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ABSTRACT

Temperature shift (TS) to a hypothermic condition has been widely used during protein production
processes that use Chinese hamster ovary (CHO) cells. The effect of temperature on cell growth,
metabolites, protein titer and quality depends on cell line, product, and other bioreactor conditions.
Due to the large numbers of experiments, which typically last 2-3 weeks each, limited systematic TS
studies have been reported with multiple shift temperatures and steps at different times. Here, we
systematically studied the effect of temperature on cell culture performance for the production of two
monoclonal antibodies by industrial GS and DG44 CHO cell lines. Three 2-8 day short-duration methods
were developed and validated for researching the effect of many different temperatures on CHO cell
culture and quality attributes. We found that minor temperature differences (1-1.5 °C) affected cell
culture performance. The kinetic parameters extracted from the short duration data were subsequently
used to compute and predict cell culture performance in extended duration of 10-14 days with multiple
TS conditions for both CHO cell lines. These short-duration culture methods with kinetic modeling tools
may be used for effective TS optimization to achieve the best profiles for cell growth, metabolites, titer
and quality attributes. Although only three short-duration methods were developed with two CHO cell
lines, similar short-duration methods with kinetic modeling may be applied for different hosts, including
both microbial and other mammalian cells.
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Introduction The effect of TS on CHO cell culture and quality attributes
depend on cell line, recombinant protein product, culture
media, and other bioreactor conditions.'"'®'*!” In response
to sub-physiological temperatures, the cell doubling time
increases and the death rate is reduced with cells arrested in
the G1 phase of the cell cycle.” In order to maintain high
viable cell density (VCD) during cell culture, a bi-phasic
culture strategy is often used with cell growth at around 37 °
C during the exponential growth phase, followed by a shift to
a lower temperature for protein production during the late log
and/or the stationary phases.'*'® A mild temperature down-
shift decreases cell apoptosis, metabolism, nutrient utilization,
ATP consumption and toxic metabolite accumulation.” Lower
oxygen consumption and shear stress resistance' "***  at
lower temperatures are beneficial to scale-up for manufactur-
ing with respect to less foaming, lower power input, and more
process robustness. The effects of temperature downshift in
CHO cell cultures on key quality attributes, including protein
aggregation,” charge variants,”*** N-glycans'> and host cell
proteins, has been reported.”® Therefore, it is necessary to
consider both titer and quality attributes when developing a
temperature shift strategy for CHO cell culture. In addition to
bi-phasic cultures, tri-phasic cultures have also been reported
to improve upstream titer and product quality attributes.*”*®

Chinese hamster ovary (CHO) cells are currently the pre-
ferred host for recombinant protein production in the bio-
pharmaceutical industry.' Cell line engineering, medium
development and bioreactor optimization are three major
upstream approaches for improving titer while maintaining
quality in CHO culture process development and
biomanufacturing.>*"® Although temperature is one of most
important bioreactor parameters for cell culture performance,
it is easy to control in comparison to other bioreactor para-
meters such as pH, dissolved oxygen and carbon dioxide.
CHO cells are usually grown at the physiological temperature
of around 37 °C. Temperature shift (TS) to a hypothermic
condition has been intensively studied to balance cell growth,
protein productivity, and quality in both microbial
fermentation’ ™ and mammalian cell culture.”'®'" Such a TS
strategy holds the potential to improve fermentation and cell
culture performance for a prolonged period with better over-
all productivity and quality.”'*'* Since temperature down-
shifts have been reported to improve protein productivity by
many different CHO cell lines,”'>'>">"'7 it is widely used as
an effective platform strategy for cell culture process develop-
ment and manufacturing in the biopharmaceutical industry.
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Nonetheless, the effects of temperature downshift on CHO cell
culture performance and quality attributes are not fully under-
stood, which is a major focus in recent reports.'*****~>* Because
of the potential benefit on titer and possible negative impact on
quality attributes, the optimal TS condition should be system-
atically developed for each individual cell line and protein pro-
duct separately.'"'®'” Fed-batch cell cultures, currently most
commonly used in the biopharmaceutical industry, usually use
long culture durations of 2-3 weeks. Many TS conditions,
including different shift times, temperatures and steps, may
require substantial resources in order to identify an optimal TS
condition. Due to resource constraints and the complexity of
systematic TS development, many reports only include one or
two TS conditions.'>'*'*?%*3? T the best of our knowledge, an
efficient short-duration method to quantitatively evaluate tem-
perature effects and to systematically screen many TS conditions
has not been reported for industrially relevant CHO cell lines.

Kinetic models generated from a small amount of experi-
mental data may provide good mathematic tools to simulate,
analyze, and predict CHO cell culture processes,”” > and this
is more efficient than empirical data analysis based on large
numbers of experiments. Structured models that contain com-
plete cell culture metabolism mechanistic information are able
to explicitly illustrate the cell metabolism™® and the enzymatic
reactions.*™*' However the complexity of intracellular pro-
cesses, as well as the involvement of hundreds of chemicals
and reactions, makes it difficult to apply this class of models
in CHO cell culture.*> Therefore, unstructured models, such
as Monod type relationships are widely used to describe CHO
cell culture.””*®*7* Unstructured models partially character-
ize cell culture properties using measurements such as cell
density, nutrients, and metabolites while neglecting complex
intracellular metabolism. However, few models for TS opti-
mization have been reported for the industrially relevant
CHO cell lines.”

In this study, batch and fed-batch CHO cell culture experi-
ments with 4-8 day short durations were conducted to esti-
mate kinetic parameters for production of two monoclonal
antibodies (mAbs) (mAbl and mAb2) by two industrial cell
lines (GS CHO1 and DG44 CHO?2), respectively. The kinetic
models built from short-duration experiments were verified
by independent fed-batch experiments for both CHO cell
lines in 14-day culture duration. Since preliminary experi-
ments during early process development indicated that both
cell lines achieved better cell culture performance with a TS
than the constant temperature at 36.5 °C, we focused on TS
conditions only other than constant temperature conditions
in the full duration verification runs here. Many TS condi-
tions with different times, temperatures, and steps were then
computed and predicted to identify the top TS conditions
using the kinetic models for the simulation of cell growth,
protein production, nutrient consumption and metabolite
formation. Thus, the prediction and simulation of different
TS conditions by kinetic models may make cell culture pro-
cess development more efficient by saving time and reducing
resources in comparison to performing large numbers of
experiments with empirical data analysis for systematic TS
development. We found that even a 1-1.5 °C difference
affected cell culture performance, and this was cell-line

specific. Thus, a few temperatures tested with empirical data
analysis in literature may not be sufficient to identify the
optimal TS strategy. In addition, we developed a 2-day short
duration batch culture method to study the effect of different
temperatures on mAb2 productivity and key quality attributes
by DG44 CHO2 cell line. The trends we observed were similar
to those of a 14-day full-duration fed-batch culture.

Results

Development of an 8-day short duration fed-batch
method for the study of different temperatures on cell
growth, metabolites and mAb1 production by GS CHO1
cell line

Model development and data analysis

The 8-day short duration fed-batch runs at different constant
temperatures with a high initial VCD of 10 x 10° cells/mL
included all cell culture phases: growth, stationary and death
(Figure 1 A). The reason we chose the high initial VCD of
10 x 10° cells/mL was to have the fed-batch runs completed
within a shorter duration than a typical initial VCD of
0.6 x 10° cells/mL. The cell growth, metabolites and protein
production profiles are presented in Figure 1. The model
results matched well with the experimental data at different
temperature conditions that ranged from 32 to 36.5 °C
(Figure 1). The general trend was that higher temperatures
resulted in higher growth rates (y,,,,) and death rates (k,)
(Table 1) with higher peak VCD (Figure 1A), which was in
agreement with literature.'®'**” Nonetheless, the highest peak
VCD was achieved with the highest glutamine production and
glutamate consumption profiles at 35 °C (Figure 1). The
higher peak VCD at 35 °C than 36.5 °C (Figure 1A) was due
to the fact that the k; value at 35 °C was about half of that at
36.5 °C, while p,,,, values were similar between 35 and 36.5 °
C (Table 1), although there was only 1.5 °C difference
between the two conditions.

Lactate metabolism was also sensitive to temperature. With
increasing temperature, higher k;,. and b;,, and lower a;,.
were obtained (Table 1), implying that higher temperature
accelerated lactate consumption but had less effect on lactate
production. This explained the earlier lactate metabolism shift
and lower lactate peak value at higher temperatures above 34 °
C, while higher lactate concentrations were observed when the
temperature was below 33 °C (Figure 1E). Since lactate is
generally considered to negatively impact cell culture, we
tried to avoid a TS strategy below 33 °C due to potential
lactate accumulation for this GS CHOL1 cell line.

The specific productivities (qp) at different days were quite
different at different temperatures (Figure 1G). Day-4 qp
values were similar at different temperatures. The qp values
at 35 and 36.5 °C decreased from day 4 to 8 and decreased
from day 6 to 8 at 34 °C, however, the qp values at 32 and 33 °
C were similar from day 4-8 (Figure 1G). We found that
lower temperature conditions maintained qp values better
over time than higher temperature conditions during cell
culture (Figure 1G), which is in agreement with several
other studies.**>° The overall productivity (KP) was nega-
tively correlated with increasing temperature (Table 1). As
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Figure 1. CHO1 cell growth (A), metabolite profiles: glucose (B), glutamine (C), glutamate (D), and lactate (E), and mAb1 production: titer (F) and specific productivity
qr (G) in fed-batch production in 250-mL shake flasks at different constant temperatures of 32, 33, 34, 35, and 36.5 °C with a high initial VCD of 10 x 10° cells/mL for
an 8-day short duration. The dots denote the experimental data with the average of duplicate runs (n = 2) and the lines represent the simulation results.

Table 1. Kinetic parameters for cell growth, protein production and lactate
calculated from the 8-day short duration fed-batch study with GS CHO1 cell line.

Temperature °C 32 33 34 35 365
Cell Growth ey (Ar77) 036 044 052 090 093

kg (day_’) 005 0.14 023 026 049
Protein KP (g-day™'- 10%cells™") 048 046 044 040 037

Lactate Ao (- 10 2cells - hr’') 10 81 55 46 4.1
brac (g- 107 %cells™) 083 12 16 23 56

Kige (g- 107 cells™- hr”) 087 11 11 18 26

described previously, VCD and growth rate (4,,,,,) were posi-
tively correlated with increasing temperature (Figure 1 A and
Table 1). For this specific study, the condition at 34 °C

achieved the highest final titer (Figure 1F). Because protein
production was associated with both integral VCD and spe-
cific protein productivity, the condition at 34 °C provided
good balance of growth rate and specific productivity for the
highest final titer for mAb1 by GS CHOL1 cell line (Figure 1A,
F and G).

Model validation, prediction and application

To validate the kinetic model parameters extracted from the
8-day short duration study with an high initial VCD of
10 x 10° cells/mL at different constant temperatures,
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independent shake flask runs inoculated with 0.6 x 10°
cellsymL VCD were performed under different TS condi-
tions for a 14-day full duration fed-batch runs with the
experimental data as shown in dots in Figure 2. The 6
conditions we chose covered different shifted temperatures
and at different days included multiple temperature shift
conditions, which were around common process operating
ranges (Figure 2 and Table 2). Using kinetic parameters
determined from the 8-day short duration study, the models
(1) to (8) were used to compute the VCD and expressed
therapeutic protein profiles of CHO1. The lines shown in

VCD (X 106 cells/mL)

144 192
Time (hr)

Figure 2 represent predicted results. The predicted data
matched experimental data well for both VCD and titer
profiles (Figure 2A and B), indicating that the kinetic
model parameters extracted from the 8-day short duration
study at different constant temperatures with a higher initial
VCD were valid and could be used for the prediction of cell
culture profiles obtained from the independent fed-batch
runs under different TS conditions using a typical initial
VCD for a 14-day full duration. This 8-day duration
method was further supported by a recent study, which
reported that the cell culture profiles under the high-seed
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Figure 2. CHO1 model validation for VCD (A), titer (B) and specific productivity (C) in fed-batch production 250-mL shake flasks with TS from 36.5 to 33 or 34 °C on
different days using a typical initial VCD of 0.6 x 10° cells/mL for a 14-day full duration. The dots denote the experimental data with the average of duplicate runs
(n = 2) and the lines represent the computing results using the kinetic models from the 8-day short-duration study.



conditions at 10 x 10° cells/mL with a short 12-day dura-
tion were similar to those under the low-seed conditions at
0.4 x 10° cells/mL with a long 17-day duration.”*

In addition, the peak qp values were between 0.6 and 0.8
pg/cell/hr for two experiments with 8-day short duration and
14-day full duration, respectively (Figures 1G and 2C). The
lower temperature resulted in a higher final qp on day8 for the
8-day short duration runs (Figure 1G), while the lower TS at
earlier shift day resulted in the higher final qp on day13-14 for
the 14-day full duration runs (Figure 2C). Therefore, the gp
values at different days from a full 14-day duration run with
different TS conditions were in agreement with the qp trend
from the 8-day short duration method at different constant
temperatures. In addition, the kinetic parameters for other
nutrients and metabolites (glutamine, glutamate, glucose, lac-
tate, and ammonium) were verified with the independent 14-
day full duration fed-batch run (data not shown).

Because the final titer is a crucial indicator for TS optimiza-
tion, Table 2 lists the predicted titer on day 14 harvest based on
31 different TS conditions via kinetic models (1) — (8). These
designed TS conditions including the temperature shift occurs
on different time points, via different steps, and to different
temperatures, which should represent typical TS conditions that
could be applied for bioprocess development. Six TS conditions
were validated by experiments, which showed less than 3% titer
difference between the predicted and validated values (Table 2).

Table 2. Predicted mAb1 titer (normalized) for different TS conditions via kinetic
models from the 8-day short duration fed-batch study, assumed that the GS
CHO1 cell cultures would be inoculated at a typical VCD of 0.6 x 10° cells/mL
with an initial temperature of 36.5 °C, then downshift to different temperatures
for a 14-day full duration. The validated titer (normalized) values were from the
GS CHO1 cell cultures described in Figure 3. The 8 conditions with bold
produced high titer values =297%.

Shift1 to Shift2 to
TS Shift1  temperature Shift2 temperature Predicted Validated
strategy  day (°Q) day (°Q) titer (%) titer (%)
1 NA 89.1 NA
2 6 32 NA 82.1
3 33 879 90.2
4 34 923 92.3
5 35 924 NA
6 8 32 87.3
7 33 95.1 96.8
8 34 97.8 97.8
9 35 99.0 NA
10 10 32 92.1
1 33 100.0
12 34 98.5
13 35 93.8
14f 6 35 8 32 87.2
15 33 94.9
16 34 97.4
17 34 32 873
18 33 94.5 94.2
19 33 32 833 NA
20 6 35 10 32 87.7
21 33 95.2
22 34 97.6
23 34 32 92.8
24 33 94.8
25 33 32 87.0
26 8 35 10 32 88.1
27 33 95.4
28 34 97.9
29 34 32 98.1
30 33 95.1 95.1
31 33 32 90.6 NA
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Based on the model calculation, a day-10 shift from 36.5 to 33°C
resulted in the highest titer (Table 2), which was set as 100%
normalized titer in this study.

The top productivity TS conditions could be screened
based on the normalized predicted titer > 97% (Table 2).
Thus, 8 TS conditions were shortlisted as candidates with
high titers (= 97%), while most of them included a tempera-
ture shift to 33 — 35 °C between day8 - dayl0. Instead of
testing all the 31 TS conditions, this modeling method allowed
us to narrow the high titer TS conditions to only 8.

Since temperature would have an effect on expressed ther-
apeutic protein quality, the multi-step TS conditions in
Table 2 and Figure 2 provided a choice to reach a similar
protein titer at various temperatures, which may be employed
to optimize the protein quality with more options. The appli-
cation of kinetic modeling for the prediction of final titer
under different TS conditions provided an efficient methodol-
ogy for screening an optimal TS strategy, instead of testing all
possible TS conditions by cell culture experiments.

Probably due to the complexity of process development and
process characterization, few reports on multiple temperature
shift conditions exist in literature. In this study, some experi-
mental and simulation data were presented under multiple tem-
perature shift conditions for both CHO1 and CHO2, which
produced similar titer and VCD profiles compared to top per-
formance conditions with only one temperature shift (Figure 2,
Table 2 and Figure 5B). Nonetheless, we did find one patent that
reported that 2 or more TS conditions resulted in better cell
culture performance with higher cell viability and final titer than
a condition at constant 37 °C or a single TS condition.”®

Development of a 4-day short duration batch method for
the study of different temperatures on cell growth and
metabolites by DG44 CHO2 cell line for mAb2 production

Model development and data analysis

The 4-day short duration batch runs with a typical initial VCD
of 0.6 x 10° cells/mL included only growth phase with little
protein production (Figure 3A). The cell growth and metabolite
profiles are presented in Figure 3. The model results matched
well with the experimental data at different constant tempera-
ture conditions ranged from 33 to 38.5 °C (Figure 3). A large
increase in the growth rate (4,,,,) was observed when the
temperature increased from 33 to 34 °C, while the growth
rates were similar with a wide temperature range from 34 to
38.5 °C (Table 3). A different trend was observed for the death
rates (k;), which linearly increased with temperature increase
from 33 to 35 °C, while the death rates were similar when the
temperature was 36.5 to 38.5 °C (Table 3). However, there was a
large increase in the death rate between 35 and 36.5 °C, over a
small 1.5 °C difference (Table 3).

It should be emphasized that small temperature differences
such as one degree may make large differences on cell culture
performance. We observed a large difference in the growth rate
(Umax) even between 34 and 35 °C (Table 1), while the death date
(kg) at 35 °C was about half of that at 36.5 °C for GS CHO1
(Table 1). A large difference in the growth rate (y,,,,) was
observed between 33 and 34 °C for DG44 CHO2 (Table 3).
Therefore, many temperature studies reported with only one
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Figure 3. CHO2 cell growth (A) and metabolite profiles: glucose (B), glutamine (C), glutamate (D), lactate (E) and ammonium (F) in batch production 5-L bioreactors
at different constant temperatures of 33, 34, 35, 36.5, 37.5 and 38.5 °C with an initial typical VCD of 0.6 x 10° cells/mL for a 4-day short duration. The dots denote the

experimental data (n = 1) and the lines represent the simulation results.

Table 3. Kinetic parameters for cell growth and lactate calculated from the 4-
day short duration batch study with DG44 CHO2 cell line.

Temperature °C 33 34 35 365 375 385
Cell Growth  fipay (hr77) 0.059 0.116 0.121 0.126 0.128 0.120
kq (day™") 0.048 0.065 0.084 0.13 0.13 0.14

Lactate Ayac 4.0 5.0 5.0 7.7 8.0 8.1

(g- 107 cells™"- hr’’

biac (g- 107 %cells™) 20 16 14 14 11 076
2.2 2.8 29 43 4.4 4.4

kLac
(g- 10 "cells™"- hr'")

or two TS conditions may not be sufficient to find an optimal TS
condition with good understanding the effect of TS on cell
culture performance for their culture processes.'>'*!%%3133
Thus, in comparison to traditional studies with 1-2 TS condi-
tions, there are advantages to developing short duration methods
with kinetic model tools for the systematic study of temperature
effects on cell culture performance.

Model validation, prediction and application

To validate the kinetic model parameters extracted from the 4-
day short duration batch study at different constant tempera-
tures, independent 5-L bioreactors inoculated with 0.6 x 10°
cells/mL initial VCD of CHO?2 cell line were performed using

one TS condition in triplicate from 36.5 to 35 °C on day4 for a
full 14-day duration. The experimental data is shown in dots in
Figure 4. We note that only one TS condition was used in this
study, and the validation would be more powerful if two or more
dynamic TS conditions were tested and validated. Using kinetic
parameters determined from the 4-day short duration study, the
models (1) to (8) were used to compute the VCD and metabolite
profiles of CHO?2 cell line with the lines representing predicted
results (Figure 4). The predicted data matched experimental data
well for the first 10 days, including growth and stationary phases
for both VCD and metabolites (Figure 4), which indicated that
the extracted kinetic model parameters from the 4-day short
duration batch study were valid and could be used for the
prediction of cell culture profiles obtained from the independent
fed-batch runs for the first 10 days of a full 14-day duration. This
is in agreement with other reports that batch culture can be used
for kinetic modeling of fed-batch culture, as long as nutrients are
not depleted.”> However, the kinetic model parameters,
extracted from the 4-day batch study with growth phase only,
may not be used to predict the fed-batch death phase of last
4 days with nutrient limitation and/or toxic metabolite accumu-
lation for the independent 14-day fed-batch run.
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Figure 4. CHO2 model validation for cell growth (A) and metabolites: glucose (B), glutamine (C), glutamate (D), lactate (E) and ammonium (F) in fed-batch
production 5-L bioreactors (n = 3) with TS from 36.5 to 35 °C on day4 using an initial typical VCD of 0.6 x 10° cells/mL for a 14-day full duration. The dots denote the
experimental data for a 14-day full duration and the lines represent the computing results for first 10-day duration using the kinetic models from the 4-day short

duration study.

The kinetic models built from the 4-day batch experiment
using CHO2 at consistent temperatures were applied to pre-
dict the cell growth performance up to 10 days at various TS
conditions (Figure 5), which would substantially reduce lab
experiments. The VCD profiles of the CHO2 cell line were
computed via kinetic models at different TS conditions in a
fed-batch mode. It indicated that a higher shift in temperature
(Figure 5A) and later TS date (Figure 5B) were beneficial for
biomass accumulation for the CHO2 cell line. The multi-step
condition on day 4, 6 and 8 at different temperatures was also
capable of achieving a similar VCD to the condition with a TS
on day 8 (Figure 5B).

Development of a 2-day short duration batch method for
the study of different temperatures on mAb2 productivity
and quality by DG44 CHO2 cell line

Since the 4-day short-duration batch method, using CHO2
cell line inoculated at a VCD of 0.6 x 10° cells/mL for early
cell growth only, does not include mAb2 production and
quality attributes, a 2-day batch duration method, using
CHO2 cell line inoculated at a higher VCD of 10 x 10°
cells/mL, was developed to obtain the expressed therapeutic
protein data in the end of day 2 (Figure 6). Therefore, no
model could be developed with one data point for the 2-day
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duration study. Although similar values were observed for
specific productivity, the size-exclusion chromatography
(SEC) and charge variant profiles from 36.5 to 38.5 °C in
the 2-day short batch duration study (Figure 6), we observed
that the qp (Figure 6A) and acidic peak (Figure 6C) values
increased with temperature from 33 to 36.5 °C, while high
molecular weight (HMW) (Figure 6B) and basic peak
(Figure 6D) values decreased with temperature from 33 to
36.5 °C. The same trends from the 2-day study from 33 to
36.5 °C (Figure 6) were confirmed using 14-day full duration
5-L fed-batch runs with different TS strategies from 36.5 to
33.5 and 32 °C on day5 (Figure 7). Therefore, the trend of
specific protein productivity and quality attributes from the 2-
day short duration study was verified by an independent 14-
day full fed-batch duration experiment. The specific protein
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productivity and quality attribute data generated via the 2-day
short duration method provide useful knowledge for process
development to predict full duration fed-batch runs.

The effects of temperature on productivity and quality
attributes are cell line and protein specific, which may also
have interactions with other cell culture parameters. We
found that overall productivity (KP) increased with decreasing
temperature from 36.5 to 32 °C for mAbl production by GS
CHOL cell line (Table 1). Using different GS CHO cell lines,
Goey et al’' reported similar qp observed between 36.5 and 33
°C, Sou et al’® reported qp increased by 25% with a tempera-
ture downshift to 32 °C, and Xu et al.>* reported that the
productivity decreased after temperature downshift in their
study. Mason et al.”® reported that some of GS CHO cell lines
produced higher qp and some produced lower gp under TS
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Figure 6. Effect of different constant temperatures on CHO2 for mAb2 specific productivity (A) and quality attributes: SEC profile (HMW: B) and charge variants
(Acidic: C, Basic: D) in batch 125-mL shake flasks with a high initial VCD of 10 x 10° cells/mL for a 2-day short duration (n = 2).



conditions (compared to that at 36.5 °C) dependent on dif-
ferent cell lines and TS dates. We found that qp decreased
with temperature decrease from 36.5 to 32 °C for mAb2
production by DG44 (dhfr) CHO2 cell line (Figures 6A
and 7A), while most other publications showed that qp
increased with decreasing temperature for production of
different proteins by different DG44 CHO cell lines.'"'*°
Aghamohseni et al.”” reported mixed results on qp with
DUXB (dhfr”) CHO cells, depending on shift timing and
glutamine concentrations. Therefore, the impact of tempera-
ture on qp is cell line dependent regardless of GS or DG44
(dhfr”) CHO cells. For quality attributes, we found that
HMW increased with TS to lower temperatures (Figure 7),
which is in agreement with Jing et al.*”> Kassermayer et al.'®
reported that HMW increased with decrease of TS when
culture pH is high, while HMW decreased with decrease of
TS when culture pH is low for the same CHO cell line.
Therefore, the effect of TS conditions on HMW is also
culture pH dependent. In addition to pH, more cell culture
parameters, including osmolality, agitation, and anti-foam,
were found to interact with TS on HMW formation.>> We
reported that the lower TS conditions resulted in decreased
acidic species (Figure 7C) and increased basic species
(Figure 7D), which are in agreement with literature.”
Kishishita et al.>* reported that lower TS conditions pro-
duced lower acidic species. In a review paper, Chung et al.”’
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also summarized that TS generally decreases acidic species
during CHO cell culture.

Our observation that the short-duration method with CHO2 in
as few as 2 days can be used for the trend evaluation of quality
attributes (Figures. 6 and 7) is very useful. Although we did not
measure quality attributes in the 8-day short-duration study for
CHOL1 (Figure 1), the 8-day short-duration method, having a 4-
fold longer duration than the 2-day method, could be used for
quality evaluation for CHOL1 inoculated with the same VCD
10 x 10° cells/mL as that in the 2-day short-duration study.

Discussion

To the best of our knowledge, a short-duration method
with kinetic modeling has not been reported as an effective
optimization tool for the study of temperature on CHO cell
culture. Here, we report three different short-duration cul-
ture methods from 2-8 days instead of full 14-day duration
of fed-batch cultures using two industrially relevant CHO
cell lines for production of two different mAbs. The first
study used an 8-day short duration method for fed-batch
production of mAbl by GS CHO1 cell line with a high
initial VCD of 10 x 10° cells/mL. Here the 8-day fed-batch
duration method that included growth, stationary and
death phases (Figure 1) was used to build kinetic models
on cell growth, metabolites and titer profiles at different

B
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Figure 7. Effect of different TS conditions on mAb2 specific productivity (qp values were calculated from day6 to day10) (A) and final D14 quality attributes: SEC
profile (HMW: B) and charge variants (Acidic: C, Basic: D) in fed-batch production 5-L bioreactors (n = 2) with an initial temperature of 36.5 °C, then reduced to 35,
33.5 or 32 °C from day5 to day14 using a typical initial VCD of 0.6 x 10° cells/mL for a 14-day full duration.
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constant temperatures. Those kinetic models were verified
using the full duration of 14-day fed-batch culture with a
typical initial VCD of 0.6 x 10° cells/mL (Figure 2). The
second study used a 4-day short duration method for batch
growth with a typical initial VCD of 0.6 x 10° cells/mL of
DG44 CHO?2 cell line (Figure 3). The kinetic models of cell
growth and metabolites from the 4-day study were verified
and able to predict first 10-day profiles of the full 14-day
fed-batch culture (Figure 4). The third study used a 2-day
short duration method for the batch production of mAb2
by CHO2 DG44 cell line with a high initial VCD of
10 x 10° cells/mL. Only one sample for each of the differ-
ent temperature conditions was collected for gp and quality
attributes in the end of the 2-day short duration study
(Figure 6), which were verified by full duration of a 14-
day fed-batch culture with a typical initial VCD of
0.6 x 10° cellsymL under different TS conditions
(Figure 7). Both the 4-day and 8-day short duration meth-
ods were used for simulation and prediction of cell culture
performance under many different TS conditions (Table 2
and Figure 5).

We also found that a minor difference in temperature (1-
1.5 °C) caused significant differences in cell culture perfor-
mance such as cell growth rates (34 vs 35 °C in Table 1 for GS
CHO1; 33 vs 34 °C in Table 3 for DG44 CHO2), death rates
(32 vs 33 °C and 35 vs 36.5 °C in Table 1 for GS CHO1; 35 vs
36.5 °C in Table 3 for DG44 CHO2), productivity (33 vs 34 °C
in Figure 1 G for GS CHO1), and quality attributes (Figures 6
and 7 for DG44 CHQO?2). Therefore, we believe that results for
a few TS conditions, as found in many literature reports, may
not give complete understanding of the effect of temperature
for specific CHO cell cultures.

In summary, our short-duration culture methods with
kinetic modeling tools may be used for effective TS optimiza-
tion to achieve the best profiles for cell growth, metabolites,
titer and quality attributes. Although only three short-dura-
tion methods were tested with two CHO cell lines for two
mAD production, the same or different short-duration meth-
ods using similar strategies may be applied for different hosts,
including both microbial and other mammalian cells, for
production of different therapeutic proteins and other
products.

Materials and methods
Cell culture experiments

Cell line and cell culture conditions

For the 8-day short duration experiments, GS CHOI1 cells
were cultured in 250-ml shake flasks containing a proprietary
chemically defined basal media with initial volume of 80 mL
for mAb1 production. Duplicate shake flasks were inoculated
with a high VCD of 10 x 10° cells/mL and cultured at con-
stant temperatures of 32, 33, 34, 35 and 36.5 °C for 8 days. For
independent 14-day full duration fed-batch experiments to
verify the 8-day short duration data, duplicate 250-mL shake

flasks were inoculated with a typical VCD of 0.6 x 10° cells/
mL of CHOL in the same basal medium as described above
and cultured with an initial temperature of 36.5 °C, then
reduced to different temperatures for 14 days, as described
in the results section. All shake flasks were incubated on a
shaker at 150 rpm and 6% CO,. Daily addition of a proprie-
tary chemically defined feed medium was started when cells
reached a predetermined VCD. Additional glucose was sup-
plied to maintain the concentration range.*

For the 4-day short duration experiments, DG44 CHO2
cells were cultured in 5-L Sartorius glass bioreactors with
Finesse control systems containing a proprietary chemically
defined basal media with an initial volume of 3.5 L for mAb2
production. All bioreactors (n = 1) were inoculated with a
typical VCD of 0.6 x 10° cells/mL at constant culture tem-
peratures of 33, 34, 35, 36.5, 37.5, and 38.5 °C for 4 days. The
agitation rate was fixed at 240 rpm, the pH was controlled at
pH 7.1 and the dissolved oxygen was set to 50% saturation.
For independent 14-day full duration fed-batch experiments
to verify the 4-day short duration data, 5-L bioreactors in
triplicate were inoculated at 0.6 x 10° cells/mL VCD with an
initial temperature of 36.5 °C, then reduced to different tem-
peratures as described in the results section. Daily addition of
a proprietary chemically defined feed medium was started
when cells reached a predetermined VCD for the full duration
5-L fed-batch runs. Additional glucose was supplied to main-
tain the concentration range.*

For the 2-day short duration batch experiments, to study
the temperature effect on mAb2 productivity and quality
attributes, CHO2 cells were cultured in duplicate 250-ml
shake flasks containing a proprietary chemically defined
basal media with an initial volume of 80 mL on an incubator
shaker at 150 rpm and 6% CO,. All shake flasks were inocu-
lated with 10 x 10° cells/mL VCD and at constant tempera-
tures of 33, 34, 35, 36.5, 37.5, and 38.5 °C for 2 days. For
independent 14-day full duration fed-batch experiments to
verify the 2-day short duration data, duplicate 5-L bioreactors
were run using the same cell culture process as described
above for production of mAb2 by DG44 CHO2 cell line.

Cell culture in-process assays

VCD and cell viability were quantified off-line using a Vi-
CELL XR automatic cell counter (Beckman Coulter). Glucose,
glutamine, glutamate, lactate, and ammonia were quantified
with a CEDEX Bio HT analyzer (Roche). A Protein A HPLC
was used to measure the protein titer. The highest protein
titer was set as 100% normalized titer in this study. The
specific productivity (qp) was calculated according to the
method described previously.” For bioreactor samples, off-
line pH, pCO, and pO, were detected using a Bioprofile
pHOx analyzer (Nova Biomedical).

Protein quality attribute assays

SEC was performed using a Tosoh TSK G3000SWy,; column,
7.8 cm x 30 cm x 5 um, with an isocratic gradient monitored
at 280 nm on a Waters Alliance HPLC system (Milford, MA)



equipped with a temperature controlled autosampler and
Waters 2996 PDA detector.

Charge variants were assayed by imaged capillary isoelec-
tric focusing, which was performed on a Protein Simple iCE3
instrument with an Alcott 720 NV autosampler (San Jose,
CA). Samples were mixed with appropriate pI markers,
ampholytes, and urea and injected into a fluorocarbon-coated
capillary cartridge. A high voltage was applied and the
charged variants migrated to their respective pI. A UV camera
captured the image at 280 nm. The main peak was identified
and the peaks that migrated into the acidic range and basic
range were summed, quantitated, and reported as relative
percent area.

Model development

Intracellular metabolism involves hundreds of chemicals and
enzymatic reactions, many of which are not mechanistically
understood.*” It is not a trivial task to take all these reactions
into consideration. Thus, an unstructured kinetic approach
was used to focus on nutrients, such as carbohydrates and
amino acids, which contribute to biomass accumulation, and
toxic metabolites that disturb the desired metabolic path-
ways. In this study, glucose, glutamine and glutamate were
regarded as the representative nutrients, while lactate and
ammonia were regarded as the representative toxic
metabolites.”® We applied Monod-based models including
the main influential detected substrates and metabolites to

describe cell growth.”®>’
rx = (4 — ug)X (1-a)
KIp,
 Hmax HK15, HKIP +[P] (1-b)
KDs [P]
: 1-
dHKDS, HKDP + [P] (-9

Where pg is the specific growth rate; y, is the specific death
rate; Y,y is the maximum specific cell growth rate; k, is the
maximum specific cell death rate; X is the viable cell density
(VCD), S is the concentration of the limiting substrate, P is
the concentration of toxic metabolites; KIg, KIp, KDg and KDp
are the saturation constants.

Glucose is the main carbon and energy source, following
the kinetic process described by Xing et al.”®

(e
— + X
r'Gle (aGlc YFGk)

Where, the subscript g denotes glucose; % indicates the
glucose consumption associated with cell growth; ag,;. denotes
the glucose consumption to maintain cell viability. Equation
(2-a) works for the batch mode.

Considering the intermittent feeding of glucose during a fed-

batch mode, mass balance of glucose in the reactor is given by

(2-a)
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Where, two adjacent measurement are taken at ¢, and t,; Cgy.;
is the concentration of feeding glucose; V is the bulk solution
volume; V; is the volume of added corresponding nutrient at

n

the ith time. ) Cgi—;V; is the total glucose added into the
i=1

bioreactor.

Though glutamine and glutamate are included in the
media, they can also be generated from other substrates cat-
alyzed by different enzymes within the CHO cells, and then
entered into the central metabolism.®® Their kinetic processes
can be expressed as

kGln-Ci ALlG
n= (D g — 0 | X 3-
TGl ( — Ko, + G; a6 = yE oo (3-2)
kGl“jCJ Ha
= B —————— — X 4—
Gl (% Ko 1 G, aclu Yeor (4-a)

Where the subscript g, and g, denote glutamine and gluta-
mate, respectively; C; or C; is the i-th or j-th chemical that will
generate glutamine or glutamate, Y;“ and ;% indicate the
glutamine and glutamate consumptlon assoc1ated with cell
growth; agy, and ag, denote the glutamine and glutamate
consumption to maintain cell viability; k is rate constant and
K is saturation number in Michaelis-Menten model.

With a well-developed chemically defined medium, there
are typically sufficient nutrients to supply glutamine and
glutamate. Thus, their generation can be expected approxi-
mately stable during the cell culture process, that is,

kiC

G
Z.:K,»JFC,»_

Where, bpmino is @ constant.
Substituting (5) to (3-a) and (4-a) leads to

e, X
n— — d n
TGl < ¢l YFG1n>

Hg )
Glu = — dGlu + X
( YFGlu

Where dg;, and dgj, are constants that can be either negative or
non-negative. Equations (4-a) and (4-b) work for the batch mode.

Similarly as glucose, when taking consideration of the daily
feed of glutamine and glutamate during a fed-batch mode,
mass balances yield

bA min o (5)

(3-b)

(4-b)

[Coin V], — [ComV

Z CGln i l
+ .[ - (dGln + g
t

YF Gln

) VXdt  (3-¢)
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Where, Cgj,.; and Cgy,.; are the concentrations of glutamine
and glutamate concentration daily fed to the bioreactor.
As known traceable metabolites, lactate and ammonia have
known effects on cells.*®" They are generated from the central
metabolism to support cell growth and maintain cell viability,

while being consumed during cell culture.*®°* Thus, the
process can be expressed as

Glu

G )Vth (4-c)

krac|Lac
TLac = (aLac + bLﬂC/"G - KLL _'[_ [lec]>X (6)
kamm|Amm]
mm — mm mm e ) 7
rA (aA + ba Ug Kaps + [Amm] (7)

Where a and b indicate the metabolite produced to main-
tain cell survival and associated with cell growth, respec-
tively. The metabolites can be consumed during the cell
culture, catalyzed by enzymes such as lactate dehydrogenase
or transaminases.

To characterize the therapeutic protein production pro-
cess, various substrates and toxic metabolites should be
considered.®**** Organized in a comprehensive Michaelis-
Menten structure, the kinetic equation can be expressed

as65
rrp = QrpX (8-a)
= KP 8-b
Qrp = H Ks, ,H K P (8-b)

Where Qrp is the specific therapeutic protein production rate;
KP is the maximum specific protein production rate; Kg and
Kp are saturation constants.

Variables and constants extracted from modeling

Integral cell culture kinetic parameters were extracted from
the short duration cell culture experiments, including cell
growth, cell death, metabolite concentration change, and ther-
apeutic protein production. The program OdexLims in Excel
(2013) coded with Visual Basic for Applications was used to
calculate the parameters.

Though KI, KD, and K denoting the enzyme binding
affinities should theoretically respond to temperature
change, our preliminary investigation using the equations
(1) - (8) revealed that these parameters kept relatively
steady (<10% variation) within the temperature range stu-
died. Therefore, the KI, KD, and K values were considered
approximately constant in this study. This provided an
intuitional comparison of u,; YF, k and KP values to
describe the temperature effect on cell growth, cell meta-
bolism and titer. Glucose was not a limiting substrate
indicated by a small calculated Klg; value (~1072 g/L).
This agrees with the feeding strategy of sufficient glucose
supplement.

Abbreviations

a substrate consumption to maintain cell viability

b chemical generation constant

C chemical that will generate glutamine or glutamate

CHO Chinese hamster ovary

d constant that reflects the overall impact of certain chemical

generation and consumption
Glc glucose

HMW high molecular weight
k rate constant
K saturation number in Michaelis-Menten model
KD cell death saturation constants
Ki cell growth saturation constants
KP maximum specific protein production rate
mAb monoclonal antibody
P concentration of toxic metabolites
Qrp specific therapeutic protein production rate
r reaction rate
S concentration of the limiting substrate
SEC size-exclusion chromatography
TS temperature shift
VCD viable cell density
X VCD
k4 maximum specific cell death rate
Uqg specific death rate
Ug specific growth rate
Umax maximum specific cell growth rate
bulk solution volume
V; volume of added nutrient at the ith time
YF factor of substrate consumption associated with cell growth
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