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1 | INTRODUCTION

Chinese hamster ovary (CHO) cells continue to be a successful plat-
form to produce recombinant protein-based therapeutics due to the
cells' ability to perform post-translational modifications analogous to
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Abstract

Mammalian cell cultures in bioreactors rely heavily on critical process parameter con-
trol to ensure optimal growth, productivity, and reproducibility to produce recombi-
nant therapeutic proteins. Culture pH has been shown to be a critical parameter that
influences growth, productivity, and critical quality attributes. Typically, pH is either
controlled to a set-point throughout the culture or uses a single pH shift to achieve
higher productivity and more desirable charge variant profiles. The pH is usually
maintained by CO, and base additions. For CO, controlled cultures, using a set-point
can result in an accumulation of CO,, which has detrimental effects on mammalian
cell growth and protein production. In this study, a dynamic pH profile was imple-
mented that allowed the pH control in the bioreactor to mimic the natural uncon-
trolled pH profile observed in shake flask cultures. This dynamic pH profile employs
multiple pH shifts during the exponential phase of a single IgG; producing CHO-K1
cell line. The results show that a dynamic pH profile was able to successfully alleviate
CO, accumulation and increase the cell-specific, as well as overall culture productiv-
ity. Impacts of the dynamic pH profile on product quality attributes, including glyco-
sylation and charge variants, were also evaluated, showing mixed impacts on the
glycosylation pattern and a positive impact on charge variants. Since the ideal glyco-
sylation pattern is highly dependent on the intended function of the recombinant

antibody, impacts on product quality should be evaluated on a “per process” basis.
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human proteins.>? Since CHO cell proteins occupy a large portion of
the pharmaceutical market,® optimizing CHO cell processes is a major
research concern. Process tuning typically involves optimization of
basal media and feed compositions, process parameters, and feeding
strategies.»*"7 Process parameters that are commonly studied are
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dissolved oxygen (DO), temperature, and pH, as all have profound
effects on growth, productivity, and glycosylation.®

Typically, the culture pH is held to a constant value or within a
small range throughout the culture via pre-determined set points
using either CO, or acid to lower the pH and base to raise the pH.’
Alternatively, single pH shifts have been used to improve product
quality, specifically charge variants.2®1* A pH shift has been shown to
impact glycosylation, where both charge variants and sialylation are
critical quality attributes (CQAs).*? Further, pH-dependent dynamic
models have been developed to tune and time multiple pH shifts for a
culture to increase viable cell density (VCD) and productivity.*® Stud-
ies have also shown high-density mammalian cell cultures can be con-
ducted without external pH control in large-scale reactors, where
non-homogeneous mixing can make pH control more challenging.2* In
CO, controlled cultures, controlling pH to a set point can result in a
heavy CO, burden on the cells, resulting in decreased culture perfor-
mance in CHO cells as well as other cell types, including hybridoma
cells.*>~Y” Thus, there is a need for a tailored pH control platform that
decreases CO, flow into the bioreactor while maintaining the repeat-
ability of a set point pH.

In this study, a dynamic pH profile was used to determine if
bioreactor productivity could be improved by using a pH profile
that mimics that of an uncontrolled shake flask. The goal was to
simulate the pH environment of shake flasks while still having
upper and lower bounded pH control, as well as DO control. During
preliminary shake flask experiments, it had been observed that the
satellite shake flask cultures had better growth and productivity
than the ambr250 bioreactors. One hypothesis was the pH profile
differences. Therefore, the pH was monitored throughout satellite
shake flask cultures to observe the natural pH drift. The dynamic
pH profile was developed to mimic the natural, uncontrolled pH
profile when transferred to small (250 mL) bioreactors to help
address this hypothesis. Cultures were conducted with pH set-
points of 6.9 + 0.03 or 6.9 + 0.10 and compared to cultures with
the dynamic pH profile. Cultures with pH set-points of 6.9 + 0.10
were then compared to the dynamic pH profile cultures using a
glutamine-driven feeding strategy and under lactate stress. The
effects of the dynamic pH profile on growth, productivity, glycosyl-
ation, and charge variants across the glutamine-driven feeding

strategy and lactate stresses will be presented.

2 | MATERIALS AND METHODS

21 | Cell culture

Recombinant CHO-K1 Clone A1l expressing the anti-HIV
antibody VRCO1 (lgG4;) was obtained from the Vaccine
Research Center at the National Institutes of Health (NIH). The
working cell bank (WCB) has a population doubling level (PDL) of
approximately 10. As per NIH instructions for this cell line, shake
flask cultures are conducted at 37°C and bioreactor studies
at 36.5°C.

211 | Pre-cultures

A WCB vial (1 mL frozen in liquid nitrogen) was thawed into a 125 mL
baffled, vented shake flask with 30 mL working volume containing Acti-
Pro media (Cytiva) with 6 mM L-glutamine (Sigma-Aldrich). Cells were
maintained in a 5% CO, incubator at 37°C with 135 rpm orbital shaking
with a 0.75-inch throw diameter. The cells were passaged and expanded
every 2-3 days for at least three passages prior to inoculation into either
500 mL baffled shake flasks or the ambr250 high-throughput
(HT) bioreactors. For the glutamine-driven feeding studies, cells were
passaged three times in media without glutamine prior to the bioreactor
experiments, and this prevents a lag phase in the bioreactor.

2.1.2 | Feeding regimens

The standard operating condition feeding strategy is a pyramid feed-
ing regimen: Days 3-5, 3%/0.3% v/v Cell Boost 7a/7b (Cytiva); Days
6-7, 4%/0.4% v/v; Days 8-9, 5%/0.5% v/v; Days 10-11, 4%/0.4%
v/v; Days 12-14, 3%/0.3% v/v, where %v/v is calculated based on
current working volume for the bioreactor or shake flask. For the
glutamate-driven feeding protocol, an additional 3%/0.3% v/v feed
Cell Boost 7a/7b was added on Day 0. When the glutamate concen-
tration was less than 2.5 mM, 3%/0.3% v/v Cell Boost 7a/7b was
added, rather than daily additions. For the lactate-stressed cultures,
150 g/L sodium lactate was added at 12, 24, and 36-h to increase lac-
tate by 10 mM for a total of 30 mM lactate.

2.1.3 | Bioreactor studies

The ambr250 HT bioreactors (Sartorius Stedim, Gottingen, Germany)
were equipped with two pitched blade impellers and an open pipe
sparger (vessel part number: 001-5G25). Bioreactors were inoculated
to a target VCD of 0.4 x 10° cells/mL into 210 mL media. All cultures
were supplemented with glucose daily as needed to maintain concen-
trations above 6 g/L. Temperature was controlled to 36.5°C. DO was
controlled to 50% air saturation using a 6-level proportional-
integral-derivative (PID) control algorithm.'® The control settings for
DO are listed in Table 1. For the control and lactate-stressed cultures,
samples were taken daily for offline VCD, viability, glucose, glutamate,
glutamine, lactate, ammonia, dissolved oxygen (pO,), dissolved CO,
(pCOy), and pH beginning on day 0 and for IgG concentration begin-
ning on day 5. For the glutamate-driven feeding scheme, sampling

was the same except for glutamate, which was measured twice daily.

2.2 | pH control strategies

Three pH control strategies were employed to provide three different
pH profiles (pH set-point + deadband): pH 6.9 + 0.03, pH 6.9 + 0.10,
or a dynamic pH profile. The dynamic pH profile was pH 7.3 £ 0.10
initially; then, on day 3, it was switched to 6.9 + 0.10. On day 4, the
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TAB LE1 PID set.tings for DO control Level Variable Minimum Maximum K, t; (s) tp (s)
in the ambr250 HT bioreactor system.
0 Stir speed (rpm) 300 300 NA NA NA
Gas flow rate (mL/min) 2 2
O, mix (%)* 0 0
CO, flow rate (mL/min) 0.1 0.1
1 Total gas flow rate (mL/min) 2 20 0.10 0 100
2 O, mix (%) 0 50 0.15 0 100
3 Stir speed (rpm) 300 400 2.0 0 100
4 O, mix (%) 50 100 0.15 0 250
5 Stir speed (rpm) 400 800 1.0 0 100
6 O, flow (mL/min) 0 20 0.50 0 100

Note: Level O represents the initial conditions for the control manipulated variables. Level 1 increases the
total gas flow rate when the DO falls below the DO set-point. No overlay gas was used. Air, O,, and CO,
are all provided through the sparge gas stream. NA - Not Applicable.

20, mix is the percentage of oxygen mixed with the sparge gas, which contains air and a variable amount
of carbon dioxide that is used for pH control.
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FIGURE 1 Comparison of pH profile set-points. The setpoint pH profiles (pH set-point + deadband) for (a) 6.9 + 0.03, (b) 6.9 + 0.10, and
(c) dynamic pH profiles. (d) Offline pH for shake flasks (green) and online pH for representative bioreactor with dynamic pH control
strategy (gray).

pH profile was switched to 7.0 + 0.10. On day 8, the pH profile was representative pH profile for a shake flask and a representative
switched to 7.3+0.10. Figure 1 shows these pH profiles dynamic pH profile bioreactor. For all cultures, pH was controlled by

(pH set-point + deadband) graphically. Also shown in Figure 1 is a CO,, for the upper limit and sodium bicarbonate for the lower limit
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Level Variable Minimum Maximum
Lower Base flow rate (mL/h) 0 1
Upper CO, flow rate (mL/min) 0.1 10

with a PID control algorithm. Table 2 lists the control settings for the
pH algorithm.

2.3 | Analytical methods
2.3.1 | Offline measurements

VCD and viability were measured using a Vi-Cell XR cell viability analyzer
(Beckman Coulter, Brea, CA). Extracellular glucose, glutamine, glutamate,
ammonia, lactate, and IgG concentrations were measured using a Cedex
Bio Analyzer (Roche Diagnostics, Mannheim, Germany). Offline pH, pO,,
and pCO, were measured using an ABL90 FLEX PLUS blood gas ana-
lyzer (Radiometer America, Brea, CA). Samples for amino acid analysis
were centrifuged at 10,000 x g for 10 minutes at 4°C. The supernatant
was aliquoted and frozen at —20°C until analysis occurred. Amino acid
concentrations were measured using the REBEL cell culture media ana-
lyzer (908 Devices, Boston, MA). End of culture harvest samples were
taken for glycosylation analysis, which was conducted as described in
Synoground et al.1? In brief, a Protein A agarose resin was used to obtain
the IgG4 from the culture broth. Glycan profiles were obtained via ultra-
performance liquid chromatography (UPLC). The Empower 3 software
(Waters Corporation, Milford, MA) was used to analyze the chromato-
grams. Normalized glycan fractions were obtained.

2.3.2 | Cell specific productivity and consumption
rates calculations

Integral viable cell density (IVCD) was obtained from VCD versus time
area under the curve using the trapezium rule. Cell specific productiv-
ity (g,) was calculated daily from the titer and IVCD given by the fol-

lowing equation:

_ Titer
9% ~vcD

Specific amino acid consumption rates were calculated using a linear
model adapted from Meadows et al. and further described in Syno-

ground et al.*??°

2.3.3 | Charge variant analysis

Charge variant analysis was conducted using the ZipChip high-resolution
chip for native protein analysis (HRN) (part number: 810-00227,
908 Devices Inc.) and the ZipChip Charge Variant Analysis (CVA) Kit (part
number: 850-00052, 908 Devices Inc.). Harvested media was buffer

Kp t;(s) tp (s)
10 0.02 100
10 0.00 100

TABLE 3

TABLE 2

PID settings for pH control

in the ambr250 HT bioreactor system.

Parameter

Application Mode

Exploris 240 Biopharma Orbitrap Mass Spectrometer
settings and global parameters.

Value

Intact Protein

Method Duration 15 min
lon Sources Type ESI
Gas Mode Static
Sheath Gas (Arb) 2

lon Transfer Tube Temp (°C) 300

Pressure Mode

Standard Pressure

Advanced Peak Determination False
Orbitrap Resolution 30 k
Scan Range (m/z) 2000-8000
RF Lens (%) 150
AGC Target Standard
Max. Inj. Time Mode Custom
Max. Inj. Time (ms) 10
Microscans 3

Data Type Profile
Polarity Positive
Source Fragmentation Enabled
Energy (V) 135

exchanged to the charge variant analysis sample diluent using 7 K Zeba
Spin filters (89882, Thermo Fisher Scientific). Filters were prepared
according to manufacturers' instructions, washing the bed three times
with the CVA diluent. Buffer-exchanged samples were loaded directly
into autosampler vials. The ZipChip system and HRN chip were primed
with the CVA kit background electrolyte (BGE). Samples were run with a
field strength of 500 V/cm, injection volume of 1 nL, and an analysis
time of 15 min. Samples were analyzed in triplicate, with a BGE refresh
performed before each run. Mass spectrometer data was collected with
the Exploris 240 Biopharma orbitrap mass spectrometer (Thermo Fisher
Scientific). Table 3 displays the method settings and the global parame-
ters for the data collection. Data was visualized and chromatographic
peak areas were calculated using Qual Browser (Thermo Fisher Scien-
tific), and mass spectrometry (MS) spectra were processed using Bio-
Pharma Finder 5.0 (Thermo Fisher Scientific).

2.34 | Glycosylation analysis
Samples for glycosylation analysis were processed as described in

Synoground et al.*? Briefly, samples were collected and centrifuged at
10,000 x g for 15 min at 4°C. Protein A agarose resin (1 mL, Pierce,
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ThermoFisher Scientific, Waltham, MA) was used to capture up to
1 mg IgG. The IgG was eluted using 10 mL elution buffer (100 mM
glycine, pH = 2.75, filter sterilized), collected in 1 mL fractions.
Protein-containing fractions were combined and concentrated to
100 pL via Amicon ultra-centrifugal filters (Millipore Sigma, Burling-
ton, MA), buffer exchanged, and re-concentrated to a final volume of
20-100 pL. The purified IgG was stored at —20°C until analyzed. Gly-
can profiles were determined via ultra-performance liquid chromatog-
raphy (UPLC). Glycans were released from the purified IgG and
fluorescently labeled using the Glycoworks Rapifluor-MS N-glycan kit
(Waters Corporation, Milford, MA) according to the manufacturer's
protocol. Glycan identities were determined by using dextran stan-
dards (Rapifluor-MS Dextran calibration ladder, Waters Corporation,
Milford, MA) to create a standard curve and comparing retention
times of glycans against reference values in the “Glycostore” database
(https://glycostore.org/). Empower 3 software (Waters Corporation,
Milford, MA) was used for all analyses of chromatograms, and glyco-
sylation data were analyzed as normalized peak area.

2.4 | Statistical analysis

Statistical analysis was performed using the JMP Pro 16 software
(SAS Institute, Inc., Cary, NC) for replicate data. Data was first ana-
lyzed using a Generalized Linear Model (p < 0.05) to determine if the
pH control strategy was an effector. For cases where the effectors
were statistically significant, a Standard Least Square procedure
(p < 0.05) with post-hoc Tukey analysis was conducted. Error bars on

graphs represent standard deviations.

3 | RESULTS AND DISCUSSION

3.1 | Development of the dynamic pH profile

To compare the effects of a set-point pH to a pH profile that mimics
uncontrolled shake flask pH profiles, a preliminary shake flask study
was conducted to establish the ranges for the dynamic pH profile.
Figure 1 shows a comparison of the offline pH for a typical shake flask
culture and the online pH for a representative dynamic pH profile
ambr250 HT bioreactor. These profiles indicate that the uncontrolled
pH in the shake flask and the dynamic pH profile in the bioreactors

were well matched.

3.2 | Effects of pH control strategy on culture
outcomes
3.2.1 | Cell growth and productivity

To investigate the impact of pH on CHO VRCO1, three pH profiles
were used for cultures with the standard feeding protocol. The three
pH profiles were (pH set-point + deadband): 6.9 + 0.03, 6.9 + 0.10, or

PROGRESS

a dynamic pH profile. The growth, titer, and cell specific productivity
(gp), glucose, lactate, and ammonia profiles are shown in Figure 2. All
cultures had similar growth trends and maximum VCD regardless of
the pH profile used. Cell viabilities were similar, and these profiles are
shown in the Supporting Information, as well as the pH profiles. In
comparison, the titers were significantly different, where the dynamic
pH profile cultures had the highest final titer. The dynamic pH profile
also had the highest cell specific productivity overall compared to the
pH 6.9 £ 0.03 and pH 6.9 + 0.10 cultures. The initial high standard
deviation observed for the pH 6.9 + 0.03 cultures was due to the low
titers and high coefficient of variation (CV) (titers 0.2, 0.21, and
0.34 g/L and 31% CV). The culture with the 0.10 pH deadband had a
higher titer than the 0.03 pH deadband. Yet, the cell specific produc-
tivities were similar over most of the culture time.

The dynamic pH profile had higher lactate levels than the pH 6.9
+ 0.03 and pH 6.9 + 0.10 cultures. In contrast, the dynamic pH profile
had lower ammonia accumulation compared to the pH 6.9 + 0.03 and
pH 6.9 + 0.10 cultures. Both lactate and ammonia are historically con-
sidered to be inhibitory byproducts of metabolism, and their reduction
in cell culture is of interest for both industrial and academic
research.2! Although there is higher lactate accumulation during the
exponential growth phase in the cultures with lower CO,, all three
cultures still exhibit the critical shift between lactate production and
consumption that is characteristic of a culture that achieves longer
culture times and higher final titers.?? Additionally, none of the cul-
tures exhibit lactate accumulation above the inhibitory threshold of
5.4 g/L22% Alternatively, the dynamic pH profile significantly
reduces the amount of ammonia (NH3) present after culture day
7. This is beneficial as ammonia accumulation has been linked to
decreased growth and antibody titers above a threshold of 5 mM.21:23
Previous work has shown that elevated pCO, in fed-batch cultures
contributes to increased ammonia accumulation, and this work further
supports this claim.?2

Figure 2 also shows the CO, inlet flow rate, off-gas CO, levels, and
the offline dissolved carbon dioxide (pCO,) for the three pH control
strategy cultures. The dynamic pH profile cultures had the lowest CO,
flow rates, lowest off-gas CO, levels, and lowest pCO, levels. It is com-
mon that CO, build-up in fed-batch cultures results in growth inhibition
and lower cell specific productivity.*>*¢ The findings of this study are
consistent with previous observations and further demonstrate that
lower pCO, leads to better culture performance. When CO, is used to
control the pH to a setpoint and CO, removal is not sufficient, the pCO,
levels will increase dramatically. As CO, is non-polar, it can readily diffuse
across the cell membrane where dissociation into H" and HCO3;~ occurs
through hydration.?®> Therefore, high pCO; levels are likely to change the
intracellular pH of the cell, even if the external media pH is controlled to
a set-point.?® The change in intracellular pH must be counteracted by
the Na™/H" exchanger.?” In order for the cell to utilize this transporter
to maintain a stable intracellular pH, adenosine triphosphate (ATP) must
be shuttled toward maintaining the sodium gradient necessary for the
antiporter to operate. With more ATP needed to drive the exchanger,
less ATP is available for cell growth and protein synthesis. According to a

study conducted by Thorens and Vassali, high pCO, levels also have the
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FIGURE 2 Growth, productivity, and gassing characteristics for standard operating condition cultures with varying pH control strategies.

(a) VCD, (b) titer, (c) cell specific productivity (qp), (d) glucose, (e) lactate, (f) ammonia, (g) CO, flow rate (h) off-gas CO; levels, and (i) dissolved CO,
(pCO,) levels. pH 6.9 + 0.03 (light blue triangles), pH 6.9 + 0.10 (purple squares), and dynamic pH profile (orange circles). The CO, flow sensor
and the off-gas CO, sensor cannot read above 10 mL/min and 50%, respectively, indicated by the dashed line. Values above these thresholds are

shown as dashed lines. Error bars represent standard deviation (N = 3).

potential to change the pH in the endoplasmic reticulum and Golgi,
where key protein processing occurs.?® This, combined with the shortage
of ATP available, results in lower overall culture productivity. It has been
previously reported that pCO, levels above 150 mmHg are inhibitory to
cell growth and productivity.?’ This study shows similar findings, where
only the dynamic pH profile maintains pCO, values below this threshold.

3.2.2 | Amino acid consumption rates

To confirm the positive effects of decreased pCO, on CHO cell

metabolism, amino acid concentrations for pH 6.9 + 0.10 and the

dynamic pH profiles were evaluated, as these cultures had the high-
est productivity. Cell-specific amino acid consumption rates were
calculated over the exponential growth phase of the culture.
Figure 3 shows the cell-specific amino acid consumption rates for
the standard operating condition cultures at pH 6.9 + 0.10 and the
dynamic pH profile that had statistically different consumption
rates between the conditions. All amino acid concentration profiles
are shown in the Supporting Information. The dynamic pH profile
has higher consumption rates across the measured amino acids
(p < 0.05). This confirms the positive correlation between pH,
decreased pCO,, and improved metabolism because of increased
ATP availability.
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FIGURE 3 Effect of pH control strategy for standard operating

condition cultures on cell specific amino acid consumption rates and
charge variant profiles. (a) Cell specific amino acid consumption rates
for amino acids with statistically significant net consumption
differences. (b) Charge variants. pH 6.9 + 0.10 (purple), dynamic pH
profile (orange). Asterisks represent statistically significant differences
(p < 0.05). Error bars represent standard deviation (N = 3).

3.2.3 | Charge variant analysis

To further evaluate pH profile impacts on product quality, charge vari-
ant analysis was conducted for the pH 6.9 + 0.10 and dynamic pH
profile cultures. Charge variants were analyzed using the ZipChip
charge variant analysis kit from 908 Devices Inc. Peaks were classified
as either basic 1, basic 2, main, acidic 1, or acidic 2 and were found to
differ mainly by the degree of sialylation of the glycans. It is important
to note that the structure of the VRCO1 mAb has a second glycosyla-
tion site. This directly impacts the information gained from CVA-MS
due to increased complexity. Figure 3 shows the percentage of charge
variant species for the pH 6.9 £ 0.10 and dynamic pH cultures. The
dynamic pH profile cultures had the highest fraction of main and

acidic 1 peaks and the lowest fraction of basic 1, basic 2, and acidic

PROGRESS

2 peaks. An increase in the main peak percentage is important as both
acidic and basic variants have the potential to impact the structure
and biological activity of the protein.*° In general, acidic variants are
more detrimental to antibody activity than basic variants.>! The mech-
anism by which a basic variant is formed is critical in determining its
impact. For example, if a basic species arises due to isomerization or
succinimide, there may be inactivation of the molecule or an illicit
immune response.32 However, if a basic variant is a result of a
C-terminal lysine/arginine, C-terminal amination, or N-terminal pyro
glutamate, there should be no impact on the efficacy or potency of
the antibody.>3-3> While charge variants caused by sialic acid residues
are easily observed, due to the complexity of the VRCO1 mAb's glyco-
sylation profile, further analysis, such as peptide mapping, is needed
to determine whether any detrimental post translational modifications

described above are present on the molecule.

3.24 | Glycosylation analysis

To evaluate the impact of pH on product quality, the effects of the
dynamic pH profile on glycosylation for the control and pH 6.9 + 0.10
cultures were assessed since they had the highest productivity.
Figure 4 shows the glycosylation profiles for these two cultures. Cul-
tures with the dynamic pH profile had an increase in GOF-N, GO, G1,
G1FS1, and G2FS1 glycoforms, with increases in GOF-N, GO, GOF,
and G1FS1 having statistical significance (p < 0.05). This increase was
accompanied by a decrease in the G1F and G2F glycoforms for the
dynamic pH profile cultures. The dynamic pH profile had an increase
in GO terminal galactosylation forms, but a decrease in G1 and G2
galactosylation forms. This is not necessarily beneficial as higher levels
of terminal galactosylation have been correlated with higher
antibody-dependent cellular cytotoxicity (ADCC) activity, which con-
tributes to antibody binding and clinical efficacy.*%” There is a statis-
tically significant increase in sialylation when the dynamic pH profile
is implemented compared to the set-point pH 6.9 + 0.10. This is bene-
ficial as more sialylated glycoforms have been shown to have a longer
in vivo half-life.3837 There is no statistical difference in fucosylation
when implementing the dynamic pH profile. This is ideal as increases
in fucosylation have been correlated with decreased ADCC activity

and decreased FcyRllla and FcyRllb binding affinity.*0-43

3.3 | Effectiveness of dynamic pH control strategy
for stressed cultures

331 |
cultures

Cell growth and productivity for stressed

To characterize the effects of the pH 6.9 + 0.10 and dynamic pH pro-
file across culture conditions, these two pH control strategies were
used for glutamate-driven feeding and lactate-stressed cultures.
These other culture conditions were examined to ensure that the

observations are not specific to the standard operating conditions and
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FIGURE 4 Effect of pH control
strategy on glycosylation profiles.
(a) total glycosylation, (b) terminal

galactosylation, (c) sialylation, and

(d) fucosylation. pH 6.9 + 0.10 (purple),
dynamic pH profile cultures (orange)
(N = 3). Asterisks represent
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hold true under different metabolic states. These two pH control
strategies were selected because standard operating condition cul-
tures with these pH control strategies had the highest productivity.
The glutamate-driven feeding was selected to evaluate the impacts of
a dynamic pH profile with varying nutrient availability. The glutamate-
driven feed culture exhibited less overall feed volume added to the
culture and, therefore, less nutrient availability. Glutamate was
selected as the amino acid of choice due to analytical availability
within minutes of sampling via the Cedex Bioanalyzer. Similarly, the
lactate-stressed culture was chosen to act as a representative culture
for cell stress. Both of these stressful culture conditions were evalu-
ated to ensure consistency of findings across culture conditions.
Figure 5 shows the growth and productivity profiles for the
glutamate-driven and lactate-stressed cultures with pH 6.9 £ 0.10 as
well as the dynamic pH profile. The maximum VCD was higher in both
the glutamate-driven feeding and lactate-stressed cultures with the
dynamic pH profile. For the standard cultures, the dynamic pH profile
had no effect on the maximum VCD, suggesting there is a separate
limiting factor capping the culture at 40 x 10° cells/mL. The large
standard deviation in titers at the end of the lactate dynamic cultures
is the result of one of the dynamic pH cultures having a significantly
lower titer than the other, where the higher titer lactate culture
reached a titer over 2 g/L, which was similar to the titers observed for
the paired standard operating condition cultures without stress. So,
despite the higher standard deviation observed for the lactate-

stressed cultures, the dynamic pH profile cultures had higher titers

differences that are statistically
significant (p < 0.05). Error bars
represent standard deviation.

LN L L L B L L L L L B LB
MENE TN A B S

Fucosylation

and cell specific productivity for both the glutamate-driven feeding
and lactate-stressed conditions.

To confirm the consistency of the dynamic pH profile impact on
inhibitory byproducts, lactate and ammonia concentrations for the
glutamate-driven and lactate-stressed cultures were evaluated.
Figure 5 shows the lactate and ammonia profiles for the glutamate-
driven feeding and lactate-stressed conditions for the pH 6.9 + 0.10
and the dynamic pH profile cultures. Overall, the dynamic pH cultures
had higher lactate levels during the exponential growth phase. How-
ever, cultures with the dynamic pH profile also had lower levels of
ammonia accumulation. The lactate-stressed cultures with pH 6.9
+ 0.10 had higher lactate accumulation compared to all other condi-
tions beginning on day 9. Exponential accumulation of lactate near
the end of the lactate-stressed cultures could be attributed to extra-
chromosomal overexpression of Akrlb1, a gene closely linked to War-
burg metabolism in some cancer types.**

Figure 6 highlights the CO, flow rates and off-gas CO, levels for
the glutamate-driven and lactate-stressed cultures with pH 6.9 + 0.10
and the dynamic pH profile. For both culture conditions, the dynamic
pH profile had lower CO, flow rates as well as lower off-gas CO,
levels. The improved productivity in the glutamate-driven feeding and
lactate-stressed culture conditions can be attributed to decreased
pCO.,. For the glutamate-driven feeding, there was a 73% increase in
titer and a 54% increase in cell-specific productivity at the time of har-
vest. Lactate-stressed cultures with the dynamic pH profiles had a

200% increase in titer and a 150% increase in cell-specific
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FIGURE 5 Effect of pH control strategy on growth and productivity characteristics for glutamate-driven feeding and lactate stressed

cultures. (a) VCD, (b) titer, and (c) cell specific productivity (qy), (d) glucose, (e) lactate, and (f) ammonia. Glutamate-driven feeding cultures are
(pink downwards triangles), lactate stressed cultures (blue diamonds). pH 6.9 + 0.1 (hollow symbols), dynamic pH (solid symbols) (N = 2). Error

bars represent standard deviation.

productivity at the time of harvest compared to the standard single
pH set-point control strategy cultures.

Since the glutamate-driven and lactate-stressed cultures had dif-
ferent VCD profiles depending on the pH control, specific production
and consumption rates of lactate and ammonia were calculated. To
examine production and consumption rates for lactate, the culture
was divided into two phases: the initial lactate production phase and

the subsequent lactate consumption phase. For the glutamate-driven

feeding and lactate-stressed cultures, there was no statistical differ-
ence between the rates of lactate production or consump-
tion (p < 0.05).

To evaluate consumption and production rates for ammonia, the
culture was divided into three phases: the initial ammonia production
phase, the subsequent ammonia consumption phase, and the final
ammonia production phase. There was no statistical difference

between the initial specific ammonia production rates and subsequent
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FIGURE 6 Effect of pH control strategy on CO, flow rates and off-gas CO,, levels for representative glutamate-driven feeding and lactate

stressed cultures. (a) CO, flow glutamate-driven feeding and (b) CO, flow lactate-stressed cultures. (c) off-gas CO, levels glutamate-driven
feeding and (d) off-gas CO,, levels lactate-stressed cultures. (d) pH glutamate-driven feeding and (f) pH lactate-stressed cultures. Glutamate-
driven feeding cultures (pink). Lactate stressed cultures (blue). pH 6.9 + 0.01 cultures (dashed lines), dynamic pH cultures (solid lines).

consumption rates in either the glutamate-driven or lactate stressed
cultures. However, the final specific ammonia production rates were
significantly different (p < 0.05) for the glutamate-driven cultures,
with the dynamic pH culture having less overall ammonia accumula-
tion compared to pH 6.9 £ 0.10 cultures. Conversely, the lactate
stressed cultures had no difference between the cell specific ammonia
production rates in the pH 6.9 + 0.10 or the dynamic pH cultures. As
the single pH set-point control and glutamate-driven feeding cultures
had lower cell specific ammonia production at the end of culture, this
suggests that the lower CO, flow and off-gas CO, due to the dynamic
pH control had positive effects on ammonia accumulation in high cell
density fed-batch cultures.

3.3.2 | Charge variant analysis of stressed cultures

To confirm consistent impacts of the pH profile on charge variants
across culture conditions, analysis was conducted for the glutamate-
driven feeding cultures with the set-point pH 6.9 + 0.10 and dynamic
pH profiles. Charge variant analysis for the lactate stressed cultures
was not conducted as this condition is not considered industrially rele-

vant. Figure 7 shows the percentage of charge variant species with
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FIGURE 7 Effect of pH control strategy on charge variants for
glutamate-driven feeding cultures. Cultures with pH 6.9 + 0.10 (pink
striped bars) (N = 1) (n = 3). Cultures with dynamic pH profiles (pink
solid bars) (N = 2) (n = 3). N represents the number of bioreactors for
a particular condition and n represents number of replicate
measurements for a sample. Asterisks represent significant
differences (p < 0.05). Error bars represent standard deviation.

set-point pH 6.9 + 0.10 and the dynamic pH profile for the glutamate-
driven feeding cultures. The dynamic pH profile cultures had increases

basic 1, main, and acidic 1 peaks. This was accompanied by decreases
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basic 2 and acidic 2 peaks. Compared to the standard operating condi-
tion cultures (Figure 3), the glutamate-driven cultures have a similar
trend for basic 2, main, and acidic 2 peaks. However, unlike the stan-
dard operating condition cultures, the glutamate-driven cultures had
an increase in the basic 1 peak and no change in the acidic 1 peak
when cultured with the dynamic pH profile. This is considered a posi-
tive trend in the charge variant profile as, in both cases, the main peak
is increasing in its contribution to the makeup of the mAb variants
when the dynamic pH profile is implemented. The charge variant pro-
file is slightly more favorable with the glutamate-driven feeding cul-
tures compared to the standard operating condition cultures since
there is less of an increase in the acidic 1 peak. These results indicate
that the dynamic pH profile has a positive impact on the charge vari-
ant profile across multiple culture conditions.

3.3.3 | Glycosylation analysis of stressed cultures

To confirm consistency of the effects of the dynamic pH profile on
product quality across conditions, the effects of pH profile on glyco-
sylation were assessed for the glutamate-driven feeding strategy.
Evaluation of critical quality attributes for the lactate stressed cultures
was omitted, as the lactate stress condition is not industrially relevant.
Figure 8 shows the glycosylation profile for the glutamate-driven
feeding cultures with a pH set-point of 6.9 + 0.10 and the dynamic

pH profile. There was an increase in the GO, GOF, G1, G2, and G1FS1
glycoforms when the dynamic pH profile was used. Similarly to the
standard operating condition cultures, for the glutamate-driven case,
the dynamic pH profile resulted in an increase in GO terminal galacto-
sylation forms, but a decrease in G1 and G2 terminal galactosylation
forms. Unlike the standard operating condition cultures, for the
glutamate-driven cultures, there is no significant difference in the sia-
lylation profiles. Finally, the glutamate-driven feed cultures have no
change in fucosylation with the different pH profiles. Some of the pre-
sented shifts in glycosylation patterns are inconsistent with previous
work that has shown that lower pCO, results in a shift away from
GOF and GO and toward G2F, suggesting that something other than
the lower pCO, because of the dynamic pH profile is at work in mov-
ing these profiles.> Additionally, lower cell specific productivity has
been shown to allow for more mature glycoforms, including G2F.*2
The cell specific productivity of the dynamic pH cultures was shown
to be higher in both the standard operating condition cultures
(Figure 2) and the glutamate-driven feed cultures (Figure 5). This
offers an explanation as to the cause of the shift away from the more
mature G1 and G2 glycoforms. This also suggests that the cell specific
productivity may be a more impactful factor in determining the extent
of galactosylation than pCO,. The favorable increase of sialylation as
demonstrated by the increase in G1FS1 in the dynamic pH case goes
hand-in-hand with an unfavorable decrease in more mature galactosy-

lation forms, which is an important consideration when moving
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forward with implementing dynamic pH profiles in CHO cell culture as

there is a clear trade-off between cell specific productivity and glyco-

sylation profiles.

4 | CONCLUSIONS

In this study, a multi-shift dynamic pH profile was compared to tradi-
tional tight pH deadband (6.9 + 0.03) and wide pH deadband 6.9 + 0.10
controls in fed-batch reactors cultured using a standard operating condi-
tion with bolus feeding and no additional stressors. The results demon-
strate a clear correlation between decreased CO, and increased
volumetric and cell specific productivities because of dynamic pH con-
trol. Previous studies have assessed the possibility of conducting fed-
batch cultures with varying upper pH set-points, but none of the cultures
required any pH adjustment, therefore no conclusion can be made on
the impact of pH profiles as a means of decreasing pCO, and the result-
ing impact on productivity.2* The data presented in this work bridges the
gap of evaluating pH strategies and CO, build-up in fed-batch cultures.
This work was able to successfully achieve varying levels of pCO, in fed-
batch cultures and effectively demonstrate that subsequent impacts on
growth, metabolism, productivity, and product quality. The findings of
this study illustrate the importance of decreased pCO, for cell culture
productivity on a volumetric and per cell basis. The results have also
demonstrated the importance of this phenomenon in a variable feeding
strategy as well as a lactate stressed condition. Finally, variables impact-
ing glycosylation in IgG molecules is a high demand area in need of eluci-
dation. As this study was conducted for a single IgG molecular in a clonal
cell line, broadening the approach to other molecules and cell lines
should be explored. The findings presented demonstrate that between
CO,, levels and cell specific productivity, two previous areas of interest
as drivers of glycosylation, cell specific productivity may be the stronger
factor in determining the maturity of the glycoforms, which has not pre-

viously been reported.
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