypan blue is a high molecular weight dye that will only be taken up by
cells when the cell membrane is compromised (Strober, 2001). However, the loss of the cell
membrane integrity exclusion method marks the end point in apoptosis. When and while cells
go through apoptosis specific changes associated with apoptosis can be detected by fluorescent
markers (Vermes, 2000). While flow cytometer assays can be very specific they are fairly costly
and take more time than simple staining procedures, which can lead to artificially decreased cell

viability.

* Partial content of this chapter was included in a paper:

Braasch, K., Nikolic-Jaric, M., Cabel, T., Salimi, E., Bridges, G.E., Thomson, D.J., and Butler, M. (2013), The
changing dielectric properties of CHO cells can be used to determine early apoptotic events in a bioprocess.
Biotechnology and Bioengineering. 110 (11): 2902-2914.
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In addition to changes that can be observed with fluorescent assays cells exhibit changes
in the dielectric properties when entering apoptosis (Demierre et al., 2008; Duncan et al., 2008;
Flanagan et al., 2008; Gagnon, 2011; Huang et al., 1992; Pethig et al., 2010). Those changes in
cell membrane capacitance and within the ionic content of the cytoplasm can be detected using
dielectric measurements. In the past dielectric measurements have become of interest because
currently available probes allow on-line measurements, which would allow a constant
monitoring of the cell culture. In previous studies the in situ bulk capacitance probe was used to
measure cell density in cell culture processes (Ansorge et al., 2010; Ducommun et al., 2002;
Knabben et al., 2010; Opel et al., 2010; Tibayrenc et al., 2011). The measurements were
compared to the more common trypan blue exclusion method. During the regular growth phase
the measurements in previous studies aligned very well but during the decline phase the
capacitance data exhibited either higher or lower cell densities than the trypan blue method.
However, no further examination of this difference was done. Some further research went into
developing algorithms to adjust the capacitance data to fit the trypan blue data (Opel et al.,
2010). This makes sense in already existing industrial processes in which certain key elements
of the process (feeding, harvest) are linked to a certain cell density and / or viability. However,
in new processes or process development a better understanding of the data sets will be helpful in
the overall process engineering.

In this study, six different and independent methods of monitoring were applied to
Chinese hamster ovary (CHO) cells grown in a batch culture in a controlled bioreactor to
determine cell density and/or cell viability. They included: a particle counter, trypan blue
exclusion (Cedex), an in situ bulk capacitance probe, an off-line fluorescent flow cytometer with

various assays, a prototype dielectrophoretic (DEP) cytometer, and the adenylate energy charge.
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The measurements of these methods were compared with each other to show and explain

differences in the detection of the onset of cell demise.

3.2 Results

3.2.1 Cell culture profiles

The results of the comparative measurements of cell density and viability for two
separate batch cultures (A inoculated from passage 25, B inoculated from passage 35) are shown
in Figs. 3.1 and 3.2. Profiles in panel A of both Figs. 3.1 and 3.2 were based on samples taken
every 24 h from inoculation up to 170 h. In a second culture (panel B) samples were analyzed
every 6 h from 96 h — 130 h in order to monitor the viable to non-viable transition of the cells
more closely. Total and viable cell densities (Fig. 3.1) were determined using four different
methods: Coulter counter, Cedex, ViaCount and in situ capacitance probe. The data in Fig. 3.1
show that during the exponential growth phase each set of measurements gave similar values.
However, divergence in measurements occurred beyond the point of maximum cell density at 90
h — 100 h, which coincided with a decline in cell viability as seen in Fig. 3.2. The Coulter
counter provides an electronic measure of presence of particles and does not distinguish between
viable and non-viable cells; consequently, high cell density values were observed up to the end
of the cultures. The other three measurements showed an apparent decline in cell density beyond
the point of maximum cell density. However, there was a statistically significant difference (P <
0.02) between the Cedex measurements and the measurements by the capacitance probe (Fig.
3.1A after 120 h, Fig. 3.1B after 100 h) and the ViaCount assay (Fig. 3.1A after 120 h, Fig. 3.1B
after 100 h). The cell density determined by the capacitance probe was comparable to

measurements made using the ViaCount assay. The consistently higher values determined from
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the Cedex can be explained by the mechanism of trypan dye exclusion, which depends upon cell
membrane damage — a late event in apoptosis (Hughes et al., 1997). Although the ViaCount
assay is based on the same principle of dye exclusion it appears to be able to detect an earlier
stage of membrane damage and hence registers lower viabilities compared to trypan blue
exclusion (Millipore Technical Publication: MK80000410).

Figure 3.2 shows data from the same two bioreactor cultures monitored for the
percentage viability of the cell population. As in the previous data this showed a decline in
viability beyond the maximum cell density at 90 h — 100 h. Divergence can be observed for the
rate of loss of viability as determined using the Cedex (trypan blue), ViaCount assay, Nexin
assay, and DEP cytometer. Statistical analysis showed that the Cedex viability determination
were significantly different (P < 0.02) from measurements made by the ViaCount assay (Fig.
3.2A after 70 h, Fig. 3.2B after 75 h), the Nexin assay (Fig. 3.2A after 70 h, Fig. 3.2B after 90 h),
and the DEP cytometer measurements (Fig. 3.2A after 100 h, Fig. 3.2B after 100 h). In addition
measurements by the ViaCount assay were significantly different (P < 0.02) from measurements
made by the Nexin assay (Fig. 3.2A between 100 —145 h, Fig. 3.2B after 90 h) and the DEP
cytometer measurements (Fig. 3.2A between 100 — 145 h, Fig. 3.2B after 105 h). The
measurements by the Nexin assay and the DEP cytometer were not significantly different before
118 h of culture. However, there was a significant difference (P < 0.02) between the
measurements after that time for both runs. These profiles are consistent between the two

cultures shown in Fig. 3.2 and other repeated runs (not shown).
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Figure 3.1: Comparison of cell density and capacitance determined for two representative CHO EG2 batch cultures using Trypan
blue (Cedex), Coulter Counter, Guava flow cytometer (ViaCount) and Capacitance probe (Aber). The culture (3L) was sampled every
24 h from 0 hto 168 h (A). The culture (3L) was sampled every 24 h from 0 h to 95 h and then every 6 h from 95 hto 119 h (B). The
continuous 4C measurement taken from the probe was adjusted to align with cell density at 72 h determined by Cedex. The values
graphed for the off-line measurements are the average of four technical replicates for each sampling point with error bars representing
the standard error of the mean. (taken from Braasch et al., 2013)
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Figure 3.2: Comparison of cell viability determined for CHO EG2 batch cultures using trypan blue (Cedex), ViaCount and Nexin
(Guava flow cytometer) and DEP cytometer. The culture (3L) was sampled every 24 h from 0 h to 168 h (A). The culture (3L) was
sampled every 24 h from 0 h to 95 h and then every 6 h from 95 h to 119 h (B). The values graphed are the average of four technical
replicates for each sampling point with error bars representing the standard error of the mean. Each DEP value is based on 2
determinations from >200 cells per sample (error bars represent 5% - error of method). (taken from Braasch et al., 2013)
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In addition to the above measurements the glucose and lactate concentrations were also
monitored for bioreactor runs A (passage 25) and B (passage 35) (Fig. 3.3A). The data in Fig.
3.3A show that for both runs the start of the decline phase in Fig. 3.2A and B correlated with the
glucose concentration in the medium decreasing below 1 mM (run A at ~ 100 h and run B at ~
90 h). Furthermore in run B between 50 — 95 h glucose was consumed slightly faster and lactate
accumulated more than in run A. This difference in lactate production during the run in
combination with a difference in glucose consumption manifested in a significantly higher yield
of lactate per glucose in the exponential growth phase of run B (Fig. 3.3B) (P < 0.02).

Overall, the profiles of the two bioreactor runs were similar although the time difference
in the onset of apoptosis in run A (~ 100 h) and B (~ 90 h) (Fig. 3.1/3.2) may be attributed to the
difference in the metabolic state of their respective inoculum and the subsequent difference in

metabolism during the run (Fig. 3.3).
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Figure 3.3: (a) Comparison of glucose consumption and lactate accumulation for run A (passage 25) ( ) and run B (passage 35)

( A). Concentrations of glucose (=== and lactate ( ) were plotted against days in culture. Each point represents the average
of two technical replicates with error bars representing the standard error of the mean. (b) Comparison of the average yield
lactate/glucose (Yiacrgic) for run A (passage 25) and run B (passage 35) during the exponential growth phase. Each bar represents the

average of two technical replicates with error bars representing the standard error of the mean. (* P < 0.02). (taken from Braasch et al.,
2013)
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3.2.2 Measurements and modeling with the capacitance probe

Figure 3.1 shows that the profile of the bulk capacitance measurement from the online
probe in the cultures followed the ViaCount measurements fairly closely during the exponential
phase and indicated the decline of the viable cell population. Some divergence was detected at
the point in which non-viable cells predominate as shown at 140 h in Fig. 3.1A. Closer
examination of the profile from the capacitance probe showed a distinct inflexion at 140 h for
culture A and 120 h in culture B (Fig. 3.4).

The divergence of these profiles was examined. The experimental observations showed
that during the growth phase the mean cell radius, R, remains at a constant value, R,, of 13.2 um
as measured by Cedex. During the exponential phase A¢ increased proportionally to the increase
in the N, reaching the value of As,,,,, = NR; at~100 h for run A, and ~90 h for run B (Fig. 3.1).
At Ag,,45, a total of N cells were assumed to be healthy (non-apoptotic), with an average radius
R,. Beyond A¢,,,,, @ was evident from the Coulter counter measurements (Fig. 3.1), N
remained consistently high even as the bioprocess population underwent apoptosis and Ade
steadily declined. With N = constant, it followed that the decrease in 4¢ can only be due to
changes in the average cell radius. Even though the trypan blue viability estimates began to
decline after 4,4, they remained above 70% until ~145 h (run A) and above 80% until ~120 h
(run B), the times when the DEP cytometer and the Nexin assay both indicated that the
predominant cell subpopulation is apoptotic. It was assumed that the average radius of the viable
cells remained at R, while the radius of apoptotic cells changed to rR,. From the data on the
average decrease in size of all cells with intact membranes obtained by Cedex Image analysis
(not shown) the average decrease in size of apoptotic cells was estimated as r~0.87. For

example, data from culture A indicated that the mean cell diameter changed from 13.2 pm at
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24 h to 11.5 pm at 168 h when most cells were apoptotic. The DEP cytometer identified two
subpopulations, viable and apoptotic, contributing in fractions v and (1 — v), respectively.

These data was used to model the expected drop in permittivity:

As =[v+ (1 —v)r*] Agyax

The bulk capacitance measurements and the model are both represented in Fig. 3.4. The
divergence between the theoretical and observed Ae increased progressively over time, resulting
in a considerable discrepancy towards the end of the culture. Even if the average radius of all
cells were to decrease to 0.87 R,,, 4 would not be expected to decrease below 0.57A4¢,, -
However, the value of run A measurements at 145 h and v = 0.16 is 4e = 0.454 Ae,, 4, and the
value of run B measurements at 120 h and v = 0.09 is 4¢ = 0.415 Ag,,4,, both well below the
theoretically predicted values. Thus, we concluded that the decrease in Ae during the decline
phase cannot be explained only by the decrease in average cell radius, but should instead be
attributed to the decrease in both the cell radius and the cell polarizability of dielectrically
diverse subpopulations of cells. The decrease in polarizability could be due to changes in cell
metabolism, membrane surface capacitance and conductance, possibly by thickening of cell

membrane or changed cytoplasmic conductivity.
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model equation: measurements at 300 kHz (normalized)
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Figure 3.4: Bulk capacitance probe profiles compared to values predicted by cell volume changes. The continuous lines represent
experimentally determined profiles from the two cultures described in Fig 4. Individual points (O) represent the model predictions for
a decrease in 4e¢ if two subpopulations are present as determined by DEP cytometer. For the model, the assumed change in radius of
the apoptotic cells was 13% (R—0.87Rv) based on CEDEX measurement. It is assumed that the radius of viable cells does not
change. (taken from Braasch et al., 2013)
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3.2.3 Subpopulations of cells analyzed by flow cytometry

Figure 3.5 shows the cell subpopulations found in samples from the two separate
bioreactor cultures as measured by the flow cytometer. Up to 70 h only the ViaCount assay was
used to differentiate between the viable and non-viable cells. After 70 h a more in-depth analysis
of the cell populations in the bioreactor cultures is shown by identifying and quantifying the non-
apoptotic, early-apoptotic, caspase 8 positive, and dead subpopulations (Fig. 3.5) using the Nexin
and Caspase 8 assay. The bar graphs in Fig. 3.5 clearly show that the cell population in the
bioreactor was not homogeneous and that not all cells progressed through apoptosis at the same
time. In addition, Fig. 3.5 shows the increase in size of the early apoptotic sub-population over
time, with eventual transition to late apoptotic stage. Fig. 3.5 also shows a consistently low
fraction of Caspase-8 (+) and 7-AAD (-) cells after 70 h for culture A and B. Over the course of
the bioprocess the total fraction of cells staining Caspase-8 (+) increased steadily until most cells
stained Caspase-8 (+) at the end of the run. The majority of these cells were late stage apoptotic

and dying/dead cells staining Caspase-8 (+) and 7-AAD (+).
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Figure 3.5: Overview of subpopulations determined during the bioprocess using three flow cytometer assays (ViaCount, Nexin,
Caspase 8). The culture (3L) was sampled every 24 h from 0 h to 168 h (A). The culture (3L) was sampled every 24 h from 0 h to 95

h and then every 6 h from 95 h to 119 h (B). During exponential growth cells were distinguished as viable () or dead () based on
the ViaCount assay. During the late exponential and the decline phase (>70 h) the cell subpopulations were distinguished as non-
apoptotic (Annexin V (-) & 7-AAD (-)) (Eﬂ), early apoptotic (Annexin V (+) & 7-AAD (-) ) (.), Caspase 8 (Caspase 8 (+) & 7-AAD
) (D), or dead (7-AAD (+)) (.). The values graphed are the average of mostly four technical replicates for each sampling point.
The proportion of dead cells determined by the ViaCount assay was within <10% of the value determined by the Nexin and Caspase 8
assays. (taken from Braasch et al., 2013)
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3.2.4 DEP cytometer measurements

Examples of experimental DEP signatures produced by individual CHO cells are shown
in Fig. 1.5(a) (see Chapter 1). In a suspension with a conductivity of oy, = 0.17 S/m, the
crossover frequency was identified experimentally as ~ 0.5 MHz above which viable cells
produced pDEP signatures and non-viable cells nDEP signatures. The force index was measured
for CHO cells in nine discrete frequency steps, from 0.1 to 6 MHz as identified in Fig. 3.6.
Experimental signatures from these samples were collected for 200-400 cells (~5 minutes) at
each frequency and each control set. Figure 3.6 (b) represents stacked distributions of force
index values for each of the nine discrete steps during the frequency sweep. These distributions
were obtained from two samples taken early in the culture, and after the decline phase. Viability
was defined as the fraction of pDEP signatures in the total number of cell signatures captured.
DEP cytometer viability counts for these samples were 93% and 9%, respectively. During
repeated runs we were able to show that the percent viability determined by the DEP Cytometer
was consistent with the data from the Nexin assay (Fig. 3.2).

A detailed analysis of the data from the DEP cytometer during the critical time in which
cells display a rapid loss in viability shows the changes in force index distribution for the cell
population (Fig. 3.7). Within this time interval (96 h — 120 h from inoculation in culture B),
signatures from 300 — 400 cells actuated with 6 MHz DEP signals were collected every six hours
(only data at 12 hour intervals are shown). Each of the resulting histograms shows a sharply

bimodal distribution, with a clear shift over time from
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Figure 3.6: (a) Numerical simulation of the polarizability, produced for a double-shell model (Jones, 1995) and based on the
assumption that cell volume shrinks and the conductivity of the cytoplasm drops as the cell undergoes the apoptotic process;
parameters used in this simulation were obtained from previously published work (Asami et al., 1989; Cemazar et al., 2011) as given
in Table 1 (ref 2 and 1, respectively). This simulation was used as an aid in choosing 6 MHz as the frequency at which to perform the
viability measurements. (b) Stacked distributions of force index, &, for the collection of signatures captured early and late in a
previous experiment (Days 1 and 10, respectively). Signatures were collected at nine discrete steps in frequency. Two collections
were made at the 6 MHz frequency at the beginning and at the end (6B and 6A standing for “before” and “after”) of the time interval
to do the full frequency sweep and to ensure that the viability of cells was not changed during the course of the experiment. (taken

from Braasch et al., 2013)
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predominantly positive to predominantly negative force index values. These results were
consistent with the data from the Nexin assay, illustrated in Figs. 3.2 and 3.5. The table in Fig.
3.7 shows that the nDEP measurements determined over the period of changing cell viability
have a closer correlation to the Nexin assay than the other colorimetric or fluorescent assays
used. This suggests that the DEP measurements are indicative of changes related to the early

stages of the apoptotic process.
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Figure 3.7: Time-lapse histograms showing a binary population of cells with rapidly changing

dielectric properties (~ 96 h — 120 h from bioreactor seeding) accompanied by a comparison
table of viability assessments for different cell monitoring techniques. (taken from Braasch et al.,
2013)
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3.2.5 Adenylate energy charge

The results of the comparative measurements of cell viability and the adenylate energy
charge (AEC) for one representative batch is shown in Fig. 3.8. The profile was based on
samples taken every 24 h from inoculation up to 83 h and from 107 h to 120 h and every 6 h
from 83 h — 107 h in order to monitor the viable to non-viable transition. As observed in Fig. 3.2
a divergence between the Cedex (trypan blue), ViaCount assay, Nexin assay, and the DEP
cytometer can be seen. In addition to the just mentioned measurements the AEC was determined
for this run by taking a cell sample for nucleotide sugar analysis for the sampling points between

73 hto 107 h. The data in Fig. 3.8 shows a higher AEC (>0.9) for the analysis at 73 h and 83 h
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Figure 3.8: Comparison of cell viability determined for CHO EG2 batch cultures using trypan
blue (Cedex), ViaCount and Nexin (Guava flow cytometer), DEP cytometer and adenylate
energy charge (AEC). The culture (3L) was sampled every 24 h from 0 h to 73 h and then every
6 h from 73 h to 120 h. The values graphed are the average of four technical replicates for each
sampling point with error bars representing the standard error of the mean. The DEP value is
based on 2 determinations from >200 cells per sample and the AEC value is based on the
analysis of 1 cell pellet sample (error bars represent 5%, which represents the measurement
uncertainty).
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that indicates that the cells were healthy. After 83 h a steady decline in the AEC was
determined, which is indicative of a decline in the overall health of the culture and individual
cells. At 83 h an extracellular glucose concentration of 2 mM was measured. It is of interest that
the drop in AEC was observed prior to seeing a substantial decline in the viability of the culture
determined with any of the other methods used.

Overall, the viability profile of the bioreactor run was similar to the runs shown in Fig.
3.2. In addition to the previously observed trend it was shown that the AEC drops prior to

monitoring a drop in the other methods used.

3.3 Discussion

The ability to prolong the viability of cells at high density is a key factor in enhancing the
productivity of a mammalian cell bioprocess (Wurm, 2004). This requires an understanding and
monitoring of the events that take place during the decline phase and loss of cell viability, which
is usually associated with apoptosis. Viability has often been defined by the loss of integrity of
the cell membrane which allows the entry of high molecular weight dyes like trypan blue
(Strober, 2001). However, this is likely to be a late stage event in the demise of CHO cells in a
bioreactor that undergo programmed cell death (Browne and Al-Rubeai, 2011). During
apoptosis the membrane can remain intact during events of cell shrinkage, chromatin
condensation and caspase activation (Hughes et al., 1997). An early molecular change during
apoptosis is the translocation of the phosphatidylserine to the outer leaflet of the plasma
membrane and the activation of a series of caspases (Budihardjo et al., 1999; Martin et al., 1995).
These can be labeled by fluorescent stains and monitored in a cell population via flow cytometry.

This brings into question the most appropriate measure of viability, as a population of cells
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undergoing apoptosis may indicate significantly different values of percentage of viability
depending on the assay used.

The profiles of the two initial bioreactor runs in this study were similar with the second
run showing faster growth, increased glucose uptake and lactate accumulation during the
exponential growth phase. This in turn led to an earlier glucose depletion and subsequent earlier
onset of apoptosis attributed to nutrient depletion in the culture. The difference in the observed
metabolism may be attributed to the use of cells from different passage numbers used for
inoculation. This finding agrees with observations made by Beckmann et al. (2012) for cells of
higher passage numbers. However, overall trends between methods used and the onset of
apoptosis in accordance to nutrient (i.e. glucose) depletion are the same for all three runs.

This study compared 5 different methods to monitor and evaluate the changes in viable
cell densities and cell viability that occur to CHO cells at the later stages of a culture. The
electronic counter (Coulter) is a rapid method of determining cell density but does not
distinguish between viable and non-viable cells. Trypan blue exclusion is a widely used
colorimetric method that is usually combined with haemocytometer counting or image analysis
and distinguishes the colour of non-viable cells (blue) and viable cells (non-coloured). However,
as we and others have shown this overestimates viability by not recognizing apoptotic cells with
an intact membrane (Altman et al., 1993; Browne and Al-Rubeai, 2011) but is rather dependent
on gross membrane damage, which occurs at a later stage of apoptosis (Koopman et al., 1994).

The flow cytometer analysis can be combined with a range of florescent dyes to
determine different stages of apoptosis including phosphatidyl serine translocation (Nexin), cell
membrane permeability (ViaCount) and caspase activation (e.g. Caspase 8). The Nexin assay

recognizes an early event in apoptosis and so it is not surprising that our results indicate that
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among the fluorescence assays it produces the lowest estimates of viability. The Caspase-8
assay was used to recognize cells positive for Caspase-8 activation indicating cells going through
the extrinsic cell surface death receptor apoptotic pathway (Budihardjo et al., 1999). While only
a small fraction of cells was determined to be Caspase-8 (+) and 7-AAD (-) at each sampling
point, the overall fraction of Caspase-8 (+) and 7-AAD (+) cells increased over the time of the
bioprocess. This suggests that in most cells the Caspase-8 initiator caspase was activated but that
the transition from Caspase-8 (+) and 7-AAD (-) to Caspase-8 (+) and 7-AAD (+) was too rapid
to be detected. With the Caspase-8 assay used we observed up to 15% of the cells in the
bioprocess to be necrotic for some sampling points. To determine whether this percentage was
an artifact of the staining procedure a visual assessment of the Nexin assay would have to be
performed to determine if phosphatidyl serine was found on the inside of Annexin V (+) and 7-
AAD (+) cells (Wlodkowic et al., 2011). This would be indicative of a necrotic cell.

For future experiments it would be interesting to use the Caspase-3/7 assay to monitor the
activation of the key effector caspase 3 during the bioprocess (Vermes et al., 2000), which is
activated by both caspase 8 and 9 during the next stage in the apoptosis pathway. Furthermore,
as a key effector caspase, caspase 3 is activated in the intrinsic and extrinsic apoptotis pathway
(Scoltock and Cidlowski, 2004). However, it was interesting to note a steady increase of
Caspase 8 (+) staining cells during the cultures as this agrees with findings that a depletion in
glucose is a potential cause for caspase 8 activation (Yun et al., 2007; Mufioz-Pinedo et al.,
2003).

The capacitance probe has been widely accepted in the biotechnology industry as a
sterilizable probe that can be inserted in situ in a bioreactor for continuous monitoring of viable

cell densities (Carvell and Dowd, 2006). Previous reports have confirmed our conclusion that
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on-line measurements for biomass by capacitance correlate well with the trypan blue assay of
viable cell concentration (VCC) in the exponential phase of cell growth but deviate in either
direction in the stationary and the decline phases (Ducommun et al., 2002; Opel et al., 2010).

The changing capacitance measurements are based on the total biovolume as well as the
membrane charge on each cell. These parameters are likely to be constant during exponential
growth of cells. However, interpretation of the data becomes more difficult during the stationary
and decline phases for which our data indicates a non-homogeneous culture in which reduction
in both the cell size and surface charge occur at varying degrees. The data we measured using
the change of Ae and the software interpretation from the capacitance probe correlates well with
the ViaCount fluorescent assay analyzed using the Guava flow cytometer and provides a more
realistic measure of viable cell density in the final stages of culture compared to trypan blue
exclusion. However, deviations from the simple model of a direct relationship between
capacitance and biovolume during the decline phase could be attributed to a decrease in both the
cell size and polarizability as cells become apoptotic. This observation is compatible with
previously reported changes due to altered metabolism in the decline phase (Opel et al., 2010).

In this study a novel DEP cytometer that enhances the analysis of cells during the critical
stage of culture as cell viability decreases is described. The DEP-derived data are based on
individual cells flowing over a detector and therefore differs from the averaged bulk dielectric
measurements made with the capacitance probe. The DEP cytometer measures the dielectric
properties of individual cells and was able to identify at least two populations of cells, each with
a distinct polarizability as distinguished by the measured force index. One population was
associated with viable cells and the other with apoptotic cells. From the end of the exponential

through the stationary and decline stages there was a gradual shift of cell count from the viable
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into the apoptotic population; however, the two populations always maintained their individual
dielectric properties throughout this shift.

In addition to all the direct methods used an indirect method for cell viability
determination was used. By determining the intracellular levels of ATP, ADP, and AMP the
AEC index can be calculated which has been shown to correlate with cell health (Atkinson,
1968).

The observed substrate (i.e. glucose) deprivation during the later stages of a culture leads
to the observed declining intracellular concentrations of ATP (Burgener et al., 2006) that would
in turn lead to perturbations in the membrane-bound Na*/K* ATPase essential for maintaining
resting electrical potential of cells (Jaitovich and Bertorello, 2006). As it takes some time to
perturb the potential to a point where it can be detected a drop in the viability determined with
the DEP cytometer is seen only 6 — 12 h after a drop in AEC. The appearance of subpopulations
of cells, which results in the changes in dielectric properties as analyzed by the DEP cytometer,
can be attributable to the rapid change in cell conductivities, resulting from ionic efflux or influx
that may act as an “on” switch for apoptosis, as suggested by earlier literature (Bortner and

Cidlowski, 2003; Bortner and Cidlowski, 2002).

3.4 Conclusion

In this batch study the different methods used for cell density and viability determination
were compared and correlated with changes within the cells going through apoptosis due to
nutrient depletion (Figure 3.9).

In healthy cells several ion pumps, including the Ca?* and N*/K* ATP-dependent pumps,

balance the ionic content in the cytoplasm and the cell membrane capacitance. Furthermore
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healthy cells characteristically present phosphatidylserine on the inner leaflet of the plasma
membrane. Once the cells experience a low glucose concentration less ATP is produced via
glycolysis. After some time the existing ATP in the cells will be used up and at the same time
the AEC will continually drop. The low levels of ATP present in the cells will then have an
impact on all operations inside the cell that are ATP-dependent. Since some of the ion pumps
are ATP-dependent, this loss will make those pumps less efficient and subsequently cause a shift
in the ionic make-up of the cell. This in turn can cause the electric potential in the cytoplasm to
shift, which can be detected using the DEP cytometer. One of the ATP dependent pumps is
responsible for the transport of Ca?* out of the cell. This is particularly important, as Ca?" is a
signaling molecule that can induce apoptosis intrinsically.

In addition to the change of the electric potential in the cytoplasm the decrease in ATP
causes the phosphatidylserine to stay on the outer leaflet as it takes ATP to flip them back to the
inner leaflet. The phosphatidylserine presented on the outer leaflet can then be detected using
the Annexin V assay and the flow cytometer.

The above-mentioned increase in cytosolic Ca* concentration will eventually initiate the
intrinsic apoptosis pathway. The pathway will lead to the activation of the caspase proteins that
can be detected using the Caspase assays and the flow cytometer.

The capacitance probe is providing a bulk measurement of the cells in the electric field of
the probe. While cells with compromised membranes are not able to act as a capacitor all other
cells are. However, depending on the physiological state of the cell the capacitor strength will

vary from healthy cells with the highest capacitor strength to cells going through early and mid
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Figure 3.9: Schematic overview of detected changes in batch CHO-EG2 cultures using a variety
of cell density / cell viability detection methods. The overview contains the plasma membrane
(---) with the position of the phosphatidylserine (), the Ca?" and N*/K* ATP-dependent pumps,

the mitochondria (O ), the nucleus (__'), and fragmented DNA ("="). The times at each stage
indicate the approximate time of detection for that specific assay based on the run shown in Fig.
3.8.

apoptotic stages with declining capacitor strength. Hence, a summation of the capacitor strength
of all cells in the electric field will be measured.

The end stage of apoptosis in a bioprocess is the loss of the cell membrane integrity. By
loosing its integrity the cell membrane becomes leaky, which allows molecules to freely enter or
exit the cell cytoplasm. This characteristic is the basis for dye exclusion assys in which dyes

such as trypan blue are only able to enter the cell once it becomes leaky, indicating the final
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stage of apoptosis in a bioprocess. At this stage the cells will now be considered non-viable by
this type of assay.

The comparison of a variety of viability measurements done here supports the notion by
Browne and Al-Rubeai (2011) that a “true” value for viability does not exist but rather that
“viability” is a user-defined concept. Each method used in this experiment gave a value for
“viability” that differed from other methods because each method is looking for different
indicators to determine whether a cell is viable. Hence, it is important to not only state the
method of viability detection used when stating viability values but also to understand the
concept of the method used.

The objective was to find a method that can detect the early onset of cell decline. The
AEC determination, the Annexin V assay and the DEP cytometer offer this advantage over the
other methods used for the observation of a batch culture. The advantage of the DEP cytometry
is that it can be used as a non-invasive diagnostic and research tool that does not require any
specific markers or dyes. The DEP cytometer used in this work is a prototype with a promise to
become an electronic monitor of physiological changes in the cell. Furthermore, the all-
electronic operation principle makes this instrument particularly suitable for miniaturization and

fully automated analysis.
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Chapter 4

Induction of apoptosis in bioprocesses

4.1 Introduction

Previously it was shown that dielectric measurements can be used to detect the changes in
the dielectric properties of mammalian cells during the course of a batch culture (Chapter 3).
However, apoptosis is defined by a complex network of pathways, which are induced by a
variety of triggers. Hence the progression of a cell through apoptosis is dependent on the
specific trigger. Nutrient limitations and a variety of antibiotics can artificially induce apoptosis
in cells and cell cultures. This allows for a more in depth study of the onset and progression of
apoptosis. Some of the inducers that can be used are glucose and glutamine starvation,
oligomycin, and staurosporine.

Glucose and glutamine starvation causes the induction of apoptosis in cells due to a loss
in nutrients. Starving the cells artificially simulates the end of a regular batch process when
nutrients run out. By removing the two main carbon sources for the cells, the main source for
ATP production is absent. ATP is the energy molecule needed in the cell for many vital
functions. Hence, a lack of ATP is expected to cause distress in the cells eventually resulting in
the induction of apoptosis. In addition, glutamine is a source for amine groups needed for purine
and pyrimidine synthesis (Curi et al., 2005) and therefore, essential for cell survival.

Oligomycin is an ATP-Synthase inhibitor, which blocks the ATP-Synthase and prevents
the protons from traveling through the channel necessary for ATP production. This causes a
change in the mitochondrial membrane potential and the activation of apoptosis through the

intrinsic pathway (Matsuyama et al., 1998).
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Staurosporine is a non-specific inhibitor of protein kinase C and induces apoptosis by
translocating the pro-apoptotic Bax protein onto the mitochondrial matrix resulting in
cytochrome c release (Zwelling et al., 1991; Qiao et al., 1996; Scarlett et al., 2000). As
described in the intrinsic pathway the release of cytochrome c causes the subsequent assembly of
the apoptosome complex and executioner caspase activation.

For this study apoptosis was artificially induced in mid-exponential phase CHO cultures
using starvation (lack of glucose and glutamine in medium), 8 pg/mL oligomycin, and 50 nM
staurosporine. The inducers and their specific concentrations were chosen to induce apoptosis
gradually for best observation opportunities. The onset and progression of apoptosis were then
analyzed using a bulk and a single cell dielectric measurement, trypan blue exclusion and several
fluorescent apoptosis assays. For each inducer the results of the individual methods were
compared amongst each other and to a healthy control culture. Of particular interest was the
analysis of the dielectric measurements and their correlation to the fluorescent methods for each

trigger to further evaluate their use in cell culture viability monitoring.

4.2  Results
4.2.1 Growth

The effects of apoptosis induction to the cell growth in CHO cell cultures are shown in
Figure 4.1. While the cells in the ‘Control” were grown in BioGro CHO medium, the cells in the
‘Starvation’ culture were starved in BioGro CHO medium without glucose and glutamine. When
apoptosis was induced using an antibiotic, the inducer was added to the regular BioGro CHO
medium. Each culture — other than the oligomycin-treated culture — was inoculated at 7x10°

cells/mL in a 250 mL shaker flask without baffles using a working volume of 200 mL. The
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oligomycin-treated culture was inoculated at 2x10° cells/mL at the same volume as all other
cultures. During the experiment the cultures were incubated at 37°C with a 10% CO2 overlay on
a shaker platform (160 rpm). At the times of sampling the viable cell density was determined by
trypan blue exclusion and the fluorescent ViaCount assay.

The growth of all cells is shown in Figure 4.1. For the control (Fig. 4.1 A) the cell
density increased exponentially until 48 h to approximately 4x10° cells/mL after which the cell
growth was stagnant. While the trypan blue exclusion method and the ViaCount assay showed
similar results during the exponential phase, the trypan blue exclusion method gave a lower
viable cell density than the ViaCount assay at 60 h.

Both methods used showed that the growth in the starvation culture was arrested from the
beginning and that the viable cell density declined slightly over the course of 48 h (Fig. 4.1 B).
The decrease in viable cell density observed was greatest with the ViaCount assay when
compared to the trypan blue exclusion method. At 48 h the difference between the two methods
was significant (P < 0.02).

In Figure 4.1 C it can be seen that when apoptosis was induced using 8 pg/mL
oligomycin the cell growth was arrested over the course of the experiment (48 h) with no
significant loss in viable cell density. For all time points both the trypan blue and ViaCount
measurements gave similar results.

While oligomycin arrested the cell growth completely the induction with 50 nM
staurosporine only caused growth inhibition (Fig. 4.1 D). Compared to the control culture cells
treated with staurosporine reached 50% of the maximum viable cell density seen in the control -

roughly 2x10° cells/mL. This maximum viable cell density was reached only after 60 h. During
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Figure 4.1: Representative cell growth during apoptosis induction A) Control, B) Starvation, C)
Oligomycin, and D) Staurosporine measured using trypan blue exclusion (—#—) and ViaCount (
---&--), The values graphed are the average of four technical replicates for each sampling point
with error bars representing the standard error of the mean. For the DEP cytometer only one

measurement was performed.

the first 12 h of the experiment the growth was stagnant. After the first 12 h an increase in
growth of the culture was observed which again flattens 36 h after induction.

Overall, the induction of apoptosis via starvation and oligomycin caused a complete
growth arrest while the addition of staurosporine only inhibited the cell growth by 50%. In
addition, the starvation treatment was the only treatment in which a significant loss in viable cell

density was observed with the ViaCount assay compared to the trypan blue exclusion assay used.
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4.2.2 Viability

The apparent viability of any cell population is dependent upon the assay used, as each
measures a distinct parameter related to the metabolic status of the cell. The viability
measurements using the Cedex (trypan blue exclusion), ViaCount, Annexin V, Caspase 8,
MultiCaspase assays, and the DEP cytometer are shown in Figure 4.2. For the control culture
(Figure 4.2 A) all methods used showed viabilities above 90% for the entire experimental run (63
h).

In the representative starvation culture an initial drop in viability was observed at 12 h
post induction (Figure 4.2 B). At this time point the Caspase 8, MultiCaspase, and Annexin V
assays showed viabilities below 90% while the remainder of the assays still gave viabilities
above 90%. Over the course of the experiment the viability determined by all assays declined.
At 48 h the lowest viabilities of 5% and 7 % were determined using the DEP cytometer and the
Annexin V assays, respectively. Significantly higher viabilities (P < 0.02) were observed with
the Caspase 8 (33%), MultiCaspase (25%), and ViaCount assay (24%). However, an even
higher viability was observed with the trypan blue exclusion assay (77%), which was
significantly higher than all other measurement methods (P < 0.02)

In Figure 4.2 C the cell viabilities in the 8 pg/mL oligomycin-induced culture determined
by the different methods can be seen. At 12 h post induction viabilities below 80% were
determined by the Annexin V (79%), Caspase 8 (79%), and the MultiCaspase assay (74%).
These viabilities were significantly lower than what was observed with the trypan blue exclusion
and ViaCount assay (P < 0.02). After 12 h the decline in viability was moderate. At 48 h the
lowest viabilities were determined with the Annexin V (60%), Caspase 8 (57%), and the

MultiCaspase assay (57%). Significantly higher viabilities (P < 0.02) were determined with the
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Figure 4.2: Representative cell viability during apoptosis induction. A) Control, B) Starvation,
C) Oligomycin, D) Staurosporine using trypan blue exclusion (—#), ViaCount (*-4'*), Annexin
V (=©r-), Caspase 8 (=X =), MultiCaspase (=Bl=) assays, and the DEP cytometer (—€-). The
values graphed are the average of four technical replicates for each sampling point with error

bars representing the standard error of the mean. For the DEP cytometer only one measurement
was performed.

DEP cytometer (66%) and the ViaCount assay (73%). As in the starvation culture a significantly
higher viability than all other measurements (P < 0.02) was observed with the trypan blue
exclusion assay (87%).

The changes in the viabilities for the 50 nM staurosporine-induced culture determined by
the different methods can be seen in Figure 4.2 D. In this culture, viabilities below 90% were
observed in the Annexin V (87%), Caspase 8 (83%), and MultiCaspase assay (79%) 12 h after

apoptosis induction. At that time significantly higher viabilities (P < 0.02) above 90% were
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determined with the trypan blue exclusion (97%) and the ViaCount assay (92%) as well as the
DEP cytometer (92%; not significantly higher compared to Annexin V). During the course of
the experiment the viabilities determined seem fairly constant for the initial 36 h after which a
slight decline in the viability was observed. The lowest viability was measured 63 h post
induction with the DEP cytometer at 66%. Slightly higher viabilities were determined using the
Caspase 8 (72%) and MultiCaspase assay (70%). The Annexin V and ViaCount assay gave
significantly higher viabilities than all of these three methods (P < 0.02) at 78% and 86%,
respectively. The significantly highest viability at 92% (P < 0.02) was determined with the
trypan blue exclusion method.

Generally, using a range of viability assays allowed for the detection of differences in the
onset and progression between different apoptosis inducers. The onset in the starvation culture
was similar to what was observed in the staurosporine culture and modest compared to the initial
decrease seen in the culture induced by oligomycin. While the oligomycin caused the largest
initial decrease in viability, it declined slowly over the rest of the experiment. A slow and
gradual decline in viability was also observed in the staurosporine culture. The steepest decline
in viability was observed in the starvation culture. In all apoptotic cultures the trypan blue
exclusion method gave the highest viability for the entirety of the cell culture. The order of
assays and their respective viabilities (lowest to highest) in each culture varied based on the

inducer used.

4.2.3 Aber

For the control and starvation culture samples were taken at all time points to perform

frequency sweep measurements. During the sweeps the cell sample was exposed to a range of
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frequencies (0.1 — 20 MHz) to measure its respective response i.e. measured capacitance. Those
raw measurements were then normalized and graphed versus their respective frequency (Figure
4.3). The data points were connected by a trendline based on the moving average (period = 3).
By graphing these data points a B-dispersion was developed, which can be compared amongst
the different time points for each culture and between different cultures. The inflection point of

the trendline was defined as the critical frequency (fc).
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Figure 4.3: Representative times-series of normalized capacitance vs. frequency for a
A) Control and B) Starvation culture showing change in B-dispersion over time after
apoptosis induction.

In the control culture a very typical B-dispersion graph was observed (Figure 4.3 A). At
low frequencies high capacitance readings were detected, which were then followed by a steep

decline in the capacitance as frequencies increased. Eventually at even higher frequencies the
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capacitance readings plateaued out at low levels. It was also noticeable that the overall -
dispersion did not change over time. The f; for the 12, 24, and 36 h sampling points were 620,
574, and 561 kHz, respectively. Both observations would indicate that the cells dielectric
properties remained constant throughout the experiment.

A typical B-dispersion graph was also produced for the starvation culture 12 h post
induction (Figure 4.3 B). However, 24 h after starvation induction the shape of the B-dispersion
changed displaying an increased capacitance reading of some cells at higher frequencies. This
indicated the presence of a second cell population at this point of apoptosis induction through
starvation. This sub-population of cells presented a higher capacitance reading at higher
frequencies compared to cells in the control culture, indicating a change in the dielectric
properties of these cells. This was also supported by the increase in fc associated with the change
in the capacitance readings. During starvation the f increased from 553 kHz at 12 h to 905 kHz

at 24 hours.

4.2.4 DEP

At each sampling point approximately 600 cells per treatment were analyzed using the
DEP cytometer. For each measurement the overall viability of the sample was determined based
on the percentage of pDEP signals. In addition, the force index (FI) for each cell was determined
based on the amplitude and the sign of polarizability of the cell. The force indices were then
grouped and graphed to show how their distribution changes over time and between different
apoptosis inducers (Figure 4.4).

The FI distribution of the control culture is shown in Figure 4.4 A. While only a single

population of cells with a high viability was detected, the figure shows that the cell population
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detected actually showed a Gaussian (bell-shaped) distribution of the FI. For the normal
distribution of this population the average FI was stable for the first three measurements (0.15 —
0.14) and then slightly decreased to 0.09. Over the same time the DEP viability was stable at 96-
97%.

For the starvation culture the initial measurement at 12 h gave an average FI of 0.15
(Figure 4.4 B) with a normal population distribution. While this was the same average Fl as
observed in the control culture, the DEP viability determined for the control was higher than in
the starvation culture. The average FI in the starvation was the same because the small sub-
population of cells with an nDEP was balanced out with the cells that exhibited a large positive
FIl. Over the course of the experiment the subpopulation of cells with an nDEP increased until a
predominant second population was observed at 36 h after induction. At this point two main
peaks were observed, of which one matched the main peak found in the control culture. 12 h
later the majority of the cells exhibited an nDEP. As the cells progressed to a lower DEP and
eventually became negative the DEP-measured viability and average FI decreased from 93.45 to
4.66% and 0.15 to -0.06, respectively.

The distribution graphed for the oligomycin culture exhibited a lower FI than observed in
the control culture (Figure 4.4 C) and showed two subpopulations in the culture from the first
measurement on. Interesting for this culture was that the normal pDEP population dispersion
had a peak population at a higher FI (0.23) than the control culture (0.15) and a larger nDEP
population than found in the starvation culture. This was also indicated in the lower DEP
viability in the oligomycin culture at 12 h after induction. During the next three measurements

the sup-population of cells with an nDEP only slightly increased, decreasing the DEP viability
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from 89% at 12 h to 76% at 36 h after induction. However, even though the DEP viability
decreased the average FI remained constant due to the higher FI seen in some pDEP cells. 48 h
after apoptosis induction the subpopulation of nDEP cells continually increased while a large
population still exhibited a higher FI than observed in the control.

Figure 4.4 D shows the distribution observed in the staurosporine-induced culture.
Throughout the experiment the peak FI determined for this culture was lower than what was
observed in the control. At 12 h post apoptosis induction a very low average FI of 0.02 was
determined. However, the DEP viability was still determined to be 92% since most of the cells
exhibited a pDEP. The FI then increased to 0.08 at 24 h post induction as cells shifted to a
higher pDEP. At the same time the DEP viability decreased to 88% as more nDEP cells were
present. The average FI then remained stable until it decreased again at the 60 h measurement.
While the cultures average FI and DEP viability decreased it looked like the heterogeneous
population of cells moved as one single population as the emergence of a subpopulation was not
observed.

In summary, the induction of apoptosis for each inducer caused a unique response, which
could be detected with the DEP cytometer. This allowed for the observation of detailed
differences in the onset and progression in each apoptosis induction. The onset in the starvation
culture was slow in the first 24 h but then progressed very fast for the rest of the experiment.
This was seen by the establishment and increase of a second population of cells in the
bioprocess. On the other hand, the oligomycin induced culture immediately (12 h post
induction) showed the presence of a larger subpopulation of cells. This subpopulation of cells
then only marginally increased during the rest of the experiment with the largest increase from

36 to 48 h post induction. In addition, the viable cell population (pbDEP) showed a higher peak
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force index than observed in the control. Besides the control the staurosporine culture was the
only culture with only one distinguishable cell population. For that population of cells the initial
force index was very low (0.02) at 12 h post induction and was increased in the 24 h
measurement (0.08). At 24 h post induction the force index stayed fairly constant before again

decreasing at the 60 h post induction measurement.

4.3 Discussion

Understanding the onset and progression of apoptosis in mammalian cells is an important
contribution to better understand the overall bioprocess. In addition, it is important to understand
the basis and limitations of the individual methods used for cell culture viability monitoring. By
understanding these two aspects we can understand the metabolic changes associated with the
different ways of inducing apoptosis and how they are manifested through specific cellular
changes that can be detected. This will improve the monitoring of the bioprocess by making it
more efficient thereby allowing for an improvement of the overall bioprocess.

In the previous study (Chapter 3) a variety of different viable cell density and viability
assays including a bulk capacitance and a single cell dielectric measurement were compared over
the course of a batch culture. This study concluded that dielectric, especially single cell
dielectric measurements were able to detect apoptosis in the early stages (Braasch et al., 2013).
It was reasoned that this was possible because of the progression of apoptosis in a batch culture.
In a batch culture cells are entering apoptosis most often due to nutrient limitations, which arise
at the end of a batch run. The lack of nutrients, especially glucose, will then reduce the energy
content in the cell (Burgener et al., 2006). This in turn will perturb the ATP-dependent pumps in

the membrane that are maintaining the balanced ionic content (Jaitovich and Bertorello, 2006).
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The change in the ionic content of the cell then causes the cell cytoplasm conductivity to change,
which results in a different response of the cells to dielectric measurements. However, apoptosis
is a very complex system, which can be induced in a variety of ways and from there, progresses
down different pathways. Hence the monitoring of apoptosis induced using a variety of inducers
is a critical aspect to further the understanding of the apoptotic processes possible in
bioprocesses. By using starvation, 8 pug/mL oligomycin, and 50 nM staurosporine as inducers
both the intrinsic and the extrinsic pathway can be explored. This will allow determining
whether the dielectric measurements can also detect the onset of apoptosis under other induction
circumstances. In this study, trypan blue exclusion, the flow cytometer, a bulk capacitance and a
single cell dielectric measurements were used to detect the onset and progression through
apoptosis. For each induction experiment viabilities were compared amongst the different
methods and to the control culture.

The growth profiles showed that when apoptosis was induced, the cell culture growth was
partially inhibited in the staurosporine culture and completely in the starvation and oligomycin
culture. These findings agree with previous studies by (Godard et al., 1999), Caro-Maldonado
(2011), and Breen and Scheffler (1980), respectively. In both the starvation and oligomycin-
induced cultures the ATP content within each cell was disturbed resulting in a drop of the ATP
concentration within the cell. In turn this increases the overall AMP concentration, which
activates the SNF1/AMP-activated protein kinase (AMPK) (Hardie, 2007). This protein
complex subsequently causes the inhibition of cell proliferation (Jones and Thompson, 2009) to
reduce the energy and carbon requirement of the cell.

As expected, the control culture showed high viabilities with all assays used. The bulk

dielectric measurements performed with the capacitance probe resulted in a constant 3-dispersion
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graph and f; over the course of the experiment. This is comparable to the results seen during the
exponential growth phase in the batch bioreactor (Chapter 3) when culture conditions are
optimal. The viability analysis using the DEP cytometer also resulted in a stable viability
measurement throughout the control run. However, when graphing the force index (FI)
distribution of a healthy cell sample for each time point it was interesting to see that the cells’ FI
were following a normal distribution. This supports the general knowledge that cells in a
bioprocess are not identical but rather exhibit diversity in certain characteristics (biological
noise) (Niepel et al., 2009; Pilbrough et al., 2009).

The starvation culture was an artificial replication of the previous batch culture
experiments. While cells were running slowly of out glucose in the batch culture, in this
experiment the loss was intensified by removing cells from an environment containing glucose
and glutamine and transferring them into a medium missing both of these sugars. Even though
the cell demise progressed faster than in the batch culture the overall progression is identical to
what was observed previously (Chapter 3). In Figure 4.5 the progression of the different stages
of apoptosis in the starvation culture and their respective detection assays are shown. As
discussed in chapter 3 the loss of glucose and glutamine results in the cells inability to produce
ATP via glycolysis (Burgener et al., 2006). Eventually the drop in ATP will cause a decrease in
the adenylate energy charge (AEC). The low ATP level will then have an impact on processes
including ATP- dependent ion pumps and flippases (Jaitovich and Bertorello, 2006; Fadok et al.,
1992). The hindrance of the following ATP-dependent membrane-bound Na*/K* and the Ca?*
pumps will cause a change in the ionic content of the cell that is also reflected in the change of

the cytoplasm conductivity (Jaitovich and Bertorello, 2006). This change can be detected using
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dielectric measurements such as the capacitance probe and the DEP cytometer. In addition, the
flippases involved in keeping the phosphatidyl serine (PS) facing the cytosolic side of the
membrane are hindered by the lack of ATP (Bitbol et al., 1987). This will result in the
appearance of phosphatidylserine facing the outer side of membrane. Using the Annexin V
assay the presence of these PS molecules can be detected. Because these are the first events to
occur after ATP is depleted both the DEP cytometer and the Annexin V assay give the lowest
viability throughout the starvation culture. With the change in the ionic content within the cell,
an increase in Ca?" is possible since the excretion pump is hindered. In the cell Ca?" acts as a
signaling molecule, which can activate the release of cytochrome c¢ from the mitochondria
(Hajnoczky et al., 2003). This will eventually lead to the activation of caspase molecules, which
are then detected using the caspase assays (Hajnoczky et al., 2003). Since this is happening after
the initial change in the ionic content of the cell the viability determined with the caspase assays
is higher than the DEP cytometer and Annexin V assay. Only at the end of the apoptosis
pathway will the membrane integrity of the cells fail, allowing for trypan blue to determine the
cell as dead.

In the bulk dielectric measurement of the starvation culture a subpopulation was
identified that showed a higher capacitance reading at higher frequencies 24 h after induction by
starvation. This indicates that the change in the ionic content has an impact on the cytoplasm
conductivity and the membrane capacitance. In addition to the decrease in the cytoplasm
conductivity in dying cells (Asami et al., 1989), the decrease in the cell diameter of those cells
allows them to polarize even at higher frequencies (Ansorge et al., 2010) hence contributing to

the higher capacitance reading at higher frequencies.
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For the DEP cytometer force index analysis the formation of a sub-population was
observed early on. The cells in this sub-population were characterized by a lower force index
when compared to the main population, which resembled the population in the control culture.
Over the course of the starvation experiment this subpopulation became more and more
established as cells from the viable population experience a decline in their force index shifting
towards the non-viable population. As the cytoplasmic conductivity decreases in dying cells
(Asami et al., 1989), they progress from a pDEP to an nDEP signal. Eventually all cells in the
bioprocess will experience a shift in their force index to nDEP. As seen in the batch culture
(Chapter 3) — over the course of the experiment the specific dielectric properties of both
populations, which are visualized through the force index, remain constant.

Oligomycin acts as an ATP-Synthase inhibitor in cells. When oligomycin binds to the
ATP-Synthase reversibly the production of ATP in the mitochondria is hindered (Huijing and
Slater, 1961; Cho et al., 1997). Since ATP is not produced, a build up of H" ions in the
mitochondria causes a mitochondrial hyperpolarization, as these H" ions would normally be used
to create the force needed to produce ATP (Shchepina et al., 2002). This change in the
mitochondrial potential will eventually cause the release of cytochrome c¢ from the mitochondria
thereby initiating the caspase cascade (Zou et al., 1999). The initiation of the caspase cascade
can be monitored with fluorescent probes (Figure 4.5). As mentioned earlier the cells in the
oligomycin-treated culture did not double. This is an indication that although glucose is present
in the medium, not enough ATP can be produced to support growth. This lack of ATP in the
cells can also have an impact on the ATP-dependent pumps discussed in the course of the

starvation culture. Hence, the cell does not maintain its proper ionic balance and keep the

102



phosphatidylserine on the cytoplasmic site (Figure 4.5). As apoptosis progresses further trypan
blue can enter the cells, identifying the cells as dead.

When looking at the DEP cytometer data for the oligomycin-induced culture two
populations of cells can be distinguished one with an average force index higher than the control
and one with an average force index lower than the control. The shift in the viable population
could be a sign of the mitochondrial hyperpolarization of those cells. The non-viable population
shows similar force indices as observed in the starvation non-viable population. Only after 36 h
the cells in the viable hyperpolarized population slowly shift over to the non-viable population.

The use of staurosporine results in the inhibition of the protein kinase C. This in turn
initiates the release of cytochrome c¢ from the mitochondria and subsequent caspase cascade
activation (Jing et al., 2011). In addition, the induction with staurosporine is associated with the
efflux of K™ causes (Trimarchi et al., 2000), which leads to a shift in the cell cytoplasm
conductivity. The initial induction of the caspase cascade is the reason for the early detection of
a cell demise using the fluorescent caspase assays. The third lowest viability is detected with the
Annexin V assay indicating that the exposure of phosphatidylserine is one of the earlier events
happening during apoptosis induced with staurosporine. This finding agrees with observations
made by Godard et al. (1999). During these early stages the DEP cytometer does not show a loss
in cell viability. All these changes precede the loss of cell membrane integrity. Hence, the
trypan blue exclusion method gives a higher viability for all time point except for at 48 h.

The DEP cytometer is only identifying a decline in cell viability 63 h after apoptosis
induction. This result is most likely based on the subtle changes in the dielectric properties
observed using staurosporine. While the use of staurosporine induces the efflux of K* from the

cell it is expected that the cell is still able to control and stabilize the cytoplasm conductivity
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because only a small unanimous decrease in the average force index can be observed. Hence,
this drop in the force index later stabilizes until the last measurement when a drop in the force
index is seen again. Overall, the peak and average force index at every time point for the
staurosporine induction is lower than observed in the control indicating a mitochondrial
depolarization representative for staurosporine induction (Scarlett et al., 2000). It is also
interesting to note that during the entire experiment only one population of cells can be observed

as opposed to the two populations during the other induction experiments.

4.4 Conclusion

In this study the onset and progression of apoptosis induced by starvation, 8§ pg/mL
oligomycin, and 50 nM staurosporine was monitored with a bulk and a single cell dielectric
measurement, as well as some common fluorescent methods. By comparing and correlating the
dielectric measurements to the fluorescent measurements a better understanding of the dielectric
measurements was reached. It was shown that changes in the dielectric properties of CHO cells
could be used to monitor changes in cell health and metabolism during cell culture processes that
are linked to changes in the cytoplasm conductivity and cell membrane conductivity. These
changes can be monitored using either an online bulk capacitance probe or a single cell analysis
DEP cytometer prototype. While both methods can detect early emerging apoptotic sub-
populations single cell analysis allows for a faster, more distinct and sensitive monitoring of
changes and rare events in the polarizability of individual cells in a label-free, non-invasive and
all electronic manner. Recent work has shown that the sensitivity of the DEP cytometer can be

further improved by using a low conductivity measurement medium that resembles the
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cytoplasm conductivity of a healthy cell. This allows for even small changes in the cytoplasm
conductivity to be detected (Saboktakin Rizi et al., 2014).

Overall, the results and knowledge gained by this study about the use of dielectric —
specifically single cell dielectric — measurements will further support the use of dielectric
measurements as stand alone or complementary method to monitor cell health and viability in

bioprocesses.
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Section A

Summary

The continuous monitoring of cell growth and viability represents an important part of
bioprocess control in the manufacture of biopharmaceuticals. An optimal method for monitoring
would be simple and fast but also detect the onset of apoptosis early. While a variety of methods
are available methods based on dielectric measurements are particularly promising for
identifying emerging subpopulations of apoptotic cells. Bulk average capacitance measurements
of a cell population in a bioreactor have been made possible by commercially available
sterilizable probes. However, the analysis of single cells allows a unique insight into the
metabolism and energy flow within cells. By using single cell analysis discoveries of rare events
and subpopulations can be made that might otherwise be masked by the overall response of a cell
population.

In the initial experiments the dielectric measurements were done for regular batch
cultures to monitor the cell culture during the growth and death phase. By comparing the
dielectric measurements to more commonly used methods such as trypan blue exclusion and a
variety of apoptosis detecting fluorescent assays a better understanding and interpretation of the
data collected with the DEP cytometer and the bulk capacitance probe was reached. In a batch
culture when cells usually die due to glucose starvation an early detection of the onset of cell
demise was possible. This early detection was linked to the prominent changes within the cells
ionic content during this starvation mode. Because the cells response to the non-uniform electric

field produced by the DEP cytometer and the capacitance probe is based on their ionic
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composition i.e. cytoplasm conductivity as well as their cell membrane capacitance these
changes can be easily monitored.

Since apoptosis is not always induced in the same manner in a bioprocess it was
important to monitor several mechanisms of induction. This allowed monitoring if the
capacitance probe and DEP cytometer are also sensitive to changes observed during the onset
and progression of apoptosis induction by starvation, oligomycin, and staurosporine. The bulk
capacitance probe was able to show the onset apoptosis in the starvation culture due to a change
in the B-dispersion plot that can be associated with a secondary population apoptotic population.
However, the bulk capacitance probe does not allow for a real quantification of this
subpopulation. It was also shown that when the onset and progression through apoptosis is not
directly affecting the cytoplasm conductivity less prominent changes are seen in the DEP
cytometer viability analysis. However, the single cell force index analysis using the DEP
cytometer allowed seeing even rare events and small changes in the overall FI distribution

associated with apoptosis that are not necessarily reflected in the DEP viability.
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Section B
The effects of nucleotide sugar precursor feedings on the nucleotide /

nucleotide sugar pool and glycosylation

Introduction

For antibodies and other glycoproteins a relationship between the glycan profile and the
functionality has been reported (Ghirlando, 1999). This means that biopharmaceuticals —
specifically their functionality — could be optimized by reaching a specific glycan profile that is
correlated to a desired function. Thus, the glycosylation of therapeutic and diagnostic proteins
such as antibodies is an important aspect in biomanufacturing. However, the overall
glycosylation process is very complex and still not completely understood (Hossler et al., 2009).

Nucleotide and nucleotide sugars are important precursors in the glycosylation process,
as they provide the necessary building blocks for the glycan structure. The nucleotide sugars
needed for the glycan assembly are all assembled and activated in the cytoplasm with the
exception of CMP-NeuAc, which originates in the nucleus (Freeze and Elbein, 2009). To
assemble the final glycan structure these building blocks are then transported to the Golgi
(Freeze and Elbein, 2009). Once in the Golgi the nucleotide sugars are transferred to the existing
glycan core structure via specific glycosyltransferases. This process does not resemble a linear
assembly line but rather depends on the availability of the glycosyltransferases and the
nucleotide sugars (Spearman and Butler, 2015). Hence, not all glycans will have the same sugars
attached to the core structure resulting in a microheterogeneity observed in the final product.

However, an increase in the building blocks due to precursor feeding has shown an effect on the
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final glycosylation product (Fan et al., 2015). It was also shown that this effect is cell line and
product dependent.

Precursors that lead to an increase in the final galactosylation are galactose, uridine, and
manganese as well as combinations of these precursors (Gramer et al., 2011; Grainger and
James, 2013). Galactose is a direct precursor for UDP-Gal, which is added to the core structure
glycan to vyield the galactosylated glycan structure. The addition of galactose has shown to
increase the intracellular UDP-Gal pool in some cells and consequently increase galactosylation
(Amand et al., 2014; Hills et al., 2001). Uridine is added to the medium as a precursor for UTP
needed for galactose activation (Freeze and Elbein, 2009). It is also suggested that the addition
of manganese can further increase the galactosylation as it acts as an enzyme cofactor for the
galactosyltransferase (Witsell et al., 1990).

In this study the addition of 10 mM galactose (Hills et al., 2001; Wong et al., 2010)
[‘Galactose’], 20 mM galactose + 1 mM uridine (adapted from Gramer et al., 2011) [‘UG’] and
20 mM galactose + 1 mM uridine + 8 uM manganese (adapted from Gramer et al., 2011)
[‘UMG’] as precursor feedings was investigated in two independent CHO cell lines (CHO-DG44
and CHO-K1), producing two different antibodies (EG2 and DP12). Fed-batch processes as
outlined in Chapter 2.2.4.3 were used to observe the impact of the precursor feeding regimes on
the cells’ metabolism, the nucleotide / nucleotide sugar pool and subsequently the glycosylation
profile in those two independent cell lines. These results were then compared to a batch
[‘Batch’] and a non-precursor supplemented fed-batch [‘NS’] process performed in medium
without precursor additions. Because this precursor addition study was performed as fed-batch

and not in batch culture like other studies with these precursors, the concentration of the initial
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uridine concentration added was decreased to 1 mM and the manganese concentration for the
feed-medium was decreased to 1 uM.

The objective of this study was to determine whether the addition of these specific
nucleotide sugar precursors to the culture medium would increase the intracellular UDP-Gal
concentration and respectively increase the galactosylation of the two antibodies used. In
addition, it was of interest to see if the continuous feeding of these precursors would result in a
stable glycosylation profile throughout the culture. While these objectives were directly related
to the precursor addition it was also important to assess their general impact on the bioprocess

performance (i.e. growth, viability, metabolism, productivity).
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Chapter 5
The effects of nucleotide sugar precursor feedings on the growth, metabolism

and recombinant protein production of EG2, and DP12 in CHO cells

5.1 Introduction

In biopharmaceutical production a high viable cell density in combination with consistent
productivity and product quality is of importance. However, the addition of any media additives
to the regular medium can have an influence on these process attributes. The effects additives
have are still not completely understood and considered cell line dependent (Butler, 2006;
Hossler et al., 2009).

The use of different precursor feeding strategies has had an impact on the intracellular
nucleotide / nucleotide sugar pool and / or the glycosylation profile in various cell lines (Hills et
al., 2001; Crowell et al., 2007). In addition to having an impact on these culture parameters
some precursor feeding strategies containing uridine or glucosamine have shown an impact on
the culture growth, viability and / or productivity in different cell lines (Hills et al., 2001; Wong
et al., 2010; Grainger and James, 2013). Hence, the additions of any precursors to the medium
need to be tested not only on their effect on the intracellular nucleotide / nucleotide sugar pool
and the final glycosylation but also on the general performance of the cell culture. Only when
taking all these results into consideration a reasonable decision can be made regarding the
process development.

Here two independent CHO cell lines producing two different antibodies were used to
test the effects of the addition of 10 mM galactose (Hills et al., 2001; Wong et al., 2010)

[‘Galactose’], 20 mM galactose + 1 mM uridine (adapted from Gramer et al., 2011) [‘'UG’] and
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20 mM galactose + 1 mM uridine + 8 uM manganese (adapted from Gramer et al., 2011)
[‘UMG’] as nucleotide sugar precursors to improve galactosylation. While the main reason for
the addition of these precursors is galactosylation, the study of their impact on the cell growth,
viability, productivity and basic metabolism during cell culture is just as important. Considering
the effect these precursor feeding strategies have on the cell culture will improve the
understanding of the overall bioprocess and allow for educated decisions to be made in regards

to the process development.

5.2 Results

5.2.1 Effect of precursor feeding in EG2 cultures on growth and viability

Monitoring the growth and viability in a bioprocess is an important aspect in
biopharmaceutical production. In this study the monitoring was important to detect any effects
on the cell culture caused by the addition of the galactosylation precursors studied. The effects
of added precursors on the growth and viability profiles of CHO EG2 fed-batch cultures were
compared to the ‘Batch’ and the fed-batch ‘NS’ culture (Figure 5.1). The cultures were grown in
BioGro CHO medium alone or supplemented with the appropriate precursor feed as outlined in
Chapter 2.4.4.3. Each culture was inoculated at 2x10° cells/mL in a 250 mL shaker flask (n=7)
using a working volume of 80 mL. During the experiment the cultures were incubated at 37°C
with a 10% CO- overlay on a shaker platform (120 rpm). At the times of sampling the viable
cell density was determined by trypan blue exclusion.

As shown in Figure 5.1 (A) the exponential phase for all cultures lasted until day 3. After
the exponential phase cultures entered the stationary phase, which lasted from day 3 to day 5 for

all cultures except ‘UG’ and ‘UMG’ in which it lasted until day 6. For the ‘Batch’, ‘NS’ and
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Figure 5.1: The effect on the growth and viability profiles for EG2 producing CHO cells using
different precursor feeding strategies. Cells were inoculated at 2x10° cells/mL into 80 mL
culture medium in the appropriate precursor feeding strategy basal medium. The ‘Batch’ (—3)
and fed-batch ‘NS’ culture (&) were used as controls. The precursor feeding strategies
compared to the controls were 10 mM galactose (‘Galactose’;=©-*), 1 mM uridine + 20 mM
galactose (‘UG’; = ), and 1 mM uridine + 8 uM MnCl, + 20 mM galactose (‘UMG’; =% -). (n
=7, error bars indicate the standard deviation)
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‘Galactose’ culture the maximum cell density was reached on day 4 whereas the ‘UG’ and
‘UMG’ cultures reached the maximum cell density on day 5. The highest overall cell density
was reached with the ‘NS’ and ‘Galactose’ cultures at 3.6x10° cells/mL while the ‘Batch’culture
yielded a significantly lower (P < 0.02) maximum cell density of 2.9x10° cells/mL. The lowest
maximum cell density was reached in the ‘UG’ and ‘UMG’ culture with 2.2 -2.4 x 10° cells/mL,
respectively. On day 6 when the ‘UG’ and ‘UMG’ cultures reached the stationary phase the
viable cell density was not significantly different compared to all other cultures (P > 0.02) on
that day.

Table 5.1 shows the comparison of the specific growth rate during the exponential phase
for each treatment. While the specific growth rates for the ‘Batch’, ‘NS’ and ‘Galactose’
cultures were not significantly different (P > 0.02), the specific growth rates for the ‘UG’ and

‘UMG’ were significantly lower compared to both the ‘Batch’ and ‘NS’ culture (P < 0.02).

Table 5.1: Comparison of the specific growth rate for EG2 producing CHO cells using different
precursor feeding strategies. Cells were inoculated at 2x10° cells/mL into 80 mL culture
medium in the appropriate precursor feeding strategy basal medium. The ‘Batch’ and fed-batch
‘NS’ culture were used as controls and compared with the ‘Galactose’, ‘UG’, and ‘UMG’
precursor feeding strategies (n = 7).

Batch NS Galactose UG UMG
- 0.035 0.038 0.038 0.027 0.028
H +0.001 ht +0.003 ht +0.002 ht +0.003ht” +0.002 ht”

~ The specific growth rate and standard deviation were determined using linear regression
analysis.
* (P <0.02) compared to ‘Batch’ and ‘NS’

The viability profiles for all cultures are shown in Figure 5.1 (B). All cultures showed

viabilities of over 90% until day 5. After day 5 a steep decline in the cell viability was observed

114



in the ‘Batch’ culture, which was decreasing from 94% on day 5 to 71% on day 6 and eventually
to 53% on day 7. A more moderate decline in the cell viability was observed for the ‘NS’ and
‘Galactose’ cultures, which fell to 87% on day 6 and 71% and 74% on day 7, respectively. In
comparison the ‘UG’ and ‘UMG’ cultures were at 98% even on day 6. Prior to day 6 the
viabilities observed among all cultures were not significantly different. However, on day 6 the
significantly highest viabilities (P < 0.02) were determined for the ‘UG’ and ‘UMG’ cultures.
The ‘NS’ and ‘Galactose’ cultures had a significantly lower viability (P < 0.02) than the ‘UG’
and ‘UMG’ culture but a significantly higher viability (P < 0.02) than the ‘Batch’ culture. The
same trend was observed on day 7.

In summary, the change from a ‘Batch’ to a fed-batch ‘NS’ system increased the total cell
yield. In addition, this total cell yield was not further increased by the addition of galactose to
the medium. While, the addition of uridine to the medium resulted in a lower total cell yield it
also allowed the ‘UG’ and ‘UMG”’ cell cultures to remain at higher viabilities throughout the

bioprocess.

5.2.2 Effect of precursor feeding in EG2 cultures on protein productivity

The production of EG2 was determined by ELISA to determine if the addition of any of
the galactosylation precursors influenced the cell lines productivity. Figure 5.2 shows the
accumulation of produced EG2 against the integral viable cell density (IVCD) for the different
cultures. The secretion of EG2 commenced with the start of the culture and continued through
the exponential and stationary phase. The significantly highest volumetric production (P < 0.02)
was observed in the ‘NS’ culture with 27 pg/mL on day 6. In the ‘Galactose’ culture the second

highest volumetric productivity was observed with 21 pg/mL on day 5. However, a decline in
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product quantity was observed for day 6 and 7, which fell into the decline phase of the culture.
While the ‘Batch’ culture showed a maximum volumetric productivity of 12 ug/mL on day 6 the
‘UG’ and ‘UMG’ cultures showed the highest yield at 9 and 9.7 ug/mL on day 6 and 7,

respectively.
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Figure 5.2: The effect on the EG2 production for CHO EG2 cells using different precursor
feeding strategies. Cells were inoculated at 2x10° cells/mL into 80 mL culture medium in the
appropriate precursor feeding strategy basal medium. The ‘Batch’ (—0-) and fed-batch ‘NS’
culture (---4--) were used as controls. The precursor feeding strategies compared to the controls
were 10 mM galactose (‘Galactose’;=©-+), 1 mM uridine + 20 mM galactose (‘UG’; =¢= ), and 1
mM uridine + 8 uM MnCl; + 20 mM galactose (‘UMG’; =% =). (n = 2; error bars indicate the
standard deviation)

For better comparison of the EG2 productivity in each culture the specific productivity
for the exponential and stationary phase in each culture was determined using linear regression
analysis. Table 5.2 shows a comparison of the determined values. During the exponential phase

the highest specific productivity was found in the ‘Batch’ (3.7 = 0.0 pg/cell-day) and ‘NS’
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culture (4.0 £ 0.2 pg/cell-day), whereas the lowest specific productivity was observed in the
‘UMG”’ culture (2.7 + 0.3 pg/cell-day). In the stationary phase the ‘Batch’ culture then showed
no further production but rather a loss of product. Meanwhile the ‘NS’ (1.1 + 0.1 pg/cell-day)
and ‘Galactose’ cultures (1.1 £ 0.1 pg/cell-day) showed the highest specific productivity with the

lowest specific productivity in the ‘UG’ culture at 0.5 = 0.2 pg/cell-day.

Table 5.2: Comparison of the specific productivity for EG2 producing CHO cells using
different precursor feeding strategies during the exponential (exp) and stationary phase (stat).
Cells were inoculated at 2x10° cells/mL into 80 mL culture medium in the appropriate precursor
feeding strategy basal medium. The‘Batch’ and fed-batch ‘NS’ culture were used as controls
and compared with the ‘Galactose’, ‘UG’, and “‘UMG’ precursor feeding (n=2).

Batch NS Galactose UG UMG
- 3.7 4.0 3.3 3.2 2.7
?e“j(ab) +0.0 +0.2 +0.2 +0.1 +0.2
P pg/cell-day po/cell-day pg/cell-day po/cell-day* po/cell-day*
- -01 1.1 11 0.5 0.8
?S“t”;;) +0.0 +0.1 +0.1 +0.2 +0.1
pg/cell-day pg/cell-day* po/cell-day* pg/cell-day po/cell-day*

~ The specific productivity and standard deviation were determined using linear regression
analysis. exp — exponential phase; stat — stationary phase
* (P <0.02) compared to ‘Batch’ culture

Overall, it can be seen that the switch from a regular ‘Batch’ to a fed-batch ‘NS’ system
increased the volumetric productivity by extending the stationary phase and hence the duration
of EG2 production in the culture. It was also observed that the addition of galactose as a
precursor did not negatively impact the volumetric productivity of the culture. However, the
addition of uridine decreased the specific productivity in both the exponential and stationary

phase leading to an overall decreased product yield.
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5.2.3 Effect of precursor feeding in EG2 cultures on glucose, lactate, glutamine, glutamate

The concentration of glucose, lactate, glutamine and glutamate in cell culture
supernatants was determined using YSI analysis to analyze the impact the precursor feeding
regimes have. The consumption of glucose for EG2 producing CHO cell cultures against the
IVCD is shown in Figure 5.3 (A). During the exponential phase all cultures showed a high
consumption of glucose, which then tapered off in the stationary phase. When comparing the
specific glucose consumption for each culture in the exponential and stationary phase as
determined by linear regression analysis it was observed that the rates of consumption were
similar among the different treated cultures (Figure 5.4 (A)).

Figure 5.3 (B) shows the overall lactate production throughout the culture time in each
experiment against the 1IVCD. Similar to what was observed with the glucose consumption a
steep incline in lactate was observed in the exponential phase, while the lactate level in the
stationary phase remained constant. For the cultures entering the decline phase towards the end
of the experiment (‘Batch’, ‘NS’, ‘Galactose’) an increase in the lactate concentration was
measured. The specific lactate production during the exponential and stationary phase for each
culture was determined by linear regression analysis and is shown in Figure 5.4 (B). The
comparison showed higher specific lactate production in the exponential phase of the ‘UG’ and

‘UMG?’ cultures compared to the ‘Batch’, ‘NS’ and ‘Galactose’ culture.
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Figure 5.3: The effect on the glucose consumption and lactate production profiles for EG2
producing CHO cells using different precursor feeding strategies. Cells were inoculated at 2x10°
cells/mL into 80 mL culture medium in the appropriate precursor feeding strategy basal medium.
The ‘Batch’ (—@-) and fed-batch ‘NS’ culture (&) were used as controls. The precursor
feeding strategies compared to the controls were 10 mM galactose (‘Galactose’;=©"), 1 mM
uridine + 20 mM galactose (‘UG’; =# ), and 1 mM uridine + 8 uM MnCl> + 20 mM galactose
(‘UMG’;=% -) cultures. (n = 2; error bars indicate the standard deviation)
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Figure 5.4: The effect on the specific glucose consumption and lactate production for EG2
producing CHO cells using different precursor feeding strategies during the exponential ( )
and stationary phase (IEll). Cells were inoculated at 2x10° cells/mL into 80 mL culture
medium in the appropriate precursor feeding strategy basal medium. The ‘Batch’ and fed-batch
‘NS’ culture were used as controls and compared with the ‘Galactose’, ‘UG’, and ‘UMG
precursor feeding strategies. (n = 2; error bars indicate the standard deviation)
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When comparing the overall yield of lactose from the glucose utilized in the exponential
phase it was seen that the highest yield was found for the ‘UG’ and ‘UMG’ culture with 2.03 and
1.96, respectively (Table 5.3). The ‘NS’ and ‘Galactose’ culture showed a lower yield with 1.92
each, while the ‘Batch’ culture had the lowest yield at 1.33. Per molecule of glucose two
molecules of lactate can be produced. This means that in the ‘UG’ and ‘UMG’ culture
theoretically 100% and 98%, respectively, of the glucose taken up by the cell was converted to
lactate. In the ‘NS’ and ‘Galactose’ cultures these number decreased down to 96%, while in the
‘Batch’ culture only 66.5% of the glucose taken up was converted to lactate. In the stationary
phase these numbers changed considerably showing that the majority of the glucose was not

converted to lactate anymore.

Table 5.3: Comparison of the yield of lactate molecule produced per glucose molecule
consumed for the different culture conditions in CHO EG2 cultures during the exponential (exp)
and the stationary (stat) phase.

Batch NS Galactose UG UMG
Y Lac/Glc (EXP) 1.33 1.92 1.92 2.03 1.96
Y Lac/clc (Stat) 0.83 NA 0.10 0.58 0.70

The glutamine and glutamate concentration against the IVCD for each culture is shown in
Figure 5.5. An accumulation of glutamine starting between IVCD values of 2 and 4 was
observed in the ‘Batch’, ‘UG’ and ‘UMG’ culture. In the ‘NS’ and ‘Galactose’ culture an
increase in the glutamine content was not observed until an IVCD of 8. The highest glutamine

accumulation over the entire culture period was seen in the ‘Batch’ and ‘UG’ culture at max
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Figure 5.5: The effect on the glutamine consumption and glutamate production profiles for EG2
producing CHO cells using different precursor feeding strategies. Cells were inoculated at 2x10°
cells/mL into 80 mL culture medium in the appropriate precursor feeding strategy basal medium.
The ‘Batch’ (@) and the fed-batch ‘NS’ culture (&) were used as controls. The precursor
feeding strategies compared to the controls were 10 mM galactose (=©--), 1 mM uridine + 20
mM galactose (UG; =# ), and 1 mM uridine + 8 uM MnCl2 + 20 mM galactose (UMG; =% -)
cultures. (n = 2; error bars indicate the standard deviation)
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values of 2.8 and 2.5 mM, respectively. In the ‘Galactose’ culture the highest accumulation was
determined to be 2.35 mM. The ‘NS’ and ‘UMG’ culture exhibited the lowest glutamine
accumulation at 1.45 and 1.69 mM, respectively. On the other hand, the glutamate concentration
in all cultures was fairly stable and reached values of 0.8 to 1.05 mM (Figure 5.5 (B)).

In total, it was seen that while the specific glucose consumption rate was similar in all
cultures, the specific lactate production was not. The specific lactate production in the ‘Batch’,
‘NS’ and ‘Galactose’ cultures were similar resulting in comparable Yacge values. The higher
specific lactate production in the ‘UG’ and ‘UMG’ indicated a change in the metabolism induced
by the addition of uridine leading to higher Yiacgic Values. As seen in the glucose consumption
the glutamate production was fairly stable between 0.85 to 1.05 mM and not affected by the

precursor feedings.

5.2.4 Effect of precursor feeding in DP12 cultures on growth and viability

In this study the monitoring was important to detect any effects on the cell culture growth
and viability caused by the addition of the galactosylation precursors, which were studied
regarding galactosylation improvement. The effects of added precursors on the growth and
viability profiles of CHO DP12 fed-batch cultures were compared to the ‘Batch’ and the non-
precursor supplemented ‘NS’ fed-batch culture (Figure 5.6). The cultures were grown in BioGro
CHO medium alone or supplemented with the appropriate precursor feed as outlined in Chapter
2.4.4.3. Cultures were inoculated at 2x10° cells/mL in a 250 mL shaker flask (n=7) using a
working volume of 80 mL. During the experiment the cultures were incubated at 37°C with a
10% CO:2 overlay on a shaker platform (120 rpm). At the times of sampling the viable cell

density was determined by trypan blue exclusion.
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Figure 5.6: The effect on the growth and viability profiles for DP12 producing CHO cells using
different precursor feeding strategies. Cells were inoculated at 2x10° cells/mL into 80 mL
culture medium in the appropriate precursor feeding strategy basal medium. The ‘Batch’ (—3)

compared to the controls were 10 mM galactose (‘Galactose’;=0-*), 1 mM uridine + 20 mM

galactose (‘UG’; = ), and 1 mM uridine + 8 uM MnCl, + 20 mM galactose (‘UMG’; =% -). (n
= 7; errors bars indicate the standard deviation)
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As shown in Figure 5.6 (A) the exponential phase for all cultures lasted until day 4. After
the exponential phase cultures entered the stationary phase, which lasted from day 4 to day 7 for
all cultures. On the last day of the experiment all cultures reached their maximum cell density,
which was between 2.7 — 3.2 x 10° cells/mL. The specific growth rate for each culture is shown
in Table 5.4. The specific growth was very similar in the ‘NS’ and ‘Galactose’ cultures and both
cultures had a significantly higher growth rate (P < 0.02) than what was observed for all other
cultures (‘Batch’, ‘UG’, ‘UMG). It was also determined that the specific growth rate of the ‘UG’
culture was significantly higher (P < 0.02) than what was observed in the ‘Batch’ culture.

The viability profiles for all cultures are shown in Figure 5.6 (B). All cultures showed
similar viabilities of over 95% from day 1 to day 7 with no apparent decrease in viability even on

day 7.

Table 5.4: Comparison of the specific growth rate for DP12 producing CHO cells using
different precursor feeding strategies. Cells were inoculated at 2x10° cells/mL into 80 mL
culture medium in the appropriate precursor feeding strategy basal medium. The ‘Batch’ and
‘NS’ fed-batch culture were used as controls and compared with the ‘Galactose’, ‘UG’, and
‘UMG?’ precursor feeding strategies. (n=7)

Batch NS Galactose UG UMG
- 0.019 0.024 0.024 0.022 0.021
H +0.002 ht +0.001 ht” +0.001 ht” +0.001 ht# +0.001 ht

~ The specific growth rate and standard deviation were determined using linear regression
analysis.
* (P <0.02) compared to all other cultures in the experiment
# (P <0.02) compared to ‘Batch’ culture

For the DP12 culture experiment the change from a ‘Batch’ to a ‘NS’ fed-batch system

did not result in an increase of the total cell yield as expected. While the specific growth rate
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was higher in the ‘NS’ and ‘Galactose’ culture the same overall total viable cell density was
reached as these cultures entered into stationary phase earlier than others. In addition, the
nucleotide precursors added to the different cultures did not affect the total viable cell density or

viability in the DP12 cultures.

5.2.5 Effect of precursor feeding in DP12 cultures on protein productivity

While the precursor feedings are likely to have a positive impact on the overall
galactosylation, it was important to determine whether they also have an impact on the
productivity in each culture. The DP12 concentration in the cell culture supernatants was
determined by ELISA. Figure 5.7 shows the DP12 concentration against the IVCD of the
different cultures. The secretion of DP12 commenced with the start of the culture and continued
throughout the exponential and stationary phase. The highest volumetric production was
observed in the ‘Galactose’ culture with 29.7 pg/mL on day 6. All other cultures showed the
highest yield on day 7 - with the second highest volumetric productivity observed in the ‘NS’
treatment with 27.4 pg/mL. Similar volumetric productivity values are seen in the ‘UG’ and
‘UMG’ culture with 25.6 and 26.2 pg/mL. While the ‘Batch’ culture has the lowest volumetric
productivity with 21.9 pg/mL it also has the lowest IVCD over the time of the culture with only
8.2 x 10° cells-day/mL compared to 9.8 — 11 x 10° cells-day/mL. However, no significant
difference was observed between the maximum volumetric productivity in each culture.

The specific productivity for each culture during the exponential and stationary phase as
determined by linear regression analysis is shown in Table 5.5. During the exponential phase the
highest specific productivity was found in the ‘Batch’ (7.4 + 0.5). The second highest specific

productivity was seen for the ‘Galactose’ culture (6.0 £ 0.7). Similar specific productivities were
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determined for the ‘NS’ (5.2 = 0.7) and the ‘UMG’ culture (4.9 + 0.2). The lowest specific
productivity was found in the ‘UG’ culture (3.1 £ 0.1), which is significantly lower than in the

‘Batch’ culture (P < 0.02). The specific productivity in both the ‘UG’ and ‘UMG’ culture was
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Figure 5.7: The effect on the DP12 production for CHO DP12 cells using different precursor
feeding strategies. Cells were inoculated at 2x10° cells/mL into 80 mL culture medium in the
appropriate precursor feeding strategy basal medium. The ‘Batch’ (—0-) and fed-batch ‘NS’
culture (--4--) were used as controls. The precursor feeding strategies compared the controls
were 10 mM galactose (‘Galactose’;=0-), 1 mM uridine + 20 mM galactose (UG; =+ ), and 1
mM uridine + 8 pM MnCl. + 20 mM galactose (UMG; =* =) cultures. (n = 2; error bars indicate
the standard deviation).

lower than what was observed in the ‘Batch’ culture. In the stationary phase all cultures showed
a similar specific productivity.

The switch from a regular ‘Batch’ to a fed-batch ‘NS’ system increased the volumetric
productivity by increasing IVCD. For the DP12 cultures the addition of nucleotide sugar

precursors also did not seem to affect the volumetric productivity significantly. However, the
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addition of only uridine decreased the specific productivity in the exponential phase. The
addition of uridine and manganese in combination, on the other hand, resulted in a specific
productivity similar to what is observed in the ‘NS’ culture but still lower than what was

observed in the ‘Batch’ culture.

Table 5.5: Comparison of the specific productivity for DP12 producing CHO cells using
different precursor feeding strategies during the exponential (exp) and the stationary (stat) phase.
Cells were inoculated at 2x10° cells/mL into 80 mL culture medium in the appropriate precursor
feeding strategy basal medium. The ‘Batch’ and fed-batch ‘NS’ culture were used as controls
and compared to the ‘Galactose’, ‘UG’, and ‘UMG’ precursor feeding (n=2).

Batch NS Galactose uG UMG
7.4 5.2 6.0 3.1 4.9
(‘e“)“("a;{ +05 +0.7 +0.7 +0.1 +0.2
P pg/cell-day po/cell-day pg/cell-day po/cell-day* pg/cell-day
2.0 1.7 1.2 2.0 2.0
(?t“;i;i +05 +0.4 +0.7 +0.6 +0.4
pg/cell-day po/cell-day pg/cell-day pg/cell-day pg/cell-day

~ The specific productivity and standard deviation were determined using linear regression
analysis. exp — exponential phase, stat — stationary phase.
* (P <0.02) compared to the ‘Batch’ culture

5.2.6 Effect of precursor feeding in DP12 cultures on glucose, lactate, glutamine, glutamate

concentration

The concentration of glucose, lactate, glutamine and glutamate in cell culture
supernatants was determined using YSI analysis. The consumption of glucose for DP12
producing CHO cell cultures against their IVCD is shown in Figure 5.8 (A). During the
exponential phase all cultures show a high consumption of glucose, which then decreased in the

stationary phase. The remaining glucose concentration in almost all cultures leveled out around
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7 mM. The exception was the ‘NS’ culture in which the residual glucose concentration in the
medium decreased below 5 mM on day 7. When comparing the specific glucose consumption
for each culture in the exponential phase it was observed that the ‘Batch’ culture had a higher
specific glucose consumption compared to the rest of the cultures. In the stationary phase the
rates of consumption were fairly similar among the different treated cultures (Figure 5.9 (A)).
Figure 5.8 (B) shows the overall lactate production against the IVCD throughout the
culture time in each experiment. In the exponential phase a steep increase in lactate was
observed, while the lactate level in the stationary phase remained constant. The highest lactate
accumulation was observed in the ‘NS’ and ‘Galactose’ culture at 25 mM while the ‘UG’ and
‘UMG’ culture reached max values of 22.2 and 21.9 mM, respectively. The specific lactate
production for each culture shown in Figure 5.9 (B) was similar in all cultures except for the

‘Batch’ culture, which showed a higher specific glucose consumption and lactate production.

129



A 300

25.0

20.0

15.0

10.0

Glucose concentration (mM)

5.0

0.0

IVCD (1076 cells-day/mL)

B 30.0

25.0

N
o
o

15.0

10.0

Lactate concentration (mM)

5.0

0.0
0 2 4 6 8 10 12
IVCD (1076 cells-day/mL)

Figure 5.8: The effect on the glucose consumption and lactate production for DP12 producing
CHO cells using different precursor feeding strategies. Cells were inoculated at 2x10° cells/mL
into 80 mL culture medium in the appropriate precursor feeding strategy basal medium. The
‘Batch’ (—@—) and fed-batch ‘NS’ culture (--4--) were used as controls. The precursor feeding
strategies compared to the controls were 10 mM galactose (‘Galactose’;=©-*), 1 mM uridine + 20
mM galactose (‘UG’; =¢= ), and 1 mM uridine + 8 uM MnCl; + 20 mM galactose (‘UMG’; =% -
) cultures. (n = 2; errors bars indicate the standard deviation)
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Figure 5.9: Comparison of the specific glucose consumption and lactate production for DP12
producing CHO cells using different precursor feeding strategies during the exponential ( )
and stationary phase (HEll). Cells were inoculated at 2x10° cells/mL into 80 mL culture
medium in the appropriate precursor feeding strategy basal medium. The ‘Batch’ and fed-batch
‘NS’ culture were used as controls and compared with the ‘Galactose’, ‘UG’, and ‘UMG’
precursor feeding. (n = 2; error bars indicate the standard deviation)
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Table 5.6: Comparison of the yield of lactate molecules produced from each glucose molecule
consumed for the different culture conditions in CHO DP12 cultures during the exponential
(exp) and the stationary (stat) phase. (n = 2)

Batch NS Galactose uG UMG
Y Lac/Glc (€XP) 1.53 1.86 1.93 1.89 1.84
Y Lac/Glc (Stat) 1.14 NA NA 0.28 0.33

When comparing the overall yield of lactose from the glucose utilized shown in Table 5.6
it can be seen that the highest yield was found for the ‘Galactose’, ‘UG’, ‘NS’ and ‘UMG’
culture with values of 1.93, 1.89, 1.86 and 1.84, respectively. The ‘Batch’ culture showed a
lower yield at 1.53. This means that in the ‘Batch’ culture theoretically 76.5% of the glucose
taken up by the cell was converted to lactate. In the ‘UMG’, ‘NS’, ‘UG’ and ‘Galactose’
cultures these number went up to 92%, 93%, 94.5%, and 96.5%, respectively. In the stationary
phase these number changed considerably showing that the majority of the glucose was not
converted to lactate anymore.

Figure 5.10 shows the glutamine and glutamate concentration against the IVCD in the
respective cultures at each time point. Figure 5.10 (A) showed a significantly (P < 0.02) higher
accumulation of glutamine in the ‘Batch’ culture (above 4 mM) over the entire culture period.
The glutamine concentration in the ‘NS’ and ‘Galactose’ culture increased for the first 3 days (up
to 3 mM) before declining again down to almost 2 mM. However, in the ‘UG’ and ‘UMG’
culture the glutamine level was consistently low and only increased marginally over the course
of the culture (max 2.5 mM). The glutamate concentration in all cultures was increasing over

time with the highest concentration reached in the ‘Batch’ culture at 1.8 mM (Figure 5.10 (B)).
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Figure 5.10: Glutamine consumption and glutamate production profiles for DP12 producing
CHO cells using different precursor feeding strategies. Cells were inoculated at 2x10° cells/mL
into 80 mL culture medium in the appropriate precursor feeding strategy basal medium. The
‘Batch’ (—0—) and fed-batch ‘NS’ culture (--4--) were used as controls. The precursor feeding
strategies compared to the controls were 10 mM galactose (‘Galactose’;=©-*), 1 mM uridine + 20
mM galactose (‘UG’; =# ), and 1 mM uridine + 8 uM MnCl; + 20 mM galactose (‘UMG’; =% =
) cultures. (n = 2; error bars indicate the standard deviation)
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The lowest concentrations were reached in the ‘UG’ and ‘UMG’ culture with 1.35 and 1.36 mM,
respectively.

In summary, it was seen that all DP12 fed-batch cultures exhibited similar glucose
consumption and lactate production rates while the ‘Batch’ culture exhibited a higher glucose
consumption and lactate production rate. This resulted in similar Yiacgic values for all fed-batch
cultures (1.84 — 1.93). On the other hand, the ‘Batch’ culture showed a lower Yiacgic value of
1.53 meaning that less glucose was converted to lactate. However, a larger accumulation of
glutamine and glutamate was seen in the ‘Batch’ culture. Over the course of the culture the
glutamine accumulation in the fed-batch cultures was at only 50% of the value seen in the

‘Batch’ culture.

5.2.7 Comparison of effect on EG2 and DP12

When comparing the effect of precursor feeding on the specific growth rate of CHO-EG2
and CHO-DP12 cells it was observed that the addition of uridine had a negative impact on the
growth rate of CHO-EG2 cells but not CHO-DP12 cells (Figure 5.11). It was also noted that the
general growth rate of CHO-DP12 cells was lower than the growth rate observed in CHO-EG2
cells. This lower initial growth rate was slightly increased with the introduction of the fed-batch
culture mode in the ‘NS’ and ‘Galactose’ culture. The increase in the ‘UG’ and ‘UMG’ fed-
batch culture was lower and possibly indicated a small inhibition effect by uridine observed

mainly in the CHO-EG2 cultures.
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Figure 5.11: Comparison of the specific growth rate for EG2 ( ) and DP12 (M)
producing CHO cells using different precursor feeding strategies during the exponential phase.
Cells were inoculated at 2x10° cells/mL into 80 mL culture medium in the appropriate precursor
feeding strategy basal medium. The ‘Batch’ and fed-batch ‘NS’ culture were used as controls
and compared with the ‘Galactose’, ‘UG’, and ‘UMG’ precursor feeding (n = 7; error bars
indicate the standard deviation).

Figure 5.12 shows the comparison of the specific productivity during the exponential and
stationary phase in the CHO-EG2 and CHO-DP12 cell cultures. The specific productivity in the
CHO-DP12 cell cultures was always higher compared to the CHO-EG2 cell cultures except for
the respective ‘UG’ treatment during the exponential phase. It also determined that the addition
of galactose in combination with uridine had a negative effect on the specific productivity in

both CHO-EG2 and DP12 cultures during the exponential growth phase. However, by adding
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manganese chloride the specific productivity in CHO-DP12 cultures seemed rescued whereas in

CHO-EG2 cultures the specific productivity stayed low.
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Figure 5.12: Comparison of the specific productivity in CHO -EG2 (exponential: :
stationary: =) and DP12 (exponential: Il stationary: cultures with different precursor
treatments. (n = 2; error bars indicate the standard deviation).

The specific glucose consumption rate was highest in the CHO-DP12 ‘Batch’ culture
during the exponential phase (Figure 5.13 (A)). The figure also shows that in all other cultures
the specific glucose consumption rates were similar. In the stationary phase the specific glucose
consumption for all cultures was significantly lower (P < 0.02) compared to the exponential
phase. While the specific glucose consumption between the same CHO-EG2 and DP12 cultures

was similar the lowest rate was seen in the ‘Galactose’ culture. Similar to the glucose
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consumption the highest specific lactate production was seen in the ‘Batch’ DP12 culture.
However, the lactate production rate in the ‘UG’ and ‘UMG’ culture was higher for the CHO-
EG2 cultures in the exponential phase compared to the respective DP12 ‘UG’ and ‘UMG’
cultures.

The comparison of the final yield (lac/glc) in each culture and culture stage can be seen in
Figure 5.14. The lowest yield for both the CHO-EG2 and DP12 culture was seen in ‘Batch’
culture with the lowest value in the CHO-EG2 ‘Batch’ culture. However, the stationary phase in
the ‘Batch’ culture exhibited higher yields compared to any other culture in the stationary phase.
For the other cultures the values were consistently high in both the CHO-EG2 and CHO-DP12
cultures. While the ‘NS’ and ‘Galactose’ cultures showed higher yields in the exponential phase
they had the lowest values in the stationary phase. In the exponential and stationary phase of the
‘UG’ and ‘UMG’ culture the CHO-EG2 vyield values were higher than in the respective CHO-

DP12 cultures indicating a less efficient metabolism with the addition of uridine.
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5.3 Discussion

In biopharmaceutical production the effect any media additives have on the cell growth,
viability, productivity, metabolism and product quality are important.  An improved
understanding of these effects will allow for better media development resulting in optimized
production of glycoproteins in mammalian cells. Here | described the effects of precursor
feedings using 10 mM galactose, 20 mM galactose + 1 mM uridine, and 20 mM galactose + 1
mM uridine + 8 uM MnCl> on the growth, viability, metabolism and protein production

compared to a ‘Batch’ and ‘NS’ fed-batch control culture.
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In previous research by other groups the sole addition of galactose at concentrations of up
to 20 mM in the basal medium (Wong et al., 2010; Clark et al., 2005) or up to 111 mM in the
feed medium (Schilling et al., 2008) had shown no impact on the cell culture performance. The
use of 60 mM galactose in combination with 12 mM uridine and 0.024 mM MnCl; (12x UMG)
as a daily feed starting on day 3 had also shown no effects on the cell culture performance in
CHO fed-batch cultures (Gramer et al., 2011). However, Gramer et al. (2011) did show
suppression in the glucose and lactate metabolism at 16x and 20x UMG and an additional slight
drop in the product titer at 20x UMG. They thought that this impact on the process was caused
by higher Mn*™* concentrations in the medium, which had shown an impact in studies by Crowell
et al. (2007).

The effects of the nucleotide sugar precursors on cell growth in the CHO-DP12 cultures
reported here are similar to results shown in another cell line treated with UMG and UG (Gramer
etal., 2011; Wong et al., 2010). While the CHO-DP12 growth and viability was not impacted by
the nucleotide sugar precursor addition an effect was observed in the CHO-EG2 cell cultures. As
seen in previous research by Wong et al. (2010), Clark et al. (2005) and Schilling et al. (2008) no
impact was observed in the ‘Galactose’ cultures. However, the addition of galactose in
combination with uridine as well as uridine + MnCl> resulted in a decreased growth rate while
extending the viability compared to the ‘Batch’, ‘NS’ and ‘Galactose’ fed-batch cultures.
Considering that in this experiment the final concentrations in the culture medium after adding
the feed are lower than the ones reported by Gramer et al. (2011) the effect observed might be
related to cell specific differences. The cell line used by Gramer et al. (2011) was a CHO-K1SV
(glutamine synthase (GS) expression system) and the cell line used by Wong et al. (2010) was a

CHO Dukx (dihydrofolate reductase (DHFR) expression system). In both cell lines the DHFR
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gene is functional during the bioprocess. The CHO-DP12 cell line is a CHO-K1 cell line with a
restored DHFR while the CHO-EG2 is a CHO-DG44 cell line in which the DHFR gene was not
restored during the cell line engineering. Due to this deficiency the CHO-EG2 cell line needs the
addition of thymine, hypoxanthine (HT supplement) and glycine to the basal medium. The lack
of this gene has reportedly shown poor growth and lower peak cell densities in fed-batch cultures
of some DHFR-/- CHO cell lines even when using the HT supplement (Florin et al., 2011).
However, in this experiment this poor growth and low peak cell density was only observed in the
‘UG’ and ‘UMG”’ fed-batch cultures but not the ‘NS’ and ‘Galactose’ fed-batch cultures. DHFR
is an important part in the production of deoxy thymidine monophosphate (dTMP), which is
needed for DNA synthesis (thymine production) (Schnell et al., 2004). In addition the lack of
DHFR blocks all other tetrahydrofolate (THF) dependent pathways. In the case of the CHO-
EG2 cell line the added HT supplement and glycine contained in the basal medium and feed
seems to allow for regular growth as observed in the ‘Batch’, ‘NS’ and ‘Galactose’ fed-batch
cultures. However, the addition of uridine in the fed-batch regime then has an inhibitory effect
on cell growth. A possible explanation for this is that the addition of uridine leads to an
excessive intracellular increase in the intermediates of reactions related to the DHFR pathway
(i.e. deoxy uridine monophosphate (dUMP)). Excess in dUMP can result in an increased level of
dUTP after the sequential phosphorylation of dJUMP (Caradonna et al., 1980). This in turn can
lead to an increase in uracil incorporation into the DNA needing to be repaired (Grafstrom et al.,
1978). While pyrophosphatase dUTP nucleotidohydrolase (dUTPase) degrades dUTP to dUMP
limiting the intracellular accumulation of this nucleotide (Webley et al., 2001), the addition of
uridine to the culture medium might increase the levels of dUTP to cell growth inhibitory

concentrations.
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The specific productivity in CHO-EG2 was reduced with the addition of any nucleotide
sugar precursor or combination thereof whereas the specific productivity in CHO-DP12 cells was
reduced in all fed-batch cultures compared to the ‘Batch’ culture. However, a significant loss in
specific productivity was observed in the ‘UG’ culture. This loss seems to be rescued in the
‘UMG’ culture. Although Gramer et al. (2011) observed a small loss in production it was
reported at higher UMG concentrations.

Glucose and glutamine are the main carbon sources used by the mammalian cells in
culture as a carbon and energy source (Butler and Jenkins, 1989). In the exponential phase the
primarily aerobic glycolysis leads to a high conversion of glucose to lactate (Cruz et al., 2000,
Lao and Toth, 1997). This flux will decrease in the stationary phase (Cruz et al., 2000, Lao and
Toth, 1997). The glutamine in the culture will be shuffled through the tricarboxylic acid (TCA)
cycle for energy production while also contributing to the synthesis of nucleotides (Engstrom
and Zetterberg, 1984). During those pathways ammonium ions are released as by-products. The
overall accumulation of lactate and ammonium as by-products of these pathways (Quek et al.,
2010) can be detrimental to the cell culture (Ahn et al., 2008; Dorai, 2009, Hassell et al., 1991,
Lietal., 2012).

In the CHO-DP12 culture a difference was only seen between the ‘Batch’ and all of the
fed-batch cultures. In this case the CHO-DP12 cells showed higher specific glucose
consumption and lactate production. The specific rates for the fed-batch cultures showed no
difference. However, the addition of nucleotide sugar precursors ‘UG’ and ‘UMG’ showed an
effect on the cells energy metabolism in CHO-EG2 cultures. While the specific glucose
consumption was similar in all cultures including the precursor fed-batch cultures, the specific

lactate production in the ‘UG’ and ‘UMG’ culture was increased. This increase in lactate
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production resulted in a higher yield of lactate per molecule of glucose consumed by the cells in
culture. Gramer et al. (2011) reported a mildly suppressed glucose and lactate metabolism in
their cell line at 16x and 20x UMG. As this effect is not seen in the CHO-DP12 culture and
present only in the cultures affected by the uridine addition I am suspecting that the lack of the
DHFR gene plays a role in the change of metabolism.

Glutamine is not only a carbon source for mammalian cells but also contributes its energy
via the TCA cycle (Lanks and Li, 1988) and plays an essential role in the synthesis of
nucleotides (Engstrom and Zetterberg, 1984). However, it is also the main contributor to the
increasing ammonia concentration throughout the cell culture, which can inhibit growth (Doyle
and Butler, 1990). To avoid an excess of ammonia accumulation the glutamine concentration in
the culture should be low during the experiment. Hence, the media contain GlutaMaxl, which is
a dipeptide with L-alanyl-L-glutamine that the cells can split to slowly release glutamine over
time. To avoid a longer lag phase in the beginning of the cell culture the media is also
supplemented with 1 mM glutamine. The glutamine concentration was fairly constant in the
DP12 culture indicating a constant uptake and use by the cells. On the other hand, the increase
in the glutamine towards the end of the EG2 culture indicated an initial use of glutamine after
which a possible change in the culture metabolism reduced the glutamine uptake. A difference
was also observed in the glutamate concentration, which was fairly stable over time in the EG2
culture while it consistently increased over time in the DP12 culture as part of the TCA cycle

process.
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5.4 Conclusion

In this study the effects of the nucleotide sugar precursors galactose, uridine, and MnCl>
on the glycosylation were not of interest. Rather their effect on the growth and productivity in
CHO-EG2 and DP12 fed-batch cultures was assessed. It was determined that the effect is cell
line dependent showing minimal impacts on the CHO-DP12 culture but significant effects in
CHO-EG2 culture growth, viability and lactate production. In the CHO-EG2 culture the addition
of uridine causes inhibitory effects due to the lack of the enzyme DHFR. The lack of this
enzyme is proposed to cause the accumulation of an intermediate molecule, dUMP, whose
concentration would increase even more in the presence of uridine in the medium. Because
dUMP cannot be degraded as fast as it is produced some of it is phosphorylated to dUTP, which
results in an increased uracil incorporation into the DNA. Since uracil is wrongly incorporated
the DNA needs to be repaired resulting in cell growth inhibition. In addition, the
supplementation with uridine increased the specific lactate production in the CHO-EG2 cell line.

Overall, the results showed that the addition of precursors can also have an effect on the
general bioprocess (i.e growth) other than on the final glycosylation profile. In the case of the
CHO-EG2 cell line the reduced growth but extended viability with uridine exposure also needs
to be taken into consideration when making the final choices for optimal basal and feed medium

development.
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Chapter 6
The effects of nucleotide sugar precursor feedings on the nucleotide /
nucleotide sugar pool in CHO EG2, and CHO DP12

6.1 Introduction

Protein glycosylation is dependent on several different factors including the availability
of nucleotide sugars for the actual glycosylation process (Freeze and Elbein, 2009). These
sugars are formed from precursors such as galactose, mannose, and fucose. In addition
nucleosides triphosphates are needed to activate these sugars so that they can be transported into
the Golgi. Once in the Golgi the activated sugars can be attached to the glycan core structure by
glycosyltransferases.  Some of these enzymes need co-factors to function efficiently.
Considering that the glycosyltranferases are membrane-bound a high abundance of nucleotide
sugars will positively affect the chance of their addition to the glycan. Hence the addition of
nucleotide and nucleotide sugar precursors — to increase the intracellular pool — and
glycosyltransferase co-factors is a great option to influence the glycosylation profile outcome.

For the improvement of the galactosylation in an antibody the addition of galactose,
uridine, and manganese are good candidates. Both galactose and uridine added in various
combinations to cell culture medium act as direct sources for the production of UDP-Gal and
UDP-GalNAc. The addition of manganese is important, as it is a co-factor for the
galactosyltransferase (Witsell et al., 1990). Previous studies have shown that addition of
galactose, uridine, and manganese have potential to increase the intracellular UDP-Gal pool and
the galactosylation in some cell lines and glycoproteins (Gramer et al., 2011; Grainger and

James, 2013).
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In this study, a closer look is taken at the overall intracellular nucleotide sugar pool to
determine the correlations between the addition of galactose by itself or in combination with
uridine or uridine and manganese. This was done to see especially the impact of the precursor
feedings on the UDP-Gal content necessary for galactosylation but also to monitor the overall

nucleotide sugar pool regarding the energetic and metabolic state of the cells.

6.2 Results

6.2.1 The effects of precursor feedings in EG2 cultures on the nucleotide / nucleotide sugar

pool

To study the effects of nucleotide sugar precursor feedings the intracellular nucleotide /
nucleotide sugar pool was determined from samples taken throughout the cell culture. At each
sampling point 1x107 cells were collected from the culture and quenched to stop the metabolism
in the cell. After the quenching procedure the cell samples were stored at -70°C for a maximum
of 1 week before extraction. Both quenching and extraction procedures were performed as
outlined in the methods section (see Section 2.7.1 and 2.7.2). The intracellular pool was then
compared between the ‘Batch’, ‘NS’ and the cultures with precursor feedings (n = 2).

Figure 6.1 shows the intracellular concentrations of UDP-GalNAc, UDP-GIcNAc + CTP,
UDP-Gal, and UDP-Glc for each culture during the bioprocess. The UDP-GalNAc and UDP-
GIcNAc + CTP increased in all cultures over time (Figuure 6.1 A/B). In the ‘Batch’ and ‘NS’
culture UDP-Gal was barely detected throughout the culture (Figure 6.1 C). Over the same time
an increased UDP-Gal was detected in the ‘Galactose’, ‘UG’, and ‘UMG’ cultures. While the
‘Galactose’ culture exhibited a fluctuating UDP-Gal concentration, both the ‘UG’ and ‘UMG’
displayed a steady increase in the intracellular UDP-Gal concentration from day 3 at ~0.9 mM to

day 5 at ~1.4 mM. These concentrations were significantly higher (P < 0.02) than what was
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observed in the ‘Batch’ and ‘NS’ culture. The ‘Galactose’ culture showed significantly higher
UDP-Gal concentrations (P < 0.02) compared to the ‘Batch’ and ‘NS’ culture on day 2, 4, and 7.
In Figure 6.1 (C) the UDP-GlIc concentration for each culture is shown. The highest intracellular
concentrations were observed for the ‘UG’ and ‘UMG’ culture on day 5 at 1.1 and 1.0 mM,
respectively.

The adenylate energy charge (AEC) determined at each sampling point is shown in
Figure 6.2. In the ‘Batch’, ‘UG’, and ‘UMG’ cultures consistently high values between 0.7 — 0.8
were observed until day 6. On day 7 the AEC value for the ‘Batch’ culture decreased to 0.48.
On the other hand, for the ‘NS’ and ‘Galactose culture high fluctuations between AEC values of

0.3 — 0.75 were observed.
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Figure 6.1: The intracellular concentrations of A) UDP-GalNAc, B) UDP-GIcNAc + CTP, C) UDP-Gal, and D) UDP-GIc during a
‘Batch’ ((3), ‘NS’ (E), ‘Galactose’ (E5), ‘UG’ (), and ‘UMG’ (E2) in cells of fed-batch EG2 cultures. (n = 2; error bars
indicate the standard deviation)

* (P <0.02) compared to ‘Batch’ and ‘NS’ on that day
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Figure 6.2: The adenylate energy charge (AEC) value determined at each sampling point during
a ‘Batch’ ((53), ‘NS’ (E3), ‘Galactose’ (E9), ‘UG’ (E2), and ‘UMG’ (E3) fed-batch EG2
cultures. (n = 2; error bars indicate the standard deviation)

The overall uridine fraction concentration during the precursor feeding experiments is
shown in Figure 6.3 (A). For the ‘Batch’ culture an increase in the intracellular uridine fraction
from 1.16 to 5.04 mM was observed until day 6 after which the concentration decreased to 3.37
mM. A level from 2.31 to 4.51 mM was determined in the ‘NS’ culture until day 6 after which
the concentration of the intracellular uridine fraction increased to 5.92 mM. A similar
observation was made for the ‘Galactose’ culture in which the intracellular uridine fraction
decreased from 4.29 to 292 mM on day 6. On day 7 an increase to 7.22 mM in the
concentration per cell was measured. Meanwhile a steady increase in the uridine fraction was
determined for the ‘UG’ and ‘UMG’ cultures from 4.82 to 7.9 mM in the cell and from 4.68 to

6.72 mM, respectively.
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Figure 6.3: The intracellular concentrations of the A) uridine fraction, B) UTP, and the C) U-ratio determined for a ‘Batch’ ((3; -0~
), ‘NS’ (E;-&-), ‘Galactose’ (E51;-0+), ‘UG’ (E2;—-# ), and ‘UMG’ (E3;-* ") in cells of fed-batch EG2 cultures. (n = 2; error bar
indicates the standard deviation)

* (P <0.02) compared to all other cultures that day
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The concentration on all three days was significantly higher (P < 0.02) than what was
observed in the other cultures. A closer look at the UTP concentrations is shown in Figure 6.3
(B). The concentration in the ‘Batch’, ‘NS’, and ‘Galactose’ cultures showed a similar behavior
fluctuating between 0.05 and 0.5 mM. However, in the ‘UG’ and ‘UMG’ cultures the UTP
concentrations were significantly higher (P < 0.02) compared to all other cultures on day 3 and 5.
In addition, an increase in the intracellular UTP concentration from 0.9 to 1.09 mM in the ‘UG’
culture and from 0.8 to 0.9 mM in the ‘UMG’ culture was seen. The U-ratio shown in Figure 6.3
(C) gives the fraction of UTP/UDP-GNACc for each culture over time. A decline in the ratio
during the experiment was seen for all cultures but an overall higher ratio was identified in the
‘UG’ and ‘UMG’ culture.

The NTP-ratio and NTP/U-ratio for all cultures are shown in Figure 6.4. The NTP-ratio
is shown in Figure 6.4 (A) and showed a decrease for all cultures over time. The NTP/U-ratio
displayed in Figure 6.3 (B) was stable for the ‘UG’ and ‘UMG’ culture. For the ‘Batch’, NS,
and ‘Galactose’ culture the ratio decreased from day 3 to day 4 after which an increase was
observed. The ‘Batch’ culture showed the overall highest increase and with a decrease on the
last day of culture. The ‘Galactose’ culture decreased for the last two days of culture. The

lowest increase was seen in the ‘NS’ culture until day 6 after which the ratio decreased again.
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Figure 6.5 shows the ATP/GTP ratio calculated for all cultures. A constant decline was
observed in the ‘Batch’, ‘UG’, and ‘UMG’ culture. The lowest average ratios were observed in
the ‘UG’ and ‘UMG’ culture. In the ‘NS’ and ‘Galactose’ culture the ratio increased after day 3

and 4, respectively, before it again decreased after day 5.
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Figure 6.5: The ATP/GTP ratios during a ‘Batch’ (—0), ‘NS’ (--4-), ‘Galactose’ (=©--), ‘UG’
(=* ), and ‘UMG’ (= -) fed-batch EG2 cultures. (n = 2)
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6.2.2 The effects of precursor feedings in DP12 cultures on the nucleotide / nucleotide
sugar pool

To study the effects of nucleotide sugar precursor feedings the intracellular
nucleotide / nucleotide sugar pool was determined from samples taken throughout cell culture.
At each sampling point 1x107 cells were collected from the culture and quenched to stop the
metabolism in the cell. After the quenching procedure the cell samples were stored at -70°C for
a maximum of 1 week before extraction. Both quenching and extraction procedures were
performed as outlined in the methods section (see Sections 2.7.1 and 2.7.2). The intracellular
pool was then compared between the ‘Batch’, ‘NS’ and the cultures with precursor feedings.

Figure 6.6 shows the intracellular concentrations of UDP-GalNAc, UDP-GIcNAc + CTP,
UDP-Gal, and UDP-Glc for each culture during the bioprocess. The UDP-GalNAc and UDP-
GIcNAc + CTP in all cultures was slightly increasing over time. In the ‘Batch’ and ‘NS’ culture
UDP-Gal was not detected throughout the culture — except for in the ‘NS’ culture on day 7
(Figure 6.1 (C)). Over the same time an increased UDP-Gal was detected in the ‘Galactose’,
‘UG’, and ‘UMG’ cultures. While the ‘Galactose’ culture exhibited a stable intracellular
concentration around 0.57 mM, both the ‘UG’ and ‘UMG?’ cultures displayed a steady increase in
the UDP-Gal concentration from day 4 at ~0.7 mM to day 7 at ~1.1 mM. These concentrations
were significantly higher (P < 0.02) than what was observed in the ‘Batch’ and ‘NS’ culture on

day 4, 5, and 7. In Figure 6.1 (C) the UDP-GIc concentration for each culture is shown. The
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Figure 6.6: The intracellular concentrations of A) UDP-GalNAc, B) UDP-GIcNAc + CTP, C) UDP-Gal, and D) UDP-GIc during a
‘Batch’ ((3), ‘NS’ (E8), ‘Galactose’ (), ‘UG’ (E3), and ‘UMG’ (E3) in cells of fed-batch DP12 cultures. (n = 2; error bars
indicate the standard deviation)

* (P <0.02) compared to all other cultures that day
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highest average concentrations in each cell were observed for the ‘UG’ and ‘UMG’ cultures on
day 4, 5, and 6 at 0.65 and 1.0 mM, respectively. While the ‘Batch’ culture UDP-Glc
concentration decreased during the bioprocess, the intracellular concentration in the ‘NS’ and
‘Galactose’ cultures stayed stable around 0.25 — 0.3 mM for the first 5 days and then increased to
0.45 mM.

The adenylate energy charge (AEC) determined at each sampling point is shown in
Figure 6.7. A similar trend was observed for all cultures as the AEC decreased steadily over the

course of the experiment with AEC values being similar among the cultures on each day.
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Figure 6.7: The adenylate energy charge (AEC) value determined at each sampling point during
a ‘Batch’ ((533), ‘NS’ (E8), ‘Galactose’ (E5), ‘UG’ (E2), and ‘UMG’ (E3) fed-batch DP12
cultures. (n = 2; error bars indicate the standard deviation)

The overall uridine fraction concentration during the precursor feeding experiments is

shown in Figure 6.8 A. For the ‘Batch’ culture a stable uridine fraction around 1.7 mM was
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observed in each cell. A steady increase in the intracellular concentration from 1.8 mM on day 3
to 3.0 mM on day 7 was determined in the ‘NS’ culture. A similar observation was made for the
‘Galactose’ culture in which the uridine fraction in each cell remained stable from day 3 to day 5
(2.3 mM) and then increased to 3.1 mM on day 7. Meanwhile a steady increase in the uridine
fraction in the cell was determined for the ‘UG’ and ‘UMG’ cultures from 5.1 to 6.4 mM and
from 5.0 to 5.8 mM, respectively. The concentration on all four days was significantly higher (P
< 0.02) than what was observed in the other cultures — with the exception of ‘UMG’ versus ‘NS’
on day 5. A closer look at the UTP concentration is shown in Figure 6.8 B. The concentration in
all cultures showed a steady decrease over time. The ‘Batch’, ‘NS’, and ‘Galactose’ cultures
showed a similar behavior decreasing in the concentration from 0.45 to 0.09 mM in each cell.
While the UTP concentrations in the ‘UG’ and ‘UMG’ culture were also decreasing they initially
started at a higher concentration — two times higher than observed in the other cultures on that
day. Over the course of the experiment the UTP concentration per cell then decreased to 0.1
mM. The U-ratio shown in Figure 6.8 (C) gives the fraction of UTP/UDP-GNAc for each

culture over time. A similar decline in the ratio during the experiment was seen for all cultures.

157



N
o

>

o
=)

= 50
2
E
s
2 4.0
]
&=
g
5 3.0
S
2.0
1.0
0.0
3 4 5 6 7
B 0.8 c 0.6
0.7
0.5 A
&
0.6 %
S,
N
} 0.4
-~ 05 ¥
2
E o
& 04 e g o3
=} 3
0.3
0.2
0.2
0.1
0.1
0 0.0
) 1 2 3 4 5 6 7 8 ) 1 2 3 4 5 6 b 8
Time (day) Time (day)

Figure 6.8: The intracellular concentrations of the A) uridine fraction, B) UTP, and the C) U-ratio determined for a ‘Batch’ ((9;—0—
), ‘NS’ (BE3;-a), ‘Galactose’ (E5;-0--), ‘UG’ (E2;-# ), and ‘UMG’ (E3;—* -) fed-batch DP12 cultures. (n = 2; error bars indicate
the standard deviation)

* (P < 0.02) compared to all other cultures that day
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The NTP-ratio and NTP/U-ratio for all cultures are shown in Figure 6.9. The NTP-ratio
is shown in Figure 6.9 (A) and revealed a decrease for all cultures over time. On day 4 the ratio
for the ‘UG’ and ‘UMG’ cultures is 50% of the ratio determined for the rest of the cultures.
After day 4 the ratio in the ‘UG’ and ‘UMG’ culture decreased less drastically resulting in all
cultures ending with a similar NTP-ratio on day 7. The NTP/U-ratio displayed in Figure 6.8 (B)
increased for the *Galactose’, ‘UG’, and ‘UMG’ cultures throughout the culture. In the ‘Batch’
and ‘NS’ culture an increase was observed from day 3 to day 6 and day 5, respectively, after
which the NTP/U-ratio decreased.

Figure 6.10 shows the ATP/GTP ratio calculated for all cultures. The ratio observed was
stable for all cultures. However, a difference was observed between the average ratio in the
‘UG’ and ‘UMG’ cultures compared to all other cultures. In the ‘UG’ and ‘UMG’ culture the
lowest average ratios were observed at 1. In the ‘Batch’, ‘NS’, and ‘Galactose’ cultures the

average ratio was at 3.8.
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Figure 6.9: The A) NTP-ratio and B) NTP/U-ratio determined at the sampling points during a ‘Batch’ (—=3—), ‘NS’ (&), ‘Galactose’
(=0), ‘UG’ (=* ), and ‘UMG’ (—* -) fed-batch DP12 cultures. (n = 2)
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Figure 6.10: The ATP/GTP ratio during the ‘Batch’ (—O—), ‘NS’ (-&-), ‘Galactose’
(=0), ‘UG’ (=% ), and ‘UMG’ (—* -) fed-batch DP12 cultures. (n = 2)

6.2.3 Comparison of effects in the EG2 and DP12 cultures.

The overviews of the precursor feeding effects on the intracellular nucleotide / nucleotide
sugars, which provide the glycosylation building blocks, are summarized in Tables 6.1-5.

In Table 6.1 the impact of the precursors feedings on the UDP-Gal concentration in both
cell lines is shown. It is notable that UDP-Gal was barely detected in both cell lines in the
‘Batch’ culture. In the ‘NS’ culture a low but stable concentration was observed in the EG2 cell
lines, whereas the DP12 cell line still only had a very low concentration present. In the
‘Galactose’, ‘UG’ and ‘UMG’ cultures of EG2 and DP12 cell lines similar observations were
made. In the ‘Galactose’ a stable intracellular UDP-Gal concentration of roughly 0.57 mM was

determined for the DP12 culture. However, in the EG2 culture supplemented with galactose, the
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UDP-Gal concentration declined from day 3 to day 6 before again increasing on day 7. In the
‘UG’ and ‘UMG?’ cultures the UDP-Gal concentration in both cell lines increased over time. On
day 4 of both cultures the concentration in the EG2 cell line was significantly greater (P < 0.02)
than what was seen in the DP12 culture. However, on day 5 a significantly higher UDP-Gal

concentration (P < 0.02) for the EG2 cell line was only observed in the ‘UG’ culture.

Table 6.1: Comparison of the effect of the nucleotide sugar precursor feedings on the
intracellular UDP-Gal concentration in CHO-EG2 and DP12 cultures.
EG2 culture DP12 culture

Batch ¢ Only detection on day 4: 0.15 mM ¢ No detection

NS e Low detection ¢ Only detection on day 7: 0.21 mM
e Average: 0.21 mM
o\ from day 3 to 6 (1.68 — 0.42 mM) | e Stable over bioprocess
Galactose

eA onday 7to 1.76 mM e Average: 0.57 mM
uG oA fromday3to5(1.0-1.54 mM) | eAfromday4to7 (0.67—1.19 mM
UMG oA fromday 3t05(0.89-1.31 mM) | eA from day 4 to 7 (0.77 — 1.01 mM)

Table 6.2 shows the effect the precursor feedings had on the adenylate energy charge
(AEC) in both cell lines. In the DP12 cell line the AEC decreased in a similar manner in all
cultures over time. On the other hand, the AEC determined in the ‘Batch’, ‘NS’, and ‘Galactose’
EG2 cultures was fluctuating over time between high and low AEC values without an apparent
trend over the course of the experiments. In the ‘UG’ and ‘UMG’ cultures the AECs were stable

above 0.75.
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Table 6.2: Comparison of the effect of the nucleotide sugar precursor feedings on the adenylate
energy charge in CHO-EG2 and DP12 cultures.

EG2 culture DP12 culture

Batch e Stable between day 3 and day | W from day 4 to day 7
6 (~0.79) e 0.67->0.39

oW onday 4 t00.48

NS eHighonday 2, 4, 7: ~ 0.72 o\ from day 3 to day 7
eLowonday 3,5, 6: ~0.38 e 0.87>0.32

Galactose eHighonday 2,5, 7: ~ 0.64 o\ from day 3 to day 7
eLowonday3,4,6:~041 e 0.82->0.36

UG e Stable: ~ 0.75 o\ from day 4 to day 7
e 0592031

UMG e Stable: ~ 0.76 o\ from day 4 to day 7

0.60 - 0.31

The comparison of the UTP concentration and the U-ratio in the two cell lines for this

study is shown in Table 6.3. While the UTP concentration in the ‘UG’ and ‘UMG’ DP12

cultures was slightly higher than in the other DP12 cultures these concentrations were all

declining during the bioprocess. On the other hand, the ‘Batch’, ‘NS’ and ‘Galactose’ cultures

had stable UTP concentrations. In the ‘UG’ and ‘UMG’ culture the UTP content even increased

during the bioprocess. For both cell lines an overall decline of the U-ratio was observed over

time. While this decline was comparable for most of the cultures, the ‘UG’ and ‘UMG’ culture

in the EG2 cell line showed a smaller decline due to the higher UTP content in those cells.
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Table 6.3: Comparison of the effect of the nucleotide sugar precursor feedings on the UTP

concentration and U-ratio (UTP/UDP-GNac) in CHO-EG2 and DP12 cultures.

EG2 culture DP12 culture
e Stable UTP: ~ 0.22 mM oWV inUTP
Batch e 0.23>0.03mM
oWV in U-ratio oW in U-ratio
e 0.37->0.02 e 0.31->0.02
NS o Stable UTP: ~ 0.29 mM oW inUTP
e 0.41->0.08mM
o\ in U-ratio o\ in U-ratio
e 039->0.11 e 0.50->0.05
Galactose | eStable UTP: ~0.21 mM W inUTP
e 0.44 - 0.08 mM
oWV in U-ratio oW in U-ratio
e 0.43->0.08 e 0.48->0.04
UG oA\ in UTP WV inUTP
e 0.88->1.09mM e 049->0.13mM
o\ in U-ratio o\ in U-ratio
e 0.52->0.37 e 0.33->0.04
UMG oA inUTP WV inUTP
e 0.83->0.95mM e 0.59->0.08 mM
o\ in U-ratio oW in U-ratio
e 050->0.37 e 0.34->0.02

The trends in the NTP ratio and the NTP/U-ratio for both cell lines are shown in Table
6.4. It is noteworthy that in both cell lines the NTP ratio was decreasing over time. The NTP/U-
ratios in all DP12 cultures are high and mostly increasing throughout the bioprocess with the

exception of a drop towards the end of the ‘Batch’ and ‘NS’ culture. A similar observation was
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made for the EG2 ‘Batch’, ‘NS’, and ‘Galactose’ cultures.

However, in the EG2 ‘UG’ and

‘UMG’ cultures the NTP/U-ratio is low and stable due to only a small decrease in both the NTP

and U-ratio over time.

Table 6.4: Comparison of the effect of nucleotide sugar precursor feedings on the NTP ([ATP +
GTP]/[UTP]) and the NTP/U-ratio in CHO-EG2 and DP12 cultures.

EG2 culture DP12 culture
oW inNTP oW inNTP
e 596> 0.68 e 453->0.34
Batch oA in NTP/U-ratio from ~ oA in NTP/U-ratio from 14.79 -
14.26 (day 3/4) to ~ 42.25 43.59
(day 6/7) o\ from 43.59 > 15.60
oW inNTP oW inNTP
e 3722179 e 548->0.95
NS e Fluctuating NTP/U-ratio oA in NTP/U-ratio from 10.95 >
o ~17.07 43.7
o\ from 43.7 > 23.7
oW inNTP oW inNTP
Galactose e 409->135 e 5792131
¢ Fluctuating NTP/U-ratio oA in NTP/U-ratio
o ~2159 o 1215314
oW inNTP oW inNTP
e 157> 1.04 e 236->0.80
Ve e Stable NTP/U-ratio oA\ in NTP/U-ratio
e ~203 o 712244
oW inNTP oW inNTP
o 157>1.04 e 219->0.80
UMG
e Stable NTP/U-ratio oA\ in NTP/U-ratio
e ~288 e 64->354
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Table 6.5 shows the trends in the ATP/GTP ratio for the EG2 and DP12 cell lines during
this experiment. While a consistent decrease over time was observed for all EG2 cultures, a
decrease in the DP12 culture was only observed in the ‘UG’ and ‘UMG’ cultures. For the DP12
cell line a stable ratio was observed for the ‘Batch’ and ‘NS’ cultures, while the ‘Galactose’

culture showed an increasing trend.

Table 6.5: Comparison of the effect of the nucleotide sugar precursor feedings on the ATP/GTP
ratio in CHO EG2 and DP12 cultures.

EG2 culture DP12 culture
Batch o\ in ATP/GTP ratio o Stable ATP/GTP ratio: ~ 3.33
e 3218
NS oW in ATP/GTP ratio e Stable ATP/GTP ratio: ~ 4.15
e 34526
Galactose | W in ATP/GTP ratio oA in ATP/GTP ratio
e 35526 e 3646
UG oWV in ATP/GTP ratio oW in ATP/GTP ratio
e 2317 e 12507
UMG o\ in ATP/GTP ratio oWV in ATP/GTP ratio
e 24518 e 12505

6.3 Discussion

The objective of this study was to determine the effects the media additives galactose,
uridine, and manganese have on the intracellular nucleotide / nucleotide sugar pool. Since the
nucleotide sugars are the building blocks needed for the glycosylation process their availability is

important (Fan et al., 2015). Here the availability of the nucleotide / nucleotide sugars were
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assessed in an attempt to better understand their impact on the galactosylation and the cell’s
overall energy metabolism.

Previous research has shown that nutrient levels have an effect on the intracellular
nucleotide / nucleotide sugar pool (Nyberg et al., 1999). This is the basis for research into the
addition of nucleotide sugar precursor feedings to increase the pool of specific glycosylation
building blocks. The most common media additivies used to increase galactosylation are
galactose, uridine, and manganese.

In both cell lines UDP-GNAc (UDP-GIcNAc and UDP-GalNAc) was accumulating over
time as previously observed by Kochanowski et al. (2008). UDP-GIcNAc and UDP-GalNAc are
isomers and can be converted from one another. At a closer look at the UDP-GIcNAc/UDP-
GalNAc ratio higher values than reported by Span et al. (2001) were determined. However,
these higher ratios are most likely due to the fact that in our nucleotide sugar analysis UDP-
GIcNACc eluted with CTP increasing the combined concentration.

Over time the UDP-Gal concentration in both cell lines remained at very low and mostly
undetectable levels in the ‘Batch’ and ‘NS’ cultures. In the ‘Galactose’ culture of the EG2 cell
line the UDP-Gal fluctuated throughout the experiments while in the DP12 cell line the
concentration remained stable. Only in ‘UG’ and ‘UMG’ cultures did the UDP-Gal
concentration steadily increase. However, in the EG2 cell line the UDP-Glc concentrations
increased steadily during the ‘UG’ and ‘UMG’ cultures while the remainder of the cultures
showed a more consistent concentration over time. In the DP12 culture the UDP-Glc
concentration remained stable in all cultures with the exception of a small increase seen in the
‘NS’ and ‘Galactose’ cultures. This increase coincided with the initial measurement of UDP-Gal

in those cultures. This correlation is not surprising as UDP-Gal and UDP-GlIc can be converted
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into each other. The relative ratio for these two nucleotide sugars (UDP-Gal/UDP-Glc) for the
‘Batch’ and ‘NS’ culture in both cell lines was similar to what was observed by Kochanowski et
al. (2008) at the end of culture (1:2). When UDP-Gal was detected in the cells the ratio found
was between 1:2 to 1:3 without a detectable change over time as observed by Kochanoswki et al.
(2008). However, this trend was not observed during the precursor feeding experiments. In the
‘Galactose’, ‘UG’, and ‘UMG’ experiments the UDP-Hex concentration (UDP-Gal + UDP-Glc)
in both cell lines increased compared to the ‘NS’ culture more than 2 — 3 times in the EG2 and 2
— 4 times in the DP12 cell line, which agreed with findings by Wong et al. (2010). Of the two
UDP-Hex sugars the UDP-Gal concentration increased to be higher than the UDP-Glc
concentration. Over time the EG2 cell lines exhibited a relative ratio (UDP-Gal/UDP-GIc) from
(1.6 : 1) to (1.3 : 1) in the ‘UG’ and ‘UMG’ cultures indicating a slight favor for the conversion
of UDP-Gal into UDP-Glc. In the DP12 cell line the opposite trend was observed when the same
ratio shifted from (1.1 : 1) to (2.0 : 1) (not taking into account the days when the UDP-GIc had a
very high standard deviation). This showed favoritism for UDP-Gal but still resulted in
generally lower UDP-Gal concentrations than seen in the EG2 cell line. The increase in UDP-
Gal when adding galactose (10 mM) alone was also observed by Amand et al. (2014) and Hills et
al. (2001). A further increase was achieved by adding galactose (20 mM) in combination with
uridine (1 mM). As expected, the addition of manganese in combination with galactose and
uridine did not further increase the UDP-Gal concentration.

The adenylate energy charge is a good indication of cell health. In a healthy cell an AEC
value between 0.85 to 0.95 is normal (Atkinson, 1968). In the EG2 cell culture a fluctuation in
the AEC was observed with no apparent trend. Considering that ATP is very unstable and has a

high turnover rate (Weibl et al., 1974) the variation in the AEC could be due to a longer wait

168



until the cell sample was flash frozen or an inconsistency in the stopping of the metabolism.
However, on average a high AEC value can be observed with an obvious decline in the ‘Batch’
culture consistent with the drop in viability (see Chapter 5). A stable AEC was only determined
for the ‘UG’ and ‘UMG’ EG2 cultures, which was consistent with their high viability (above
90%) even after a decline in viability was observed in all other cultures. On the other hand the
DP12 cell cultures experienced a consistent decline in the AEC over time while the viability
determined with the trypan blue exclusion remained very high (see Chapter 5). Even though the
DP12 cell line is DHFR+ the medium used for culture contained hypoxanthine, thymine, and
glycine. In cell culture hypoxanthine is a precursor for ATP and uric acid (Harmsen et al.,
1984). Since the overall adenosine fraction did not increase during the bioprocess it can be
assumed that the hypoxanthine was converted mainly to uric acid during the bioprocess. This
could lead to an accumulation of uric acid in the cell culture. Sanchez-Lozada et al. (2012)
found that the accumulation of uric acid in human aortic endothelial cells caused alterations in
the mitochondria in combination with decreased ATP levels.

When adding uridine as precursor for glycosylation (Ryll et al., 1991) the uridine fraction
in both the EG2 and DP12 cell line increases. A higher increase was seen in the EG2 cell line,
which was accompanied by a higher UTP concentration. This difference could be explained by
the possible difference in the uptake of uridine. It has been shown that hypoxanthine can inhibit
the uridine transport in CHO cells (Plagemann and Wohlhueter, 1984). However, it also seemed
that there was a generally lower uridine fraction in the DP12 cultures. This could mean that the
uridine that was taken up then gets converted to UTP and redistributed to activate the nucleotide

sugars. Hence, the UTP would not accumulate in the cells.
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The NTP and NTP/U-ratio have been associated with the physiological states of cells in
culture (Ryll and Wagner, 1992). For this study the NTP-ratio was calculated as [(ATP +
GTP)/(UTP + (UDP-GIcNAc + CTP)]. During HPLC analysis CTP was co-eluted with UDP-
GIcNAc and hence the combined concentration value is used for this calculation. For both cell
lines a decrease in the NTP-ratio was observed while the NTP/U-ratio increased over the course
of the experiment. The trend seen for the NTP/U-ratio is consistent with the trend observed by
Ryll and Wagner (1992) and Barnabe and Butler (1994) as cell go through the stages of culture.
However, the trend in the NTP-ratio is opposite to what was observed by Ryll and Wagner
(1992) and Barnabe and Butler (1994). Since the UDP-GICNAc concentration is known to
increase over time it will contribute significantly to the increase of the denominator. This would
most likely explain the overall decrease in the ratio as opposed to the increase observed by Ryll
and Wagner (1992). While, the NTP/U-ratio is similar between both cell lines the EG2 ‘UG’ and
‘UMG”’ culture showed a stable ratio during the experiment. Although the NTP-ratio for those
cultures was similar to the remaining EG2 cultures the U-ratio was significantly higher — due to
the uridine feeding — resulting in this lower and stable NTP/U-ratio.

An indication for the division in the purine nucleotide pathway is given by the ATP/GTP
ratio (Barnabe and Butler, 1994). While in both cell lines a lower ratio is observed in the ‘UG’
and ‘UMG?’ cultures, the ratio in the DP12 cell line is around 1 indicating a 50:50 division of the
pathway products. For all other cultures a higher and stable ratio is determined for the DP12 cell
line and a higher and declining ratio in EG2 ‘Batch’ culture, while the ratio is stable in the ‘NS’

and ‘Galactose’ culture.
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6.4 Conclusion

This study showed that the addition of the precursors galactose alone or in combination
with uridine as media supplements was able to increase the UDP-Gal concentration in both cell
lines. This provided conditions that were anticipated to maximize galactosylation. While the
addition of galactose and uridine had an impact on the nucleotide / nucleotide sugar pool, the
addition of manganese did not. The indicators of the physiological states for the cell lines used
followed similar trends. Overall, the uridine feeding had a larger impact on the EG2 culture
resulting in a higher uridine fraction compared to the DP12 culture. The DP12 culture also
showed a consistent decrease in the AEC, which was most likely caused by alterations in the
mitochondria due to the addition of hypoxanthine in the culture medium. This supports the fact
that the media composition is not only important in regards to the changes in glycosylation
precursors but also in regards to the nucleotides / nucleotide sugars that play an important part in

the cells energetics.
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Chapter 7
The effects of nucleotide sugar precursor feedings and the intracellular

nucleotide sugar pool on recombinant protein glycosylation

7.1 Introduction

Glycosylation is a very important aspect of the post-secondary modification in proteins.
In antibodies the glycosylation has an important impact on their stability and overall
functionality (Ghirlando, 1999). While there are many factors that have shown to influence the
glycosylation in a bioprocess, the availability of the building blocks for the glycosylation is a
very important one (Varki et al., 2008).

It was shown that the addition of precursors is able to increase the nucleotide sugar
building blocks needed for glycosylation and specifically galactosylation (Chapter 6) in two
different cell lines. Previous studies have also looked at the particular addition of galactose,
urdine, and manganese. These studies showed varied results within different cell lines and for a
variety of glycoproteins. Hence, it was of interest to see if the increase observed in the UDP-Gal
pool would translate into an increase in the Gl in the antibodies produced by the two cell lines
tested.

For this part of the study the glycosylation of two different antibodies in two different
CHO cell lines was tested after the addition of 10 mM galactose (galactose), 20 mM galactose +
I mM urdine (UG), and 20 mM galactose + 1 mM uridine + 8 uM manganese (UMG). The
change in glycosylation was furthermore correlated to the changes in the intracellular nucleotide
/ nucleotide sugar pool to determine the correlations and advantages but also the limitations of

the simple precursor addition.
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7.2 Results

7.2.1 Effects of the precursor feeding on the glycosylation of EG2

The effects of the nucleotide sugar precursor feedings in CHO-EG2 fed-batch cultures on
the galactosylation of the antibodies produced are shown in Figure 7.1. The galactosylation
observed in the precursor experiments was compared to the galactosylation in a ‘Batch’ and a
regular fed-batch ‘NS’ culture. Each culture was inoculated at 2x10° cells/mL in 250 mL shaker
flasks at a final working volume of 80 mL. During the experiment the cultures were incubated at
37°C with a 10% CO2 overlay on a shaker platform (120 rpm). At each sampling point 10 mL of
supernatant were collected and filtered through a 0.2 pum filter to remove the cells. The
glycosylation of the antibody present in the supernatant was then analyzed as described in the
methods (n = 2) (see Section 2.6).

Figure 7.1 shows the galactosylation index (GI) (see Section 2.6.5.1) for each culture
during the experiment. In the ‘Batch’ culture a decrease in the GI from 0.8 to 0.56 (-30%) was
observed during the experiment. A slight decrease from 0.79 to 0.64 (-19%) and from 0.85 to
0.68 (-20%) was also seen in the ‘NS’ and ‘Galactose’ culture, respectively. On the other hand,
in the ‘UG’ and ‘UMG’ culture the decrease in the GI observed was minimal and the value
appeared stable at 0.88 and 0.89, respectively. These values were significantly higher (P < 0.02)
on day 4 compared to the ‘Batch’ and ‘NS’ culture. On day 5 the GI calculated for the ‘UG’ and
‘UMG’ culture was significantly higher (P < 0.02) than the GI in all other cultures. However,
the largest decrease in the ‘Batch’, ‘NS’, and ‘Galactose’ culture was after day 5 for which no

glycan analysis was performed in the ‘UG’ and ‘UMG’ culture.
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Figure 7.1: The galactosylation indices (GI) during a ‘Batch’ ((3), ‘NS’ (E3), ‘Galactose’ (E3
), ‘UG’ (E8), and ‘UMG’ (E3)) fed-batch EG2 cultures. (n = 2; error bars indicate the standard
deviation)

* (P <0.02) compared to ‘Batch’ and ‘NS’ cultures that day

~ (P <0.02) compared to all other cultures that day

Figure 7.2 shows the distribution and percentage of the different galactosylated glycan
forms (i.e. GO, G1, G2, and G3) that were used to determine the overall GI during the
bioprocess. The percentage of GO in each culture during the bioprocess is shown in Figure 7.2
(A). An increase in the percentage of GO was observed in the ‘Batch’ (7 2 26%), ‘NS’ (8 =
20%), and ‘Galactose’ (4 = 17%) culture after day 3. For the ‘UG’ (4 2 6%) and ‘UMG’ (4 >
7%) culture the increase in the GO content was less prominent. For day 4 and 5 the GO content in
the ‘UG’ and ‘UMG’ precursor experiments was significantly lower (P < 0.02) than in the

‘Batch’ and ‘NS’ culture. On day 5 the GO content was also determined to be significantly lower

174



than the GI calculated for the ‘Batch’ and ‘NS’ cultures. In the ‘Batch’ and ‘Galactose’ culture
an increase in the G1 content was also observed over time (Fig. 7.2 B). During the ‘Batch’ and
‘Galactose’ bioprocess the G1 content increased from 27 to 37% and 23 to 31%, respectively.
However, for the ‘NS’, ‘UG’, ‘UMG’ culture the G1 content remained stable around 30, 19, and
18%, respectively. On day 4 and 5 the G1 content of the ‘UG’ and ‘UMG’ culture was
significantly lower (P < 0.02) than in the ‘Batch’ and ‘NS’ cultures. Figure 7.2 (C) shows the
percentage of the G2 glycans present in each culture during the bioprocess. From day 3 a
decrease in the G2 content was observed for the ‘Batch’ (63 = 35%), the ‘NS’ (64 - 48%), and
the ‘Galactose’ (72 = 57%) cultures. Meanwhile the G2 content in the ‘UG’ and ‘UMG’
remained stable around 70%. For day 4 and 5 the G2 percentage in the ‘UG’ and ‘UMG’ fed
cultures was significantly higher (P < 0.02) than in the ‘Batch’ culture. In addition, the ‘UG’ and
‘UMG”’ cultures showed a significantly higher (P < 0.02) G2 content than what was observed in
the ‘NS’ culture on day 5. The G3 content of all cultures is shown in Figure 7.2 (D). For the
‘NS’ culture no G3 content was observed throughout the experiment. For the ‘Batch’ culture a
low but stable G3 content around 2% was observed. For the ‘Galactose’ culture the G3 content
was highest on day 3 at 7 % after which it decreased to 4%. The highest content for the ‘UG’
and ‘UMG’ was observed on day 4 at 6 and 7%, respectively. After day 4 the G3 content
decreased to 5% in both cultures. On day 3 and 5 the G3 content in the ‘UG’ and ‘UMG’

cultures were significantly higher (P < 0.02) than what was observed in the ‘Batch’ cultures.
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Figure 7.3: The fucosylation indices during the ‘Batch’ ((3), ‘NS’ (EH), ‘Galactose’ (E5),
‘UG’ (), and ‘UMG’ (E3) fed-batch EG2 cultures. (n = 2; error bars indicate the standard
deviation)

* (P <0.02) compared to all other cultures that day

Figure 7.3 shows the fucosylation index (FI) (see Chapter 2.6.5.2) for each culture
throughout the bioprocess. While the FI decreased in the ‘Batch’ culture over time from 0.96 to
0.78, the FI remained fairly stable around 0.98, 0.97, 0.95, and 0.94 in the ‘NS’, ‘Galactose’,
‘UG’, and ‘UMG’ cultures, respectively. Starting at day 5 the FI determined for the ‘Batch’
culture was significantly lower (P < 0.02) than the FI in the all other cultures.

The change in the sialylation index (SI) (see Chapter 2.6.5.3) over time for each culture is
shown in Figure 7.4. The ‘Batch’ culture showed a decrease in the SI from 0.13 to 0.06 over

time. A similar decrease from 0.12 to 0.09 and from 0.14 to 0.10 in the SI was observed in the
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‘NS’ and ‘Galactose’ cultures, respectively. In the ‘UG’ and ‘UMG’ cultures the SI was lower

throughout the culture but remained constant at 0.10 and 0.09, respectively.

0.16
0.14
0.12

0.10

0.08

Sialylation Index (Sl)

0.06

0.04

0.02

0.00
Day 2 Day 3 Day 4 Day5 Day 6 Day 7

Figure 7.4: The sialylation indices during the ‘Batch’ (), ‘NS’ (E), ‘Galactose’
(B2), ‘UG’ (), and ‘UMG’ (E3) fed-batch EG2 cultures. (n = 2; error bars indicate the
standard deviation)

Overall, the addition of ‘UG’ and ‘UMG’ precursor combinations to the CHO EG2
culture was able to increase and maintain the GI over the time observed. This decrease was
mainly observed due to the increase in G2 and G3 glycoforms. In addition, the ‘UG’ and ‘UMG’
cultures showed a stable FI and SI for the days observed. While, the ‘Galactose’ addition by
itself was able to slightly increase the GI of the EG2 sample, the feeding was not able to
maintain the GI over time. Although a higher SI was observed for the ‘Galactose’ culture, the

feeding again was not able to maintain the SI over time. In the ‘Batch’ and ‘NS’ culture both the
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GI and the FI decreased over time. The ‘Batch’ culture was also the only culture that showed a

decrease in the FI over time.

7.2.2 The correlation of the intracellular UDP-Gal pool on the protein galactosylation in

EG2 cultures.

The UDP-Gal concentration versus the Gl for each experimental run is graphed in Figure
7.5. In the ‘Batch’ culture the intracellular UDP-Gal was low and an actual presence was only
detected on one day. Even at this low level UDP-Gal detection the GI was detected to vary
between 0.8 on day 3 and 0.56 on day 7. In the ‘NS’ culture a slightly higher level of UDP-Gal
was detected throughout the culture. However, this did not reflect in a higher GI — only a
slightly higher maintenance from 0.79 on day 3 and 0.64 on day 7. Compared to the ‘Batch’ and
‘NS’ culture a significantly (P < 0.02) higher UDP-Gal concentration was seen in the ‘Galactose’
culture (Figure 6.1). This higher UDP-Gal concentration resulted in a higher Gl (0.85).
However, this high Gl was not maintained and decreased to about 0.7 on day 6 and 7. In the
‘UG’ and ‘UMG’ culture similar UDP-Gal levels were detected as seen in the ‘Galactose’
culture. Yet, with similar levels of UDP-found the GI was further increased than what was
observed in the ‘Galactose’ culture. As previously observed this led to significantly higher GI
values on day 4 and 5 for the ‘UG’ and ‘UMG’ cultures compared to the ‘Batch’ and ‘NS’

cultures.
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Figure 7.5: The UDP-Gal concentration versus the galactosylation index (GI) during the ‘Batch’
(0), ‘NS’ (A), ‘Galactose’ (Q), ‘UG’ (®), and ‘UMG’ (X) fed-batch EG2 cultures.

7.2.3 Effects of the precursor feeding on the glycosylation of DP12

The effects of the nucleotide sugar precursors feeding in CHO-DP12 fed-batch cultures
on the galactosylation of the antibodies produced are shown in Figure 7.6. The galactosylation
observed in the precursor experiments was compared to the galactosylation observed in a ‘Batch’
and a regular fed-batch ‘NS’ culture. Each culture was inoculated at 2x10° cells/mL in 250 mL
shaker flasks at a final working volume of 80 mL. During the experiment the cultures were
incubated at 37°C with a 10% CO. overlay on a shaker platform (120 rpm). At each sampling
point 10 mL of supernatant were collected and filtered to remove the cells. The glycosylation of

the antibody present in the supernatant was then analyzed as described in the methods (n = 2).
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Figure 7.6 shows the galactosylation index (GI) (see Chapter 2.6.5.1) for each culture
during the experiment. In all cultures the individual Gl remained stable throughout the run. The
lowest Gl values were observed in the ‘Batch’ and ‘NS’ culture at 0.28 and 0.29, respectively.
In the ‘Galactose’ culture the average GI increased to 0.33. A further increase was observed in
the ‘UG’ and ‘UMG?’ cultures with an average GI of 0.37 and 0.40, respectively. The increased
Gl in the ‘UG’ and ‘UMG’ cultures were found to be significantly higher (P < 0.02) than what

was observed in the ‘Batch” and ‘NS’ culture on days 4, 5, and 6.
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Figure 7.6: The galactosylation indices during a ‘Batch’ (E3), ‘NS’ (E3), ‘Galactose’ (E3),
‘UG’ (E8), and ‘UMG’ (E3) fed-batch DP12 cultures. (n = 2; error bars indicate the standard
deviation)
* (P <0.02) compared to the ‘Batch’ and ‘NS’ culture that day
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Figure 7.7 shows the distribution and percentage of the different galactosylated glycan
forms (i.e. GO, G1, and G2) that were used to calculate the overall GI during the bioprocess. The
percentage of GO in each culture during the bioprocess is shown in Figure 7.7 (A). As seen in
the Gl values the individual percentage of GO glycoforms in each culture did not vary much over
time. The highest average percentage of GO glycoforms at 52.3% and 50.3% was observed in
the ‘Batch’ and ‘NS’ cultures, respectively. The ‘Galactose’ culture showed a slightly lower
average GO content at 43.6%. Compared to the ‘Batch’ and ‘NS’ culture a lower content was
found in the ‘UG’ and ‘UMG’ culture at 39.9% and 36.3%, respectively. On day 4, 5, and 6 the
GO content in both the ‘UG’ and the ‘UMG’ culture was significantly lower (P < 0.02) compared
to the ‘Batch’ culture. On day 5 the GO content in the ‘UG’ and ‘UMG’ culture was also
significantly lower (P < 0.02) compared to the ‘NS’ culture. The G1 content in all cultures is
shown in Figure 7.7 (B). As observed in the GO content the average G1 content in each culture
stayed stable during the bioprocess. The lowest average in the G1 content was seen in the
‘Batch’ and ‘NS’ culture at 39.4% and 42.5%, respectively. A slightly higher G1 content was
observed in the ‘Galactose’, ‘UG’, and ‘UMG’ cultures at 45.8, 46.4, and 47.9%, respectively.
For the ‘UMG”’ culture the G1 content seemed to slightly increase over time. On day 5 and 6 the
G1 content was significantly higher (P < 0.02) than the G1 determined for the ‘Batch’ and ‘NS’
cultures. Figure 7.7 (C) shows the percentage of the G2 glycans present in each culture during
the bioprocess. As previously seen with the other glycoforms the ‘Batch’ and ‘NS’ culture
contained a stable average G2 content during the experiment at 8.3 and 7.2%, respectively.
These values also represented the lowest average G2 percentages found. The ‘Galactose’ culture
had an average G2 content of 10.5% throughout the run. In the ‘UG’ and ‘UMG’ cultures a

decrease from 16 to 10% and from 17 to 14% in the G2 content was found during the respective
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run. On day 4, 5, and 6 a significantly higher (P < 0.02) G2 content was found in the ‘UG’ and
‘UMG’ cultures compared to the ‘Batch’ culture.

Figure 7.8 shows the fucosylation index (FI) (see Chapter 2.6.5.2) for each culture
throughout the bioprocess. In all cultures a decline in the FI was observed starting on day 6. In
the ‘Batch’ culture the FI decreased from 1.0 to 0.86. A lower decrease from 1 to 0.94 and 0.93
was observed in the ‘NS’ and ‘Galactose’ cultures, respectively. The lowest decrease was
observed in the ‘UG’ and ‘UMG’ cultures. On day 7 the FI for the ‘Batch’ culture was

significantly lower (P < 0.02) than the FI for all other cultures.
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Figure 7.8: The fucosylation indices during the ‘Batch’ ((3), ‘NS’ (EH), ‘Galactose’ (E3),
‘UG’ (E3), and ‘UMG’ (E&=) fed-batch DP12 cultures. (n = 2; error bars indicate the standard
deviation)
* (P <0.02) compared to all other cultures that day
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The change in the sialylation index (SI) (see Chapter 2.6.5.3) over time for each culture is
shown Figure 7.9. The overall sialylation of DP12 was very low and barely detectable. The
‘Batch’ culture showed a stable SI of 0.012 with no detectable sialylation on day 5. In the ‘NS’
culture sialylation was only detected at day 6 (0.005). A similar low level was observed in the
‘Galactose’ culture. Higher sialylation values were determined for the ‘UG’ and ‘UMG’
cultures. However, in the ‘UG’ and ‘UMG”’ cultures the SI decreased from 0.03 to 0.005 and

from 0.04 to 0.01, respectively, over the course of the experiment.
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Figure 7.9: The sialylation indices during the ‘Batch’ (), ‘NS’ (E), ‘Galactose’
(B2), ‘UG’ (E8), and ‘UMG’ (E2) fed-batch DP12 cultures. (n = 2; error bars indicate the
standard deviation)

Overall, the addition of UG and UMG precursor combinations to the CHO-DP12 culture

was able to increase and maintain the GI over the time observed. This increase was mainly
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observed due to the shift from the GO to the G1 and G2 glycoforms. In addition, the ‘UG’ and
‘UMG’ cultures showed a stable FI for the days observed. An increase in the SI was seen
initially with the addition of UG and UMG, but it was not maintained over time. The addition of
galactose alone was also able to increase the Gl of the DP12 sample, but not to the extent
observed in the ‘UG’ and ‘UMG’ culture. The addition of galactose resulted in a lower decrease
in the FI and a low but stable SI. While the GI remained stable in the ‘Batch’ and ‘NS’ culture,

the FI showed a decrease over time.

7.2.4 The correlation of the intracellular UDP-Gal pool on the protein galactosylation in

DP12 cultures.

The UDP-Gal concentration versus the Gl for each experimental run is graphed in Figure
7.10. In the ‘Batch’ culture the intracellular UDP-Gal was too low to be detected. At this low
level the GI was determined at 0.29. In the ‘NS’ culture UDP-Gal was only detected on day 7 of
the culture. However, this did not reflect in a higher GI, which remained on average at 0.29.
Compared to the ‘Batch’ and ‘NS’ cultures a higher UDP-Gal concentration was seen in the
‘Galactose’ culture (Figure 6.6). This higher UDP-Gal concentration resulted in a higher Gl at
0.35 on day 5 and 6. In the ‘UG’ and ‘UMG’ cultures even higher UDP-Gal levels were
detected. This increase in the UDP-Gal concentration was also correlated with a significant

increase (P < 0.02) in the Gl to 0.39 compared to the ‘Batch’ and ‘NS’ cultures.
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Figure 7.10: The UDP-Gal concentration versus the galactosylation index (GI) during the
‘Batch’ (00), ‘NS’ (&), ‘Galactose’ (Q), ‘UG’ (®), and ‘UMG’ (X)) fed-batch DP12 cultures.

7.2.5 Comparison of effects in EG2 and DP12 cultures.

The overviews of the precursor feeding effects on the glycosylation are summarized in
Figure 7.11-7.14

In Figure 7.11 the impact of the precursors feedings on the Gl in both cultures is shown.
It is notable that the GI decreased in the EG2 ‘Batch’, ‘NS’ and ‘Galactose’ cultures over time
while it remained stable in all other cultures for the EG2 cell line and all DP12 cultures. For
both the EG2 and DP12 cultures a small increase in the GI was observed in the ‘NS’ compared to
the ‘Batch’ culture. By adding galactose to the culture an additional increase of 8.5% and 17.8%
was observed for the EG2 and the DP12 culture, respectively. Another increase in the Gl

compared to the ‘Control’ was seen after adding galactose in combination with uridine to both
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the EG2 and DP12 culture at 23.9% and 21.6%, respectively. By additionally adding manganese
to the UG combo the GI was further increased compared to the ‘NS’ by 25.4% and 37.9% for the
EG2 and the DP12 culture, respectively. In the EG2 culture this increase in GI was mainly due
to an increase in the G2 and G3 glycoforms for both the ‘UG’ and ‘UMG’ cultures. However, in
the DP12 culture the increase in the ‘UG’ and ‘UMG’ cultures was due to an increase in the G1

and G2 glycoforms.
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Figure 7.11: Comparison of the effect of the nucleotide sugar precursor feedings on the
galactosyaltion index in CHO EG2 () and DP12 (mm) cultures.
* Increase compared to respective ‘NS’ culture

Figure 7.12 shows the effect the precursor feedings had on the fucosylation in both cell

lines. In the ‘Batch’ culture the FI decreased over time in the both cell lines. In addition, the FI
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also decreased in the DP12 ‘NS’ and ‘Galactose’ cultures. For all other DP12 cultures the FI
only decreased marginally with the highest daily FI detected in the DP12 ‘UG’ and ‘UMG’
cultures. Under the same conditions the EG2 culture resulted in a lower (0.95 and 0.94) but

stable FI.
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Figure 7.12: Comparison of the effect of the nucleotide sugar precursor feeding on the
fucosylation index in CHO EG2 () and DP12 (mm) cultures.

The comparison of the sialylation index in the two cell lines for this study is shown in
Figure 7.13. While the SI decreased in the EG2 ‘Batch’, ‘NS’, and ‘Galactose’ cultures, it

remained stable in those DP12 cultures. On the other hand, the DP12 ‘UG’ and ‘UMG’ cultures
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showed a decreasing Sl during the bioprocess while the same cultures remained stable in the

CHO-EG2 cultures.
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Figure 7.13: Comparison of the effect of the nucleotide sugar precursor feeding on the
sialylation index in CHO EG2 (0) and DP12 (m=) cultures.

The correlation between the intracellular UDP-Gal concentration and the respective
galactosylation index for both cell lines are shown in Figure 7.14. In both cell lines the UDP-Gal
concentration and Gl increased through the addition of galactose. In addition, a further increase
in UDP-Gal (in CHO DP12) and GI (both cell lines) was observed when adding uridine +
galactose together. While, the addition of manganese did not show a further increase in UDP-

Gal a small increase in the Gl was observed in both cell lines.
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Figure 7.14: Comparison of the effect of the intracellular UDP-Gal pool on the galactosyaltion
index in CHO EG2 (1) and DP12 (m) cultures.

7.3 Discussion

The objective of this study was to determine the effect of the precursor feedings and the
connected intracellular nucleotide sugar pool — especially UDP-Gal — on the antibody
glycosylation in two CHO cell lines. A special interest was the change in the galactosylation of
two antibodies with a different initial galactosylation index (Gl).

Previous studies showed that the addition of galactose, uridine, and manganese in
different cell lines, producing different glycoproteins showed varying results without going

further into the differences between the cell lines. In this study both cell lines experienced an
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increase in the intracellular UDP-Gal concentration, which is the building block necessary for the
galactosylation process. As shown in Chapter 6 this increase is caused by the addition of
galactose to the basal and feed medium. The further addition of uridine led to a consistent
increase in the UDP-Gal concentration throughout the experiment by providing the necessary
UTP for galactose activation.

Both antibodies experienced an increase in the galactosylation index when nucleotide
sugar precursors were added to the medium. The increase in the Gl with the addition of
galactose, UG and UMG has previously been shown by other research groups (Kildegaard et al.,
2015; Gramer et al., 2011; Wong et al., 2010; Grainger and James, 2013). The increase observed
in the EG2 culture from 0.71 in the ‘NS’ to 0.89 in the ‘UMG’ culture is comparable with
observations done by Liu et al. (2014) in CHO-EG2 batch cultures. While the DP12 culture
exhibited a rather low GI in the ‘NS’ culture (0.29) the UMG feeding strategy allowed for an
increase up to a Gl value of 0.4. This also agreed with findings by Liu et al. (2014). The large
discrepancy in the Gl determined for the EG2 and the DP12 glycan pool could be caused by a
steric hindrance that would cause difficulty for the galactosyltransferase to add galactose to the
glycan in the Fc region of DP12 (Hills et al., 2001; Wormald et al., 1997). It is currently
assumed that two mutations in the Fc region of the EG2 molecule could be creating a better
access for the galactosyltransferase compared to the DP12.

Another important aspect in the bioprocess is not only the control of the galactosylation
of product but also to maintain it throughout the bioprocess. During the experiments it was
observed that the GI of the EG2 culture decreased over time in the ‘Batch’, ‘NS’, and
‘Galactose’ culture, while the same cultures for the DP12 cell line were able to maintain their Gl.

For the ‘UG’ and ‘UMG cultures both cell lines showed increased GI values compared to the

192



‘NS’ culture that could be maintained throughout the bioprocess. A similar observation was
made by Grainger and James (2013) and Gramer et al. (2011). Furthermore, consistent with the
observations in this study Gramer et al. (2011) showed that the addition of UMG at a variety of
concentrations did not only show a stabilization of the galactosylation in a culture but even its
increase. The stable Gl observed in the ‘Batch’, ‘NS’, and ‘Galactose’ cultures of the DP12 cell
lines could be explained by the overall low galactosylation, which can be increased and
maintained without problems by the cell even with low UDP-Gal concentrations. On the other
hand the high starting GI found in the EG2 cultures can only be maintained with a consistent
high UDP-Gal concentration — as observed in the ‘UG’ and ‘UMG’ cultures.

The galactosylation was not further increased when manganese was added to the EG2
culture. However, in the DP12 culture the addition of manganese further improved the
galactosylation showing a synergistic effect as seen by Gramer et al., (2011). Based on the
original Gl in the DP12 cell line a shift in GOF to G1F and secondarily to G2 and G2F was seen -
as observed by Gramer et al. (2011). Since the EG2 culture already had a high Gl a shift from
G1F to G2 and G2F and secondarily to G3 was observed.

In both cell lines a general decrease in the fucosylation was observed in the ‘Batch’
culture. Less of a decline was observed in all other cultures with the lowest decline in the
‘Galactose’ and ‘NS’ in the EG2 culture and the ‘UG’ and ‘UMG’ in the DP12 cultures.
Previous studies found that the fucosylation was not affected by low concentration precursor
feedings (Kildegaard et al., 2015; Gramer et al., 2010). However, Gramer et al. (2010) found
that as the UMG concentration increased a negative effect on the fucosylation was observed.

This finding agrees with the observations made for the EG2 experiments while the observations
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in the DP12 experiments show a positive effect of UG and UMG feedings on maintaining the
fucosylation.

For EG2 a decrease in the sialylation was seen over time in the ‘Batch’ culture. A slight
decrease was also observed in the ‘NS’ and ‘Galactose’ cultures, while the sialylation in the
‘UG’ and ‘UMG’ cultures were constant but lower than seen in the other cultures. Similar
observations towards less sialylated species were made by Wong et al. (2010). The decrease of
sialylation in the ‘UG’ and ‘UMG’ as well as all others cultures could be partially explained with
the increased UDP-GIcNACc content that competes with the CMP-Neu5Ac transport into the
Golgi. On the other hand a high sialylation was observed in the beginning of the ‘UG’ and
‘UMG’ DP12 cultures, which then decreased over time. This decrease is also correlated to the
UDP-GIcNAc competition with CMP-NeuAc as UDP-GIcNAc accumulated over time.

Previous work by Wong et al. (2010) showed that the addition of galactose increased the
UDP-Gal concentration in the CHO cell line used. Wong and colleagues also showed that the
feeding of galactose in combination with uridine did not further increase the UDP-Gal
concentration but did cause a shift in galactosylated species to less sialylated forms. In this work
the relationship between the intracellular UDP-Gal concentration and the Gl index showed that
an initial increase in the UDP-Gal increased the GI. As shown by Wong et al. (2010) in both cell
lines the addition of galactose led to an increase in the UDP-Gal concentrations. However,
opposite of Wong’s results (2010) the addition of uridine and manganese further increased the
UDP-Gal concentration in the DP12 ‘UG’ and ‘UMG’ cultures. Even though the UDP-Gal
concentration wasn’t further increased in the EG2 culture fed with UG and UMG the GI was
slightly increased compared to the ‘Galactose’ culture. However, since the GI in the ‘UMG’

EG2 culture was not significantly different to the ‘UG’ culture it can be assumed that the
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additive effect was from the uridine in the EG2 cell line. At the concentration used the
manganese did not show a positive impact on the galactosylation in the EG2 culture. In the
DP12 cell line the feeding of UG and UMG in combination not only increased the Gl but also the
UDP-Gal concentration. This indicates that UTP could have been limiting in all other DP12
cultures for the activation of galactose. Hence an increased UDP-Gal pool can be achieved with
the addition of uridine as precursor for UTP. In both cell lines a maximum plateau (GI) was
reached with the addition of the UG and UMG feeding strategies. Similar plateaus were
observed by Gramer et al. (2011) who saw that increasing the UMG concentrations at some point
did not further increase the GI. Since the further increased UDP-Gal concentration was not able
to promote the increase of the GI, this could be the maximum Gl for the respective antibodies
under these conditions. With a high UDP-Gal this plateau could be caused by a sterical
hindrance in the Fc region hindering the access of the galactosyltransferase or the lack of

galactosyltransferase.

7.4 Conclusion

The results of this experiment demonstrate that the addition of galactose alone was able
to increase the UDP-Gal concentration and Gl in both cell lines but was not able to maintain the
GI over time for the highly galactosylated antibody. By feeding uridine in combination with
galactose the Gl was maintained in both cell lines with a further increase in the UDP-Gal
concentration in the DP12 cell line. This showed that uridine was needed in this particular cell
line for galactose activation. Adding manganese to the feed allowed for an additional increase in
the Gl of the DP12 antibody indicating the increase of the galactosyltransferase activity by

manganese. The highest increase in the GI for both antibodies compared to the ‘NS’ culture was
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observed in the UMG culture at 25.4% and 37.9% in the EG2 and DP12 culture, respectively.
Results also showed that the addition of uridine was able to support the DP12 cell line in the high
fucosylation maintenance. Overall the data support the differences seen among cell lines and the
effect precursor feedings have on the respective product glycosylation. In both cell lines a
threshold limit exists after which a further increase in the UDP-Gal concentration is not

correlated to an increase in the galactosylation index under these experimental conditions.
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Section B

Summary

Glycosylation is an important part of the secondary post-translational modification of
recombinant proteins as the glycan structure has a great impact on the proteins’ stability,
solubility, and efficacy. Hence the study of glycosylation is important to understand how the
glycosylation profile of a recombinant protein can be altered and / or maintained. While many
factors can influence the glycosylation profile, the addition of nucleotide sugar precursors has
shown to increase certain glycosylation building blocks. These building blocks are part of the
nucleotide / nucleotide sugar metabolism, which also contains many metabolites involved in the
energetics of the cell. Therefore, it is important to take a more global approach to look at the
impact of the precursor feedings on the nucleotide sugar metabolism and subsequent
glycosylation.

As the first step in this study the effects of the nucleotide sugar precursors galactose,
uridine, and MnCl> on the cell growth and metabolism of the two cell lines was studied in fed-
batch cultures. It was demonstrated that based on the genetic make-up of the cell line the
addition of certain precursors — in this case uridine — can have a negative effect on the growth
while the viability is maintained. It was also demonstrated that the switch from a batch to a fed-
batch culture in general was able to increase the volumetric productivity.

Furthermore the impact of the precursors feedings on the actual glycan building blocks
and energy nucleotides was analyzed. Here it was shown that for both cell lines the addition of
galactose increased the UDP-Gal pool. This intracellular pool was additionally increased in the

DP12 when uridine was added, indicating that UTP is limiting for galactose activation under
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normal circumstances. When looking at the energy metabolites — especially the AEC value a
continuing decline in the DP12 cultures was seen. This decline was associated with the
hypoxanthine present in the regular growth medium. Since the DHFR pathway is not
compromised in this cell line the addition of hypoxanthine might have led to an increased level
or uric acid in the cells. This increase has previously been connected with changes in the
mitochondria and a drop in ATP production.

Lastly a look at he final glycosylation profile of the antibodies of interest showed that
while the sole addition of galactose was able increase the Gl it was not enough to maintain it
over time. However, in combination with uridine the Gl was further enhanced and more
importantly maintained. In both the EG2 and DP12 culture the GI was increased by 25.4 and
37.9%, respectively, with the addition of precursors to the medium. Nonetheless, the GI could
not be increased infinitely as both cell lines exhibited an individual limit for the conditions
tested. Furthermore, it was demonstrated that the change from a batch to a fed-batch culture

allowed for a better maintainance of the fucosylation in both cell lines.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

During this study, | looked at two important aspects in cell culture monitoring. In the
first part of the study | evaluated the use of dielectric measurements to analyze and characterize
mammalian cells by comparing them to more commonly used cell density and viability
measurements. In biopharmaceutical production it is desirable to extend the duration of a
bioprocess to increase the volumetric productivity. Hence, the early detection of cell demise can
be useful as these stages may be reversible by an appropriate feeding strategy. However, the
right cell culture media composition and feeding strategy is not only important for cell viability
but also for the maintaince of the quality of the protein produced by the cell. Thus, in the second
part of this study | evaluated the effect of nucleotide / nucleotide sugar precursor feedings on the
biopharmaceutical production and glycosylation process.

Both bulk and single cell dielectric measurements are able to detect changes in the
cytoplasm conductivity and cell membrane capacitance. This results in the faster detection of
cell decline than seen using the trypan blue exclusion method (Braasch et al., 2013). In addition
it was shown that the DEP cytometer is able to detect any changes with a higher sensitivity
including rare events that might otherwise be masked by the culture. The DEP cytometer can be
more sensitive because single cells are analyzed by their displacement in an electrical field with
sensitivity of 0.1 um and at a rate of 5 cells per second. This allows the detection of small
changes in dielectric properties enabling multiple subpopulations to be monitored. Hence, the

device has the potential of a low-cost, label-free, electronic monitor of physiological changes in
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cells. This work also emphasizes and supports the need for single cell dielectric analysis methods
to detect rare events in a bioprocess (See Section 4.2.4).

In the batch cultures grown in a controlled bioreactor the decline in cell health was
associated with a drop in the AEC value. This drop was related to substrate deprivation towards
the end of the culture. However, the cell culture media composition does not only have an
impact on cell health but also plays an important part in the glycosylation process. In addition, a
loss in cell viability can cause cells to release glycosidases, which have a negative effect on the
final protein quality. Hence it is important to look at the overall glycosylation process when
assessing media components. While some aspects of the process have been elucidated the
process is quite complex and hence difficult to understand or predict. Especially since different
cell lines and products are known to show different results.

In the second part of this study I further elucidated some aspects in the glycosylation
process by not only looking at the final glycan profile after nucleotide sugar precursor feeding
but by also looking at the overall nucleotide sugar profile, cell growth, viability, and productivity
in two cell lines producing two very different antibodies. It was shown that additions to the basal
or feed medium have a variety of consequences. Hence all these factors should be studied
together to determine the best strategy for the recombinant protein of interest. In this case the
removal of uridine or a feeding strategy including a later addition of uridine or less frequent
feeding might be of interest to maintain growth but also increase and maintain the Gl in the EG2
cell lines. The addition of manganese also does not seem needed in this cell line and therefore
could be omitted. For the DP12 cell line the hypoxanthine should be removed from the medium
to see if the removal will improve the energetic state of the cell. However, the feeding of

uridine, galactose, and manganese should be maintained as it resulted in the highest Gl for this
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antibody. This emphasizes and supports the need for detailed metabolic analysis in the process
development.

The achievements of these studies were the elucidation of the dielectric measurements
used for cell viability determination and the further understanding of their potential in the
detection of changes within the cell (Braasch et al., 2013; Saboktakin-Rizi et al., 2014). This
early detection is important in process development to better understand the reason for cell
demise so that changes can be made to the process. One of the changes that can be made is the
improvement of the cell culture medium to provide optimal conditions for growth and protein
glycosylation. The information obtained from the precursor feeding experiments showed that
certain additions allowed for glycosylation to be improved and maintained during the bioprocess.
However, it also showed that precursors can reach saturation and that some additives such as
uridine could have a negative impact on certain cell lines based on their genetic make-up. These
aspects need to be taken into consideration to create a medium optimal for growth and

production without feeding unnecessary components or unnecessary high concentrations.

8.2 Future Work
8.2.1 Dielectric Measurements

In this work the dielectric measurements for batch and apoptosis cultures have been
correlated to changes in the ionic content of the cells. To verify that these changes in the
cytoplasm are correlated with the dielectric measurements it would be beneficial to monitor the
ion content in the cells and supernatant. This could be done by taking a cell and supernatant

sample at each time point to determine the intra- and extracellular ion content.
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It would also be interesting to see if starvation and rescue experiments can be performed.
It has been shown that dielectric measurements are able to determine cell demise early on and it
has been suggested that nutrient feeding could reverse the early stages of apoptosis. Hence, it
could be tested whether the early detection can be used to control the feeding strategy.
Apoptosis could be artificially induced by starvation. At different timepoints of the dielectric
measurements nutrients could be added to the culture to determine if and how the cells dielectric

properties change and if cells are able to return to normal growth.

Another important aspect for the dielectric measurements would be the use of another
cell line. Seeing that the CHO-DP12 cell line showed a consistent drop in the AEC values and
therefore ATP due to hypoxanthine, it would be interesting to see if and how its dielectric
properties change throughout the bioprocess. It would also be interesting to compare the growth

and dielectric properties of that cell line in the presence and absence of hypoxanthine.

8.2.2 Precursor Feeding

For future work regarding the precursor feeding experiments it would be interesting to
explore whether the Gl saturation reached in both cell lines is caused by steric hindrance in the
Fc region of the antibody. The steric hindrance hypothesis could be tested by developing the
protein structure using X-ray crystallography. The structure of both antibodies could then be

compared to determine any structural differences in the Fc region.

Based on the assumption that the hypoxanthine in the medium was the reason for the

drop in the AEC during the bioprocess, it would be beneficial to repeat the experiment with
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medium lacking hypoxanthine. If the hypoxanthine was the reason for the drop in AEC it would
be interesting to see if the nucleotide precursor feedings would have a different impact on cell

growth and glycosylation.
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Appendix A
Optimal quenching, extraction and HPLC method for nucleotide / nucleotide

sugar analysis”

A.1 Introduction

While most nucleotides and nucleotide sugars are very stable in the cell, others such as
ATP have a very rapid turnover rate (1 — 2 sec) (Weibl et al., 1974). This means that the cell
metabolism has to be stopped immediately after sampling to obtain an accurate measurement of
[ATP] and other metabolites for the bioprocess at that moment in time. Previously reported
guenching methods have included a rapid decrease of culture temperature to values below 0° C
to inactivate the metabolism (Grob et al., 2003) combined with the use of various chemicals
(Winder et al., 2008; Faijes et al., 2007). Other studies have shown that quenching with a low
salt solution at 0°C was able to sufficiently quench the culture sample (Dietmair et al., 2010).
Several comparative studies using mammalian cells (Dietmair et al., 2010; Sellick et al., 2009)
have been performed of which only one focused explicitly on the retrieval of nucleotides and
nucleotide sugars involved in glycosylation (Val et al., 2013). Val et al. (2013) reported that
they found no need for quenching, which is most likely due to the fact that they extracted the
samples immediately after removing them from the culture. However, this is not always feasible
especially if multiple or large samples have to be taken. They also did not report the AEC,

which is particularly sensitive to the method of quenching and a good indicator for how

*The content of this chapter was included in a paper:

Braasch, K., Villacres, C., and Butler, M. (2015), Evaluation of quenching and extraction methods for nucleotide /
nucleotide sugar analysis: in Glyco-Engineering: Methods and Protocols (ed. Alexandra Castilho), Methods in
Molecular Biology. Humana Press.
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efficiently the metabolism is stopped during sampling.

The choice of an extraction method depends on the metabolite of interest. It is important
to choose an efficient extraction procedure that can effectively cause cell lysis and release the
intracellular content.  Commonly, strong acidic extraction solvents such as perchloric,
trichloroacetic, formic acid or tetra butyl-ammonium sulphate have been used for nucleotide
extractions (Kochanowski et al., 2006; Sellick et al., 2011). However, degradation of nucleoside
triphosphates can occur. Acetonitrile (ACN) (Grob et al., 2003; Au et al., 1989; Feng et al.,
2008; Ryll and Wagner, 1991), ethanol (Nakajima et al., 2010; Grob et al., 2003) and methanol
(Ritter et al., 2008; Grob et al., 2003) have also been used as organic solvents for the extraction
of nucleotides. ACN acts as an effective protein denaturant; causing cell membrane damage that
allows the nucleotides and nucleotide sugars to pass through (Grob et al., 2003). Cell exposure
to ethanol and methanol causes less damage to the cell membranes compared to acetonitrile
(ACN), but requires longer periods of exposure. Hence, low nucleotide yields have been
reported when using ethanol (Tomiya et al., 2001; Grob et al., 2003). A different approach to the
extraction of nucleotides / nucleotide sugars has been described by Rabini et al. (2001). This
group used a graphitized carbon containing solid-phase extraction (SPE) column (Envi™-Carb
column) taking advantage of the negatively charged nature of the nucleotides and nucleotide
sugars. The column binds the nucleotide sugars tightly and allows for subsequent elution with an
ion-pairing reagent such as triethylammonium acetate (TEAA) in combination with an elution
solvent such as ACN (Rébin& et al., 2001).

Extracted intracellular metabolites have been analyzed by a variety of methods including
capillary electrophoresis (CE) (Grob et al., 2003), high-performance liquid chromatography

(HPLC), ion-pair reverse-phase high-performance liquid chromatography (RP-HPLC) (Nakajima
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et al., 2010; Rabini et al., 2001; Kochanowski et al., 2006; Ryll and Wagner, 1991) and anion-
exchange chromatography (HPAEC) (Tomiya et al., 2001; Val et al., 2013). However, none of
the methods has enabled the separation of all nucleotide and nucleotide sugars involved in
glycosylation. While the optimized method by Val et al. (2013) (based on Tomiya et al. (2001))
provides a faster chromatography method not all peaks are separated and absorbance is measured

using two UV detectors (Val et al., 2013).

A.2 Quenching

Two quenching methods, 60% methanol / 0.85% ammonium bicarbonate
“Methanol/AMBIC” (pH 7.4, -20°C, based on Sellick et al. (2009)) and 0.9% NaCl “NaCl”
(0.5°C, based on Dietmair et al. (2010)), were compared to control samples (“Control”) for
which cells were harvested by centrifugation without cooling or quenching. During this study
the focus was on the recovery of the nucleotides and the adenylate energy charge (AEC) value.
Since the cells were in mid-exponential phase of growth when samples were taken, their high
viability would be reflected by high AEC values, expected to be between 0.85-0.95 (Atkinson,
1968). The results show that the “Methanol/AMBIC” method (Sellick et al., 2009; Sellick et al.,
2011) was the most effective in resulting in a high AEC value (0.87), which was in the range
expected for cells in mid-exponential phase (Figure A.1). In comparison the AEC values
determined from the “Control” and “NaCl” quenching procedures were 18% lower. The AEC
values of “NaCl” quenched samples showed no significant difference to the AEC values of the
“Control”. The higher AEC value in the “Methanol/AMBIC” method suggests a higher recovery
of ATP and hence more efficient quenching compared to the “NaCl” quenching and “Control”

method.
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Figure A.1: Comparison of adenylate energy charge (AEC) values determined for (a) Control
(no quenching, 37°C), (b) 60% Methanol / 0.85% Ammonium bicarbonate (AMBIC) (pH 7.4, -
20°C), and (c) 0.9% NaCl (0.5°C) quenching following immediate or 1-week delayed extraction
(n=2).

In addition, the stability of the quenched samples to retain the initial [ATP] over a 1-week
storage period was determined. The “Methanol/AMBIC” quenching procedure was also the
most effective in retaining the stability of the samples with only a 7% decrease in AEC after one
week storage at -70°C. In comparison the “Control” and “NaCl” samples showed a decrease in
the AEC value of 39% and 47% respectively. This suggests that the “Methanol/AMBIC”
quenching method minimized ATP breakdown and stabilized cell samples resulting in higher and

expected AEC values compared to the alternative methods. Therefore the “Methanol/AMBIC”

method was chosen as the preferred quenching protocol.
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A.3 Extraction

Four extraction methods were tested to compare the recovery of nucleotide / nucleotide
sugars as determined from the sum of integrated peak areas assigned from standard HPLC runs
(fmol/cell; Figure A.2). The extraction methods included the use of a solid-phase extraction
column (3 mL) “Envi"™-Carb column” (Ribini et al., 2001), “Cold Methanol” (100%, ice-cold)
(Sellick et al., 2009), “Cold Acetonitrile” (50%, ice-cold) (Dietmair et al.,, 2010) and a
“Methanol/Chloroform” procedure (70% methanol, chloroform) based on (Ryll and Wagner,
1991). Figure A.2 shows the recoveries obtained from the combination of the 3 quenching
methods with each of the 4 extraction methods. The lowest recovery of nucleotides (~5
fmol/cell) was obtained using “Cold Methanol”. In comparison the other three extraction
methods resulted in an average recovery of 12-15 fmol/cell. While these three extraction
methods showed similar overall recoveries, the “Cold Acetonitrile” method showed higher
variability of values (Figure A.2), a clear disadvantage for quantitative analysis. However, the
“Envi™-Carb column” and “Methanol/Chloroform” methods not only showed similar extraction
recoveries but also similar variability between samples, with slightly lower variability for the
“Envi'™-Carb column” (Figure A.2). Therefore, our preferred method of extraction is the
“Envi™-Carb column” protocol. This provides high recovery of nucleotides with low variability
and can be adapted for analysis of multiple samples.As indicated by the star ( < ) in Figure A.2
our preferred methods for the recovery of nucleotides and nucleotide sugars is the combination

of “Methanol/AMBIC” quenching and “Envi™-Carb Column” extraction.
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Figure A.2: Comparison of the total nucleotide / nucleotide sugar recovery for quenched and
unquenched samples using the following extraction methods (a) an Envi™-Carb Column, (b)
70% Methanol / Chloroform, (c) 100% ice-cold Methanol and (d) 50% ice-cold Acetonitrile.
The values for immediate extraction and after a 1-week delay were averaged (n = 4).

& The combination of “Methanol/AMBIC” quenching and “Envi™-Carb Column” extraction
was chosen for the most efficient and reproducible nucleotide / nucleotide sugar extraction
process.

A.4 HPLC Analysis

An HPLC method for separation and quantitative analysis of nucleotides extracted from
cells was optimized based on a previously published HPAEC method by Tomiya et al. (2001).
The original method by Tomiya et al. (2001) allowed for an efficient separation and
quantification of nucleotides / nucleotide sugars in the extracted sample, except for CTP with
ADP, which co-elute as one peak. This presented a problem for the determination of AEC
values, which are important for the viability measurements. To separate CTP and ADP the
elution gradient was modified to be more gradual. While this allowed for the separation of CTP

223



and ADP, CTP is now co-eluting with UDP-GIcNAc. Although UDP-GIcNAC is an important
precursor for glycosylation precursor determination the co-elution with CTP is not that much of a
disadvantage. An increase in its concentration can be seen due to an overall increase in the peak
area of CTP and UDP-GIcNAc since the CTP concentration is not expected to fluctuate very
much. Although 30 min longer than the method previously reported (Tomiya et al., 2001), the
modification resulted in a better baseline separation allowing more accurate identification and
quantification. In addition, the extra 30 min includes 15 min of column re-conditioning to ensure
consistent runs. Overall this method allowed the efficient separation and quantification of 18
nucleotides / nucleotide sugars in the extracted sample, except for UDP-GIcNAc and CTP which
co-elute as one peak. The original method reported co-elution of CTP with ADP. Our
modification allows separation of these nucleotides permitting the calculation of the AEC value

for each sample.

A.5 Conclusion

These methods were selected for the sampling, extraction and analysis of intracellular
nucleotide and nucleotide sugar pools in CHO cells cultured in suspension. The final protocol
was chosen based on the comparison of two quenching protocols and a control (no quenching) in
combination with four extraction protocols found in the literature. Special attention was paid to
the AEC values, the overall extraction of the metabolites of interest and the methods overall
reproducibility. Based on the results it was determined that the “Methanol/AMBIC” quenching
with the “Envi"™-Carb column” is the best combination for an efficient and reproducible
nucleotide / nucleotide sugar analysis. A modified HPLC analytical method based on Tomiya et

al. (2001) was determined optimal for the analysis of extracted samples.
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