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Abstract

Several studies on the impact of cell culture parameters on the profile of host cell
protein (HCP) impurities have been carried out in shake flasks. Herein, we explore
how transferable the findings and conclusions of such investigations are to lab-scale
bioreactors. Experiments were performed in both systems in fed-batch mode under
physiological temperature and with a shift to mild hypothermia and the impact on
key upstream performance indicators was quantified. Under both temperatures,
bioreactors produced a richer HCP pool despite the overall concentration being
similar in both scales and temperatures. The number of different HCPs detected in
bioreactor supernatants was four times higher than that in flasks under
physiological temperature and more than eight times higher under mild
hypothermia. The origin of HCPs was also altered from mostly naturally secreted
proteins in flasks to mainly intracellular proteins in bioreactors at the lower
temperature. Although the number of species correlated with apoptotic cell density
in bioreactors, this was not the case in flasks. Even though the level of HCP
impurities and mAb/HCP concentration ratio were similar under all four conditions
with an average of approximately 330 pg HCP/mL culture and 0.3 mg HCP/mg IgG4,
respectively, the fact that culture method significantly affects the number of species
present in the supernatant can have implications for downstream processing steps.

Highlights
1. Comparison of flask and bioreactor cultures at 37°C and 32°C
2. All four conditions produced similar HCP concentration and mAb/HCP ratio
3. Bioreactor cultures had significantly higher number of HCP species than flasks
4. HCP variety correlated with apoptotic cell density in bioreactors but not flasks



1 Introduction

Removal of HCPs has been a significant challenge in the biopharmaceutical industry
as downstream purification (DSP) reaches its capacity bottleneck [1]. Subsets of
HCPs that cannot be easily removed by the Protein A chromatography step, which is
the workhorse of monoclonal antibody (mAb) platform purification processes, have
been extensively identified [2-7]. Furthermore, HCPs such as chaperones and
proteases may compromise product quality by promoting product aggregation or
fragmentation [8-10]. In the past five years, the concept of Quality by Design (QbD)
had been employed to understand the impact of upstream culture conditions like
cell age, cell culture mode (batch or fed-batch), process duration and culture
temperature on HCP profile [11-14] with an aim to reduce the level of HCPs in
downstream feedstock by optimizing cell culture conditions.

Several of these studies were carried out in flasks [4,11], while others performed
research with bioreactors that mimic typical biopharmaceutical productions [13-
15]. However, our understanding of how different culture methods in flasks versus
bioreactors affect the extracellular HCP profile at harvest is limited. As we try to
integrate findings from a variety of experimental studies ranging from
characterizing extracellular HCP profile to mapping intracellular metabolic
pathways, it becomes essential to understand how cells behave under different
culture environments and whether information obtained from flask cultures [4,16-
19] still holds true when we scale cultures up to lab-scale bioreactors and beyond.
For example, does scale-up from flasks to bioreactors change the dynamics between
cellular behavior and the corresponding HCP profile? We recently reported that the
HCP level in supernatant collected from bioreactors increases proportionally with
the percentage of dead cells, while the degree of apoptosis determines the variety
of HCP species found in the supernatant [13]. Would these correlations have been
identified had the study been conducted in shake flasks?

In this work, we investigate the impact of scale-up from flasks to lab-scale
bioreactors on CHO cell behavior and the corresponding extracellular HCP
concentration and variety at harvest. First, we characterize the impact of cell culture
methods (flasks or bioreactors) on a set of CHO cell responses including cell growth,
cell health, and cell cycle distribution under standard physiological temperature and
with a shift to mild hypothermia during exponential cell growth phase. Then,
proteomic analysis of supernatants collected at the harvest criterion of 80% culture
viability is conducted and the HCP species present under the different culture
methods are categorized. Finally, interlinks between cellular behavior and HCP
profile are identified and related to the culture environment encountered by the
cells in flasks and bioreactors, highlighting key differences that can result in
significantly different predictors of HCP variety at each scale.

2 Materials and methods

2.1 Cell line and maintenance



GS-CHO 46 cell line expressing glutamine synthetase and cB72.3 chimeric 1gGs
antibody was kindly donated by Lonza Biologics. The cell line was revived and
cultured in shake flasks (Corning, NY) in CD CHO medium (Life Technologies,
Paisley, UK) at 37°C in 8% CO2 humidified air, shaken at 140 rpm. Cells were
subcultured in fresh medium every four days at a seeding density of 2 x 105 cells/mL
and then used to seed shake flask and bioreactor fed-batch cultures on the fourth
passage. The first and second passages were supplemented with 25 puM L-
Methionine Sulfoximine (MSX, Sigma-Aldrich, Dorset, UK).

2.2 Shake flask cell culture

Shake flask cultures were performed in triplicate in 500 mL Erlenmeyer flasks
(Corning, NY) with a working volume of 130 mL in CD CHO medium. Cell cultures
were seeded at a cell density of 2 x 105 viable cells/mL and grown in 8% CO2
humidified air, shaking at 140 rpm. For the control experiment, the culture
temperature was maintained at 37°C, whereas a second set of triplicate cultures
were grown at 37°C until late exponential growth phase (day 5), when the
temperature was down-shifted to 32°C and maintained until harvest.

All cultures were supplemented with 10% v/v CD EfficientFeed™ C AGT™
(Feed-C, Life Technologies, Paisley, UK) every other day from day 2. Every day, a 5
mL culture sample was removed and centrifuged at 800 rpm for 5 min to obtain the
supernatant, which was then aliquoted and stored at -80°C. All cultures were
harvested when viability dropped below 80%.

2.3 Bioreactor operation

The 3L CellReady bioreactor (Applikon Biotechnology, Schiedam, Netherlands) was
inoculated at a seeding density of 3 x 10> cells/mL with an initial cell culture volume
of 1.2 L. The culture was mixed by an in-house up-pumping marine impeller rotating
at 150 rpm and was supplied with a constant air flow rate of 22.5 mL/min. The
process was controlled with a my-control unit (Applikon Biotechnology, Schiedam,
Netherlands) at 36.5 + 0.5°C with a heating blanket and pH 7.0 * 0.1 with CO2 supply
and 100 mM NaHCOs3/Na2C03 alkali solution (Sigma-Aldrich, Dorset, UK). Dissolved
oxygen tension (DOT) was set to a minimum of 50% with oxygen supply. These
process parameters were monitored continuously with the BioExpert software
version 1.1X (Applikon Technology, Schiedam, Netherlands).

Cell cultures were supplemented with 10% v/v CD EfficientFeed™ C AGT™
(Feed-C, Life Technologies, Paisley, UK) on alternate days from day 2. Foaming was
relieved with 5 mL of 5% w/v Antifoam-C (Sigma-Aldrich, Dorset, UK). Samples
were collected daily and centrifuged at 800 rpm for 5 min. Aliquoted supernatants
were stored at -80°C. The bioreactor working volume was kept within the range of
1-1.3 L by drawing out excessive culture fluid every day after sampling and before
any addition of feed or antifoam. For mild hypothermic experiments, cell culture
temperature was reduced to 32.0 + 0.5°C on day 5, corresponding to the late
exponential cell growth phase, and maintained constant until harvest. Two
bioreactor runs were conducted under each temperature regime.



2.4 Cell count, cell cycle distribution and cell health

Cell concentration was determined with the Viability and Cell Count assay of the
NucleoCounter® NC-250™ (ChemoMetec A/S, Allerod, Denmark) according to the
manufacturer’s instructions. Total DNA content and cell cycle distribution were
determined with the 2-Step Cell Cycle assay of the NucleoCounter® NC-250™, and
the results were visualized and analyzed with the associated NucleoView software.
Examination of cellular health was carried out with the Vitality assay of the
NucleoCounter® NC-250™., All solutions (Solution 18 for the Cell count assay,
Solutions 10, 11 and 12 for the 2-Step Cell cycle assay and Solution 6 for the Vitality
assay) were purchased from ChemoMetec A/S (Allerod, Denmark).

2.5 Measurements of extracellular IgG4 and metabolite concentrations

Extracellular IgG4 concentration was measured with the BLItz system (Pall ForteBio
Europe, Portsmouth, UK), which is a biolayer interferometry device. Extracellular
concentrations of glucose (Glc), glutamate (Glu), glutamine (GIn), lactate (Lac) and
ammonia (Amm) were quantified with the BioProfile 400 analyzer (NOVA
Biomedical, MA, USA).

2.6 Quantification of HCP concentration and identification of HCP species

HCP concentration in the cell culture supernatant was measured with a
commercially available GS-HCP ELISA assay kit (Lonza Biologics, Slough, UK). HCP
species in the culture supernatant were detected with liquid chromatography-mass
spectrometry/mass spectrometry (LC-MS/MS). The protocol for sample
preparation was adapted from the method described by Reisinger et al. (2014).
Samples were filtered with 0.45um syringe filters (VWR, Darmstadt, Germany).
Total protein concentration of the filtered supernatant was measured with
NanoDrop 1000 (Thermo Scientific, UK). Then, 450ug of total protein were
denatured in 4 M guanidine HCl (Sigma-Aldrich, Dorset, UK) and reduced with
6.4mM dithiothreitol, DTT (Sigma-Aldrich, Dorset, UK) at 37°C for 1 hour. The
sample was then alkylated with 13mM iodoacetamide (Sigma-Aldrich, Dorset, UK)
in the dark at room temperature (around 20°C) for 1 hour. After that, the sample
was quenched by adding 4.2 mM DTT and buffer exchanged to 50mM, pH 8.0 Tris
(Sigma-Aldrich, Dorset, UK) with 10K Microcon centrifugal filter devices (Merck
Millipore, Cork, Ireland). MS-grade trypsin (Promega, WI, USA) was added with a
mass ratio of 1pg of trypsin to 22ug of protein and left overnight at 37°C. Prepared
samples were aliquoted and stored at -80°C until analysis.

Trypsin digested samples were analysed with an Infinity 1290 Binary LC system
coupled to an iFunnel 6550 Quadrupole-Time-of-Flight liquid chromatography-
mass spectrometer, QTOF LC-MS (Agilent Technologies, Santa Clara, CA). 20 uL of
the tryptic peptide sample was separated on a Zorbax Extend-C18 LC column, with
2.1 x 50mm dimensions and 1.8um particle size (Agilent Technologies, Santa Clara,
CA) by an 80-minute gradient (solvent A: 0.1% formic acid in water; solvent B: 0.1%
formic acid in acetonitrile). The following linear gradient was applied: 3-40% buffer



B for 80 min, 40-90% buffer B over 2 min then 100% buffer B over 2 min. Peptides
were subjected to mass spectrometry (MS) and MS/MS as they eluted from the LC.

The data files acquired were extracted to generate peak lists, then submitted for
database searches through the Spectrum Mill MS proteomic workbench, Rev
B04.01.141 (Agilent Technologies, Santa Clara, CA). The spectra were searched
against an in-house database of protein sequences of rodents (reviewed proteins of
Cricetulus griseus, Mesocricetus auratus, Mus musculus and Rattus norvegicus
downloaded from the UniProt website on 10-4-2015), IgGs, and common
contaminants like human keratins. Proteins identified with 95% confidence or
greater were accepted.

2.7 HCP categorization

HCPs in the supernatants of shake flasks and bioreactors were categorized further
into three main subcellular locations according to the information available on the
UniProt website (http://www.uniprot.org): intracellular, cell plasma membrane
and naturally secreted. Intracellular HCPs include proteins that could only be found
in the supernatant if cells lyse, which include proteins located in the cytoplasm,
nucleus, endoplasmic reticulum (ER), Golgi apparatus, mitochondrion, ribosomal
units, cytoplasmic vesicles, storage granules and structural membrane proteins of
the intracellular organelles. Cell membrane HCPs include structural proteins that
form the cell plasma membrane, proteins on cell surface, microvillus and proteins
at cell-cell junctions. Secreted HCPs include proteins in extracellular matrix and
those excreted through exosomes. HCPs that were found in more than one location
according to the UniProt website, e.g., being modified in the ER and Golgi to be
secreted, the HCPs would be categorized according to its final destination as a
secreted protein.

3 Results and Discussion

3.1 Cell growth

Figure 1 shows the cell growth profiles of cultures in flasks and bioreactors at (A)
standard physiological temperature and (B) under mild hypothermia. Cells cultured
in bioreactors reached a maximum cell density of 1.5 x 107 cells/mL, which was 60%
higher than that of flask cultures. On day 14, the [IVCC was 30% higher in bioreactors
than in flasks. However, it should be mentioned that the bioreactors were seeded at
3 x 10> cells/mL instead of 2 x 10° cells/mL in flasks, although it is evident from
Figure 1 that this did not impact the initial cell growth rate and in the case of mild
hypothermic cultures did not result in any significant difference in the profile of
viable cell density. A fluctuating stationary phase was observed in the control
bioreactor experiment from day 7 to 10 in contrast to a smooth and stable stationary
profile in flask cultures (

Figure 1A). We believe that feeding at 10% culture volume every alternate day was
the cause of this. Cell culture fluid was drawn out before feeding to maintain a
working volume of 1-1.3 L, which, in combination with the feeding events, diluted
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the cultures slightly. In contrast to the control, cell cultures conducted under mild
hypothermia produced similar growth curves in both flasks and bioreactors (

Figure 1B). The exponential cell growth of both bioreactors and flasks was
ceased immediately upon TDS on day 5, and an extended stationary phase
commenced from day 6. Cell growth was not enhanced by the controlled
environment in bioreactors. In both culture methods, the extracellular ammonia
concentration was lower under physiological temperature, while it exceeded the
threshold for growth-inhibitory levels, reported to be 5mM for this cell line [20],
under mild hypothermia from day 6 in flasks and from day 7 in bioreactors (data
not shown). This is expected to have contributed to the lower IVCC under mild
hypothermia.

At standard physiological temperature, cell viability of bioreactors could not be
sustained although the IVCC and maximum cell density were increased significantly
compared to flasks (

Figure 1A). Cell viability dropped below 90% at the start of the stationary phase (day
8). In contrast, culture viability in flasks was maintained at a high level and only
decreased in late stage culture. On day 14, cell viability of the control flasks and
bioreactors were 84.1 * 4.1% and 48.5 = 8.0%, respectively. TDS improved cell
viability of bioreactors significantly, which was maintained at a similar level as that
of flask cultures and began to decrease only from day 11 onwards (

Figure 1B).

We wanted to identify the reasons for this rapid decline and, therefore,
analyzed the extracellular metabolite profiles, CO2 accumulation, working volume
and stirring speed of the bioreactors and compared them to data available in the
literature. The extracellular glucose concentration, which is the main carbon source
for the cultures, was above the minimum threshold of 2 g/L (or 11 mmol/L, Figure
S5A). Lactate level was also within an acceptable range for healthy cell cultures
despite the continuous accumulation, peaking well under 3 g/L (Figure S5B). Zhu et
al. reported that osmolarity above 460 mmol/L is detrimental to CHO cell viability
and growth [21]. Nonetheless, the osmolarity of the control bioreactors was below
420 mmol/L on day 8 when cell viability dropped below 90%. Equally, CO2 was
stripped off with a constant air flow rate of 0.02 vvm from the start of the process,
and oxygen was supplied through an air-oxygen cascade from day 6 onwards when
dissolved oxygen started to be on demand. Nonetheless, we are unsure if sufficient
CO2 stripping was achieved particularly at the late exponential phase when cell
density increased above 1.5 x 107 cells/mL, since the partial pressure of CO2 was not
monitored on-line.

However, Odeleye et al. studied the fluid dynamics of the 3L CellReady
disposable bioreactor system and demonstrated that the well-mixed region of the
bioreactor islimited up toaz/H = 0.15 (level of the culture/ height of the bioreactor)
[22]. The region extending from z/H of 0.2 to the liquid surface was characterized
as a low energy region where mass, heat and gas transfers were heterogeneous. We
therefore kept the working volume of the bioreactor in 1.2-1.3 L to maintain culture
homogeneity. Nonetheless, cell culture at smaller volumes also suggests that cells



would circulate the blade area at higher frequencies. As reported by Odeleye et al.,
the lower circulation loop exhibits higher turbulence levels and the greater
hydrodynamic forces could damage the cells as studied by Godoy-Silva et al. [23].
Therefore, we hypothesize that the early cell death in the control experiments was
caused by cells experiencing significant hydrodynamic forces around the blade area
of the bioreactors.

This conclusion is also supported by Velez-Suberbie et al. who cultured a
similar CHO cell line expressing IgGs in 3.5 L bioreactors at 37°C [24]. The
bioreactors were aerated by direct gas sparging, and the results showed that cell
viability dropped below 30% within 24 hours after inoculation in the absence of
shear protectant. In contrast, bioreactors supplemented with a shear protectant,
Pluronic F-68, were successful. Velez-Suberbie et al. concluded that cells could not
survive with direct gas sparging without the addition of shear protectant. Similar
conclusions were made by Clincke et al. and Zhang et al. regarding the importance
of shear protectants on sustaining cell viability of bioreactors [25,26].

Interestingly, cell viability was maintained at high percentages in mild
hypothermic bioreactors operated in similar working volume, stirring speed and
aeration rate as the control. Cells at 32°C appeared to be more robust than the
control which is believed to be a result of homeoviscous adaptation of the cell
membrane at lower culture temperature [12,13,27].

3.2 Cell health and cell cycle distribution

Cell health of flasks and bioreactors was measured with the Vitality assay of
NucleoCounter-250, and the results of cell cultures at standard physiological
temperature and mild hypothermia are shown in Figure 2A and B, respectively.
Under all culture conditions and methods, over 90% of cells were healthy with
apoptotic subpopulation below 2% in the first six days. At standard physiological
temperature, the apoptotic subpopulation of both flasks and bioreactors started to
rise from day 7 (Figure 2A). Interestingly, the percentage of apoptotic cells increased
at a higher rate in flasks than in bioreactors. From day 13 onwards, the percentage
of apoptotic cells accumulated to approximately 10% of total cells in flasks, which is
double of that in bioreactors (Figure 2A). Mild hypothermic cultures showed similar
cell health trend as that of the controls, where the percentage of apoptotic cells
increased significantly in flasks but remained at lower levels in the corresponding
bioreactors (Figure 2B). Accumulation of apoptotic cells across the cell culture
period are shown in Figure S1 and S2.

Figure 2C and D show the cell cycle distribution of flasks and bioreactors at
standard physiological temperature and under mild hypothermia, respectively. Cell
cultures with flasks had active cell divisions through the exponential phase with a
low percentage of Go/Gi subpopulation of 62.2 + 0.5% and high S and M
subpopulations of a total 33.0 + 0.5% cells (Figure 2C). After six days, the fraction of



cells in Go/G1 increased gradually and reached 80.4 *+ 0.4% of cells arrested in Go/G1
on day 10 (Figure 2C). Scale-up from shake flask to bioreactor at standard
physiological temperature changed the cell cycle distribution of the culture. Distinct
patterns of cell cycle distribution across the culture period were not observed
(Figure 2C): Go/G1 subpopulation increased gradually during the exponential phase
for six days, after which the control bioreactor duplicate started to behave
differently, as reported in our previous study [13]. The Go/G1 subpopulation
increased continuously until harvest in one but decreased continuously in another.
The decrease in Go/G1 cells in the latter case was accompanied by an increase in
apoptotic cell population with fragmented DNA [28,29].

Both flask and bioreactor cultures responded to TDS immediately with a rise
in Go/G1 subpopulation from 66.9 * 0.5% on day 5 to 80.9 * 1.1% on day 6 (Figure
2D). Interestingly, cell cycle arrest in flasks was temporary. The percentage of cells
in Go/G1 returned to alower value of 72.2 + 0.2% after an adaptation period of seven
days on day 13 and remained stable through the late stationary and decline phases.
In contrast, cell cycle arrest in the mild hypothermic bioreactors was permanent,
where Go/G1 cells remained at high percentages of over 77% until the end of the
cultures. Active cell division was not resumed, which resulted in a lower VCD in the
decline phase (

Figure 1B). The cause of different cell cycle responses to TDS in bioreactors
and flasks is yet to be investigated. A possible reason for permanent cell arrest in
bioreactors was the higher hydrodynamic stress experienced by cells in such an
environment. This is supported by Motobu et al. who showed that CHO cells exposed
to great hydrodynamic force have an increased fraction of Go/G1 cells [30]. In
contrast, static cell culture retains fewer cells in Go/G1 phase but more cells in S
phase.

Cells cultured in shake flasks exhibited a larger apoptotic subpopulation than
bioreactors regardless of the culture temperature (Figure 2). We propose two
reasons for this observation. Firstly, critical cell culture parameters like pH and
dissolved oxygen were not controlled in flasks. Moreover, daily sampling required
flasks to be taken out from the incubators when the temperature of the cultures
would have been perturbed. Fluctuations in these important process parameters in
flasks can impose stresses onto the cultures, and, hence, prevent cells from growing
as healthily as that in the fully controlled bioreactors.

The second reason is that apoptotic cells, which are more fragile and shear-
sensitive than healthy cells, were quickly broken down to cell debris in the high-
shear bioreactor environment [12]. Therefore, accumulation of apoptotic cells over
the culture timeframe was not observed. The second reason is also supported by the
fact that the percentage of dead cells in bioreactors increased continuously although
the apoptotic cell population remained low (

Figure 1A). Additionally, we found a subpopulation of cells with PI intensity
higher than the main healthy cell population in bioreactors from mid-stationary
phase onwards (Figure S1G to L). This subpopulation of cells increased with the
culture duration especially in the control bioreactors but did not exist in flasks at



both culture temperatures (Figure S1A to F and Figure S2A to F). Examination of cell
images revealed that this cell population arose from aggregations of viable cells in
bioreactors. These aggregates consisted of several viable cells with one or two dead
cells or cell debris scattered among them. The presence of dead cells interfered with
the overall PI intensity of the viable aggregates, hence, deviated their locations on
the scatter plots.

3.3 IgGs and HCP concentrations

Figure 3A and B show the IgGs titer of flask and bioreactor cultures at
standard physiological temperature and under mild hypothermia. Production of
IgG4 was higher in bioreactors than flasks under both temperatures (Figure 3A and
B), which is also reflected in the higher specific cell productivity, Qp (Table 1). Figure
3C and D show the extracellular HCP concentration in flasks and bioreactors at
standard physiological temperature and under mild hypothermia, respectively.
Accumulation of HCPs was observed in all four cases, but the HCP concentration was
always lower in flasks than in the corresponding bioreactors. The extracellular HCP
level of the control flasks increased significantly by 2.2-fold in mid-stationary phase
(from day 8 to 10, Figure 3C), when cell viability was still very high (95.2 + 1.3%).
On the other hand, control bioreactors produced a large quantity of HCPs from the
beginning of stationary phase exceeding 200 pg/mL on day 7 and accumulating
continuously until harvest. The step-increase in HCP level was postponed from mid-
to late stationary phase when cells were cultured in flasks under mild hypothermia
(from day 12 to 14). Similar to the control, this happened when cell viability was still
high (94.6 + 1.4%, on day 14). The mean HCP concentration of bioreactors under
mild hypothermia was higher than that of the corresponding flasks at harvest, but
the difference was not statistically significant (272.0£75.3 pg/mL in flasks and
380.0+166.2 pug/mL in bioreactors, Table 1). It should be noted that significant
differences in the measured HCP concentration have previously been reported
when using different ELISA assay kits. Specifically, when we measured the
concentration of HCP in bioreactor supernatant samples using the Cygnus Kkit, the
values were approximately 2.6 times lower than those determined with the Lonza
GS-HCP kit [31]. Similar discrepancies were observed by Yuk et al. when comparing
their results obtained with a proprietary Genentech HCP ELISA kit with those
obtained by Tait et al. using the Cygnus kit [32,33] The specificity and accuracy thus
appear to be different for each kit, hence, only the results obtained with the Lonza
GS-HCP kit are presented here for consistency.

The extracellular HCP profile has been previously reported to be closely
related to cell viability of bioreactors for this cell line [13]. Therefore, we wanted to
know if the same relationship could be found between the extracellular HCP profile
and cell viability of flasks. We plotted the percentage of dead cells (1-cell viability)
as line graphs and superimposed it on bar charts of HCP concentration across the
cell culture period (Figure S7). Instead of a trend of extracellular HCP level that
increases directly with the percentage of dead cells, the extracellular HCP
concentration of shake flask cultures was often underestimated by cell viability. This
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trend indicates that HCPs in the supernatant collected from flasks were not released
during the culture operation itself. Instead, we suspect that high percentages of
apoptotic but viable cells sampled from flasks were sheared and broken down
during the centrifugation step, releasing the HCPs into the supernatant.

3.4 The characteristics of HCPs when culture viability dropped below 80%

Figure 4A and B shows the number of HCP species found in supernatant
samples under the two cultivation temperatures when cell viability dropped below
80%. A pool of HCPs was commonly found in both flask and bioreactor scales.
Nonetheless, supernatants of bioreactors contained approximately 4 and 8.5 times
higher number of different HCP species at standard physiological temperature and
under mild hypothermia, respectively, compared to the respective flask cultures.
This observation indicates that HCP composition was significantly more diverse in
bioreactors than in flasks despite the same culture temperature in each case. Most
HCP species found in flasks were detected in bioreactors too, i.e., 73% at standard
physiological temperature and 93% under mild hypothermia.

HCP species in supernatants were categorized into their subcellular locations as
described in Section 2.7 and the number and profile of HCP species are illustrated in
Figure 5. Although the number of HCP species in supernatants was reduced
substantially by culturing cells in flasks instead of bioreactors (Figure 4), the profile
of their subcellular location was unaffected by the culture method at standard
physiological temperature. From Figure 54, the extracellular HCP mix in flasks was
made up of 68% intracellular HCPs, 20% naturally secreted proteins and 12%
membrane proteins. This distribution is similar to the HCP profile of the
corresponding bioreactor cultures (Figure 5A), which agrees with previous reports
that the majority of HCPs in supernatants are intracellular [13,33]. Interestingly,
TDS to 32°C on day 5 modified this profile. From Figure 5B, the supernatant from
flask cultures grown under mild hypothermia contained significantly fewer
intracellular HCP species than the corresponding bioreactors, leading to an HCP
composition mainly made up of naturally secreted proteins (48%), followed by
intracellular proteins (37%) and cell membrane protein (15%). This suggests that
the two culture methods led to protein expression differences at the reduced
temperature of 32°C.

Moving from flasks to bioreactors also affected how the variety of HCP species
related to apoptotic cell density of the cultures. In our previous study, we observed
that the variety of HCP species is directly proportional to apoptotic cell density. [13].
When cell cultures were performed under mild hypothermia suppression of
apoptotic cell density throughout the culture period led to a 37% reduction in the
number of extracellular HCP species detected in supernatants [13]. Nonetheless,
apoptotic cell density and the size of extracellular HCP pool did not correlate well
when the impact of scale-up was considered. Shake flask supernatant, which
contained a higher percentage of apoptotic cells (Figure 2), contained a significantly
lower number of HCP species under both culture temperatures, as mentioned above
(Figure 4). For instance, the percentage of apoptotic cells and the apoptotic cell
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density in the control experiment were 76.2 * 5.7% and 71.9 * 13.7% lower in
bioreactors than in flasks at the point of 80% cell viability (Table 1). However, the
number of HCP species was 4 times higher in bioreactors than in flasks (Table 1).

This observation could not be due to higher HCP concentration in bioreactors as
the HCP ELISA tests revealed comparable HCP levels in all four samples (Table 1).
Interestingly, the HCP/IgGa ratio, which is a better indicator of the relative protein
quantity in trypsin digested samples for LC-MS/MS analysis, were also comparable
in all cases (Table 1). Therefore, the larger HCP diversity in bioreactors at both
culture temperatures could not be due to higher level of HCPs in the supernatant
both absolutely and relatively. Instead, the lower level of apoptotic cells in
bioreactors was unlikely to be a result of improvements in the overall cell health but
due to a higher rate of apoptotic cells dying and lysing in the bioreactor environment
compared to in flasks. Cells might have been broken down by shear from aeration
and mechanical stirring in bioreactors as soon as they turned apoptotic, and,
therefore, undetected by the NC-250. Lysed cells released large quantity of HCPs of
various kinds, which were then detected by the LC-MS/MS analysis. This study
shows that the correlation between apoptotic cell density and the size of HCP
composition of supernatants that we have previously reported for bioreactor
studies is valid only when the same culture method is employed and that monitoring
apoptotic cell density rather than culture viability is a better indicator of HCP
diversity. This is in line with previous work by Yuk et al., who although Yuk et al,,
who confirmed that HCP composition does not change dramatically upon viability
decline [32]. Our results further demonstrate that scale-up and culture method
affect cell physiology and the resulting data significantly.

4 Conclusions

This study investigated how progressing cell cultures from shake flasks to
bioreactors affects cellular behavior and consequently the profile of HCP in the
culture supernatant under standard physiological temperature and with a shift to
mild hypothermia in the exponential cell growth phase. We detected significant
differences in cellular behavior between the two culture methods, which
subsequently modified the extracellular profiles of HCP species, a major impurity in
antibody preparations. Differences in cell growth and culture viability were
particularly pronounced at standard physiological temperature, at which bioreactor
cultures had significantly lower viability than flasks as early as day 10 of culture. We
attributed this early cell death to hydrodynamic forces around the blade area, which
have been previously documented for the particular disposable bioreactor used in
this work. Under both temperatures, supernatant samples from bioreactor cultures
were significantly richer in terms of variety of HCP species present, despite similar
overall HCP concentration. Although the intracellular origin of these species was
mostly preserved across flasks and bioreactors at physiological temperature, we
observed significant discrepancies in HCP subcellular location between flask and
bioreactor data for mild hypothermic cultures. Interestingly, the previously
reported correlation between the number of HCP species in the supernatant and

12



apoptotic cell density observed for bioreactor cultures was not upheld in flask data,
possibly because of the milder, lower shear environment. Importantly, our findings
highlight the role of culture method and temperature on the variety of HCP species
in the supernatant, which represents a potential burden on downstream separation
units.
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Table 1. Performance indicators of cell culture when culture viability dropped below 80%.

Performance indicators ontiol S RO Ly 1

Flasks Bioreactors Flasks Bioreactors

Harvest day 15 9and 11 17 14 and 16

Culture viability at 79.5+7.7 711+7.3 79.9 + 4.6 77.5+2.1

harvest

IVCC

(108 cells.h/mL) 20.1+1.9 17.7 4.7 21.6 £ 0.5 1743 +2.1

Apoptotic cell (%) 84+0.3 2.0+0.3 55£05 1.3+0.2

Apoptotic cell density

(105 cells/mL) 6.75 + 0.54 1.90 = 0.64 2.55+0.38 0.71+0.14

Specific antibody

productivity? 147+ 1.0 16.1+4.5 13.1x1.1 15.3+3.8

(pg/cell/day)

IgG4 titer (mg/mL) 1.23 +0.09 1.08 £ 0.15 0.85 +0.01 1.21 +£0.15

HCP level (ng/mL) 330.9+62.9 355.8+132.9 272.0 +75.3 380.0 + 166.2

HCP/IgGs (mg/mg) 0.27 £ 0.05 0.33+0.13 0.32 +0.09 0.31+0.14

HCP species (#) 88 363 27 231

a) Specific cell productivity is the average value from day 1 up to the harvest day.
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Figure legends

Figure 1. Cell growth and cell viability of flasks and bioreactors at A standard physiological
temperature (37°C in flasks and 36.5°C in bioreactors) or B with temperature downshift
(TDS) to mild hypothermia (32°C) from day 5. Error bars are standard deviations of
triplicate flask cultures and duplicate bioreactor runs. VCD, viable cell density

Figure 2. Cellular behavior: A Percentage of cells in apoptosis and B Percentage of cells in
Go/G1 phase at standard physiological temperature (37°C in flasks and 36.5°C in
bioreactors). Figures C and D show that of cell cultures under mild hypothermic conditions
(32 °C from day 5). Error bars are standard deviations of triplicate flask cultures and
duplicate bioreactor runs.

Figure 3. Product and impurity concentrations: A IgGs titer and B HCP level at standard
physiological temperature (37°C in flasks and 36.5°C in bioreactors). Figures C and D show
that of cell cultures under mild hypothermic conditions (32 °C from day 5). Error bars are
standard deviations of triplicate flask cultures and duplicate bioreactor runs.

Figure 4. Variation in HCP species when cell viability dropped below 80%: Venn diagrams
illustrate the number of HCP species found in flasks and bioreactors at A standard
physiological temperature and B under mild hypothermia

Figure 5. Bar charts show the subcellular location of HCP species found in the HCCF at A
standard physiological temperature and B under mild hypothermia. Pie charts show the
proportion of HCP species in each subcellular location in bioreactors on the left and flasks
on the right
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Figure 1. Cell growth and cell viability of flasks and bioreactors at A standard physiological
temperature (37°C in flasks and 36.5°C in bioreactors) or B with temperature downshift (TDS) to mild
hypothermia (32°C) from day 5. Error bars are standard deviations of flask triplicate and bioreactor
duplicate. VCD, viable cell density



A 20 B 20
18 4 ~—~™- Flasksat37°C 18 1 ~-*- Flasksat32°C
§ 16 91 — Bioreactors at 36.5°C ¥ 16 1 —*— Bioreactors at32°C
= 14 A = 14 A
8 12 A 3 12 A
£ 10 £ 10 1
o o
3 8 g ;|
g s g 61
4 4 4 }4,-.!, 3
2 2 4 -
0 0 += T T T T T T T
18 0 2 4 6 8 10 12 14 16 18
Day
c 100 D 100
8 &
- -
(€] (C)
S S
[C] © 40 A
- - - Flasks at 37°C
20 1 ——Bioreactor B-S1 at 36.5°C 20 9 --=- Flasksat32°C
—o— Bioreactor B-S2 at 36.5°C —— Bioreactors at 32°C
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Day Day

Figure 2. Cellular behavior: A Percentage of cells in apoptosis and B Percentage of cells in Go/G; phase
at standard physiological temperature (37°C in flasks and 36.5°C in bioreactors). Figures C and D show
that of cell cultures under mild hypothermic conditions (32 °C from day 5). Error bars are standard
deviations of flask triplicate and bioreactor duplicate

A 2.0 B 2.0
:'g 1.8 | BFlasksat37°C ‘g 1.8 4 @Flasksat32°C
% 1.6 1 HBioreactors at 36.5°C il S 1.6 { M@Bioreactors at32°C
£ 14 ] ’! £ 14
S 12 1 | 4 2 5§12
= 7 -] -
£ 10 II;;;; § 10 1 T
S 08 - dl dl 40 4| 4| 7 € 038 A 3 = Y 7
g 144017 7 g NEEEIN
el AAAA A AT § 061 a WA A a7 7
i al a4l 4l 4l Al v o 4 L0 A aalaadg
<04 AV VLY, < 0.4 =2 A A Al Al gl al g v
o A a9 aa a9 4 [C) aAaaalalalag v
] al 2l 2 41 4l Al Al 4 0.2 1 et A A A A AA A A G Y
=02 ‘WP VEE LY 0 AnAddadaads g
0.0 Al Al Al Al Al Al Al 4 0.0 - e 7 A A 7 AN A A N A Al A A A
9 1 01234567 8 91011121314151617
Day
c _ 800 D 600
-E‘ 700 - AFlasks at 37°C ‘g A Flasks at 32°C
E 600 EBioreactors at 36.5°C = 500 1 mBioreactors at32°C
. 1 E
S 500 4 £ 400 1
S S
5 S
£ 400 £ 300 1 |
g ] o 7
e 300 A I ] % I+ @ %
3 H A @ 7 £ 200 A il A 7
S 200 A o N A 7 O 2 2 7
N 2N A 7 S 100 - = 2 A %
T 100 A A 7 g é g g 1| 7 g g g
o & Al Al O 20 O 7 il Al 7
0 2 4 6 8 10 12 14 15
Day
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Figure 5. Bar charts show the subcellular location of HCP species found in the HCCF at A
standard physiological temperature and B under mild hypothermia. Pie charts show the
proportion of HCP species in each subcellular location in bioreactors on the left and flasks on
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