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The manufacture of complex therapeutic proteins using mammalian cells is well estab-
lished, with several strategies developed to improve productivity. The application of sus-
tained mild hypothermic conditions during culture has been associated with increases in
product titer and improved product quality. However, despite associated cell physiological
effects, very few studies have investigated the impact on downstream processing (DSP).
Characterization of cells grown under mild hypothermic conditions demonstrated that the
stationary phase was prolonged by delaying the onset of apoptosis. This enabled cells to
maintain viability for extended periods and increase volumetric productivity from 0.74 to
1.02 g L™'. However, host cell proteins, measured by ELISA, increased by ~50%, attributed
to the extended time course and higher peak and harvest cell densities. The individual com-
ponents making up this impurity, as determined by SELDI-TOF MS and 2D-PAGE, were
shown to be largely comparable. Under mild hypothermic conditions, cells were less shear
sensitive than those maintained at 37°C, enhancing the preliminary primary recovery step.
Adaptive changes in membrane fluidity were further investigated by adopting a pronounced
temperature shift immediately prior to primary recovery and the improvement observed sug-
gests that such a strategy may be implementable when shear sensitivity is of concern. Early
and late apoptotic cells were particularly susceptible to shear, at either temperature, even
under the lowest shear rate investigated. These findings demonstrate the importance of con-
sidering the impact of cell culture strategies and cell physiology on DSP, by implementing a
range of experimental methods for process characterization. © 2013 American Institute of
Chemical Engineers Biotechnol. Prog., 29:688-696, 2013
Keywords: mild hypothermic culture, apoptosis, cell cycle, downstream processing, host cell
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Introduction

The demand for therapeutic proteins produced by mamma-
lian cell lines, such as Chinese hamster ovary (CHO) cells,
continues to grow. Significant achievements in process opti-
mization have been made to meet the clinical demands of
these proteins, which can have very high dosing regimes, of-
ten of more than 1 g per dose." These include incorporation
of enhanced cell line selection technologies, development of
media and feeds, and scale-up to bioreactor volumes of up to
25,000 L.> Despite these improvements additional strategies
have been adopted to increase volumetric productivities,
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extending the use of existing manufacturing facilities and
reducing the capital expenditure associated with building and
validating new facilities or outsourcing to contract manufac-
turer organizations. These have included the optimization of
dissolved oxygen tension (DOT), pH, and temperature, all of
which have been shown to have an influence cell metabo-
lism, productivity, and product quality.‘%f5 The use of mild
hypothermic conditions, by lowering the culture temperature
to below the normal physiological temperature of 37°C, to
enhance cell specific productivity of recombinant proteins,
has been extensively studied.”™ It should also be considered
that dissolved oxygen concentration increases as temperature
is reduced.>’ However, the effect of decreasing the culture
temperature on downstream processing (DSP) performance
and host cell protein (HCP) profile has yet to be considered.

Lowering culture temperature is a strategy used to control
cell proliferation during cell culture and is typically
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employed during the mid or late exponential growth
phases.'” Reducing the culture temperature arrests cells in
the Gl-phase of the cell cycle when the cells are larger''
and have a lower glucose consumption and oxygen uptake
and lactate and ammonia production than nonarrested
cells.”'” Mild hypothermic conditions also have the advant-
age of extending the stationary phase and maintaining higher
cell Viability,8 improved product quality3’12 and decreasing
the sensitivity to apoptotic agents.13

It has been reported that the effect of lowering culture
temperature on cell specific productivity is cell line depend-
ent.'* In some cases increases in cell specific productivitys_7
have been observed whilst in others the productivity
decreases or remains comparable to nonarrested cells.”'*

The glycosylation profile of recombinant proteins can be
affected by the culture conditions, such as pH, temperature,
culture media and mode of operation.]5’16 It has been sug-
gested that reducing culture temperature helps to retain the
glycoform, as high cell viability is maintained throughout
culture and the release of glycosidases, which target mono-
saccharides from the glycan, is minimized.”"

Although a number of studies have been undertaken on
mild hypothermic conditions, these have largely focussed on
understanding the physiological response to this stress and
on the identification of key biomarkers associated with it. In
line with the quality by design (QbD) measures being
adopted industry-wide further understanding of the effects of
implementing strategies such as mild hypothermic conditions
at process scale, on both the manufacturing process and the
target product itself is becoming increasingly important to
regulators.!” To assist with such activities, the availability of
scale-down methodologies which accurately mimic process
scale operations for process development and validation pur-
poses has become paramount. Until recently much of this
work has focussed on cell culture, including high throughput
screens in microwell plates and miniature bioreactor for-
mats'® or on purification process steps in geometrically scal-
able chromatography columns or other alternative scale-
down formats." As these tools continue to evolve, integration
of primary recovery is being seen as increasingly important
in the development process, to understand its impact on the
release of process related impurities. This is being achieved
by the development of a number of scale-down methodolo-
gies for these process operations, including for centrifuga-
tion, microfiltration,?! and depth filtration.”>

In this study, we examine the effect of mild hypothermic
conditions on an industrially relevant IgG, producing GS-
CHO cell line grown in monitored and controlled stirred
tank bioreactors (STRs), operated under fed-batch mode with
serum free media. Using flow cytometry-based assays, we
investigate the physiological effects of mild hypothermic
conditions on the cells at certain time-points during fermen-
tation. We have previously demonstrated that cell physiology
can play an important role in primary recovery performance,
particularly during operations such as centrifugation, which
is associated with the high levels of energy dissipation that
can cause cellular damage during processing.”’24 We have
therefore considered the potential impact of these cellular
responses on the DSP. First, we evaluate differences in the
impurity profile challenging the purification process by using
a variety of analytical techniques. We then examine the
impact on centrifugation performance by using an ultra
scale-down (USD) methodology.
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Material and Methods
Cell culture

Experiments were carried out using a Glutamine synthe-
tase Chinese hamster ovary (GS-CHO) cell line stably
expressing an IgG, monoclonal antibody (CYOL cell line,
generously provided by Lonza Biologics, Slough, UK), as
described in Velez-Suberbie et al.> Two bioreactors were
run in parallel with working volumes of 3.5 L and set points
of pH 7.1 and DOT 30% of air and were inoculated simulta-
neously using the same seed culture. Both bioreactors were
operated at 37°C until late exponential phase (day 6) when
the temperature was shifted to 32°C in one bioreactor and
maintained for the duration of the culture.

For investigating reduced processing temperature, samples
were taken from a fed-batch bioreactor run, which was per-
formed as described above, under standard conditions. Sam-
ples were taken at high and low viabilities and either
immediately used at culture temperature for USD shear and
centrifugation or adjusted to 4°C and held for 5 h, prior to
processing.

USD shear and centrifugation studies

A rotating shear device, mimicking the shear typically
experienced in the feed zones of industrial centrifuges and a
96-well plate bench-top centrifugation method, providing a
range of clarification conditions representing a range of volu-
metric flow rates at process-scale were used as described
previously.*

Analytical Techniques

N-glycan release, labeling, clean-up, and analysis

Supernatant from samples was taken on days 10 and 12
(37°C) and 14 and 20 (32°C) and purified and prepared for
mass spectrometry analysis as described previously in Velez-
Suberbie et al.”

Apoptosis staining

Progression into apoptosis was determined from day 8
onwards by staining with a commercially available annexin
V-FITC/7ADD kit (Invitrogen, Paisley, UK) and analysis
using a Coulter Epics XL-MCL Flow Cytometer (Beckman
Coulter, High Wycombe, UK). Cell culture samples were
prepared following Manufacture’s protocol, analyzed using
488 nm excitation and detected using 525 and 675 nm band-
pass filters for annexin V and 7-ADD, respectively, and col-
lected for 300 s or 10,000 events. All samples were analyzed
within 30 min of staining. Positive control samples were an-
alyzed to ensure appropriate gating was applied.

Cell cycle analysis

Cell cycle distribution was determined from day 8
onwards using propidium iodide staining combined with
flow cytometry (Coulter Epics XL-MCL, Beckman Coulter).
Cell culture samples were centrifuged (Eppendorf 5415,
Cambridge, UK) at 500g for 5 min at 20°C, the supernatant
discarded and the cell pellet washed in PBS. The suspension
was centrifuged again at 500g for 5 min at 20°C, the super-
natant was discarded and the cell pellet resuspended in 70%
ice cold ethanol to a concentration of 5 X 10° cells mL ™.
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Cells were fixed for 30 min at 4°C, and then centrifuged at
1500g for 5 min at 20°C. The supernatant was discarded and
the pellet was resuspended in 0.5 mL of PBS. The cell sus-
pension was centrifuged at 800g for 5 min at 20°C, the su-
pernatant discarded, 75 pL of a 100 pL mL™" of
Ribonuclease A solution (Sigma-Aldrich, Gillingham, UK)
was added and incubated for 5 min at room temperature.
Propidium iodide (0.75 mL of a 50 pL mL ™' solution) was
added and incubated for 5 min at room temperature (Sigma-
Aldrich). The samples were analyzed by flow cytometry
(Coulter Epics XL-MCL, Beckman Coulter) using 488 nm
excitation and a 675 nm band-pass filter for detection. To
obtain the cell cycle distribution, the histogram data file gen-
erated was analyzed using the Cylchred program (Cardiff
University, Cardiff, UK).

Particle size distribution analysis

A CASY analyzer (Innovatis, Bielefeld, Germany) was
used to determine the particle size. The CASY was used
with a 150 pum orifice and set to measure up to 40 um with
a 5 times repeat measurement, from which an average was
reported. The particle volume was calculated from the diam-
eter determined, assuming all particles were spherical. The
volume was then determined as a percentage of the entire
volume of material present.

Product concentration by HPLC analysis

The mAb concentration was determined by protein G-HPLC
analysis using an Agilent 1200 HPLC (Agilent Technologies,
South Queensferry, UK). Samples (100 pL) were loaded onto
a 1 mL HiTrap protein G column (GE Healthcare, Pittsburgh,
PA), washed with 20 mM sodium phosphate, pH 7.0 and
eluted using 20 mM glycine hydrochloride, pH 2.8, with ab-
sorbance measured at 280 nm. The product peak was inte-
grated and the concentration determined using a standard
curve of purified mAb of known concentration.

HCP ELISA

HCP concentration was determined using a commercially
available microtiter sandwich ELISA (Cygnus Technologies,
NC), as described previously.

Surface-enhanced laser desorption ionization: time of flight
(SELDI-TOF) mass spectrometry

Samples were prepared and analyzed as previously
described,?® using normal phase SELDI chips (NP20, Bio-
Rad Laboratories, Hemel Hempstead, UK).

2D-Polyacrylamide Gel Electrophoresis (2D-PAGE)

Samples from the relevant timepoints of each culture were
prepared and Isoelectric focussing and SDS-PAGE per-
formed as previously described.”® The gels were then stained
with Sypro Ruby (Invitrogen), according to the manufac-
turer’s protocol and scanned using a Typhoon 9400 laser
scanner (GE Healthcare), with the following settings; 600 V
PMT, 532 nm (green laser) for excitation and 610BP30
emission filter and a pixel size of 100 pm.

Progenesis Samespots software was used for spot compari-
son (version 4.0, Nonlinear Dynamics, Newcastle upon
Tyne, UK). After selecting an appropriate reference image
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the gels were aligned by adding manual vectors and then fur-
ther aligned with additional automatic vectors. All images
were selected for further processing and all detected spots
subsequently normalized. Gel images were then divided into
the two experimental groups and compared using the
between-subject-design analysis function. Detected spots
were reviewed on a one to one basis and adjusted where
appropriate (e.g., splitting and merging of spots). Compari-
son between the two groups was made, using the software to
perform an ANNOVA test and generate P values, power val-
ues and fold change differences of selected spots. Only spots
with P values of <0.05 and power values of >0.8 were
selected. Any spots identified in areas of the gels masked by
mADb heavy or light chains in any of the samples analyzed
were discounted.

Results and Discussion

In the following sections, we discuss the implications of
implementing mild hypothermic conditions, a commonly
used cell culture strategy to improve product titer, on the
subsequent stages within DSP. We first examine the change
in physiology that occurs to CHO cells grown under mild
hypothermic conditions (32°C) and then go on to investigate
how the change in culture conditions can also affect the im-
purity profile of the process stream, specifically the HCP
population. Finally, we evaluate how the physiological
changes associated with mild hypothermic conditions can
affect the shear susceptibility of cells and as a consequence
the performance of process-scale centrifugation, which is
commonly used for primary recovery in large-scale biophar-
maceutical manufacture.

The physiological response of GS-CHO cells to mild
hypothermic conditions

To investigate the effect of mild hypothermic conditions
(32°C) on mammalian cells grown in suspension, two 5 L
fed-batch cultures were grown in parallel using a model
mAb producing GS-CHO cell line. Operating conditions
were matched in each bioreactor until a cell density of 8 X
10° cells mL ™' was obtained (day 6), indicating an end to
the exponential phase, at which point the temperature of one
reactor was shifted from 37°C to 32°C until harvest. As has
been demonstrated previously,” ™’ the application of mild
hypothermic conditions prolonged the stationary phase com-
pared with the culture maintained at 37°C (Figure 1), and
cell viability was maintained above 80% until day 20 of cul-
ture, whereas viability dropped to below 80% on day 12 under
standard culture conditions. Further analysis of the cells dem-
onstrated that this prolonged stationary phase delayed apopto-
sis progression (Figure 2A) and increased the proportion of
cells within the G1 phase of the cell cycle from 46 to 64%,
which is consistent with previous studies (Figure 2B). 381012
The application of mild hypothermic conditions can increase
final product titer and is observed to do so here with an
increase at harvest point from 0.74 g L' at 37°C to 1.02 g
L' at 32°C. An increase in cell specific productivity, which
is also often associated with mild hypothermic culture condi-
tions,14 was not observed (Table 1). However, it did allow the
culture duration to be extended significantly and increase the
product titer on day of harvest. These findings were in agree-
ment with previous work performed in shake flasks, operated
in batch mode (data not shown). Increased cell specific
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Figure 1. Growth profiles of mAb producing CHO cells
(GS-CYO01) grown under standard and mild hypo-
thermic conditions (32°C).

Cultures were grown in parallel STRs (3.5 L working volume)
with a temperature change from 37 to 32°C implemented in
one bioreactor on day 6 of culture. The viable cell concentra-
tion (@ 32°C; O 37°C) and viability (A 32°C; A 37°C) were
determined. n =3 (replicate cell counts) = s.d. Product titer
was determined by protein G HPLC (M 32°C; [0 37°C).
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Figure 2. Effect of mild hypothermic (32°C) culture conditions
on cell physiology.

Cultures were grown in parallel STRs (3.5 L working volume)
with a temperature change from 37 to 32°C implemented in one
bioreactor on day 6 of culture. A: Apoptosis was determined by
flow cytometry for samples taken from the cultures at 32°C [via-
ble (M,—), early apoptotic (A,—), and late apoptotic cells (@,—
)] and 37°C [viable ((J,- -), early apoptotic (A,- -), and late apo-
ptotic cells (O,- -)]. The trend lines represent second order linear
regressions. B: The cell cycle distribution was determined by
flow cytometry and the percentage in G1 (M), S (l), and G2/M
(M) subpopulations was calculated.

productivity is known to be a cell line specific phenomenon;
however, it is interesting to note that cells cultured at 32°C
showed a gradual increase in cell size during culture and that
when this is taken into account, the volume specific productiv-
ity at time of harvest approaches that observed in cells grown
at 37°C. The effect of mild hypothermic conditions on product
quality was determined on days 12 and 20 for 32°C and days
10 and 12 for 37°C (Figure 3) by N-glycan analysis. It
showed that decreasing the culture temperature did not impact
on the glycosylation profile, whilst the length of culture had
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Table 1. Specific Productivity, Volume Specific Productivity, and
Cell Size from CHO Cells (GS-CY01) Grown Under Mild Hypother-
mic and Standard Conditions

Average Cell Average Volume

Specific Pro- Specific Average
Time ductivity (]i')g Productivity Cell Size
(days) cell’td™h (pg mm > d (um)

32°C  37°C 32°C 37°C 32°C  37°C

123 x 10 2.10 X 10* 150 149
1.57 X 10 3.03 X 10* 16.1 165
2.68 X 10* N/A 183 N/A
1.92 x 10 278 x 10 165 157

0-6 7.1 12.6
7-13 6.5 12.7
14-20 7.7 N/A
Overall 7.2 11.8

N/A: Bioreactor was harvested on day 13.
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Figure 3. Glycosylation profiles of mAb producing CHO cells
(GS-CY01) grown under standard and mild hypo-
thermic conditions (32°C).

Cultures were grown in parallel STRs (3.5 L working volume)
with a temperature change from 37 to 32°C implemented in
one bioreactor on day 6 of culture. Samples removed on speci-
fied time points were purified by protein A chromatography
and the glycosylation profiles were determined, % relative area
of fucosylated and non-fucosylated glycans (Bl GO(F);

G1(F); M G2(F). n =3 (replicates of antibody sample) * s.d.

an impact of the ratio of the glycosylated species, in agree-
ment with findings by Reid et al.*® As the culture progressed,
there was an increase in relative abundance of short glycans
(GOF) 48 to 52% and 53 to 58% for 32 and 37°C, respec-
tively, and a decrease on the proportion of long glycans (G1F/
G2F) 41 to 36% for 32°C and 38 to 35% for 37°C.

Analysis of the HCP distribution

The HCP profile has been shown to be affected by physiologi-
cal differences prior to and during primary recovery>**’ and dif-
ferential expression of specific proteins in response to this state
may mean that the make-up of the impurity profile is changed.
For these reasons, the effect of mild hypothermic conditions on
the HCP content was investigated. The HCP content determined
by an industry standard ELISA assay’’ was ~50% higher in the
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Table 2. HCP Analysis Under Standard and Mild Hypothermic
Conditions (32°C)

32°C 37°C
148 = 14 102 £13

HCP ELISA (ug HCP mg ™' mAb)

HCP quantification was conducted using a commercially available
sandwich ELISA kit. The data shown is the average of triplicate replicates
within the range of the assay, normalized to the mAb concentration.

Isoelectric Point(Non-Linear)

pH10

Molecular Welght (kDa)

ns 10
< 20 B ) \}]
2 ? 5
2 0 Y
@
E

0 1 0

10 20 30 50 100 150 200
Molecular Weight (kDa)

Figure 4. Representative example of a 2D-PAGE gel image (A)
and SELDI-TOF MS spectra (B), from the fed-batch
culture operated at 37°C.

For 2D-PAGE, pH 3-10 nonlinear IPG strips and 4-12% Bis-
Tris SDS-PAGE gel were used, with a total protein load of 200
pg. All samples were run in triplicate and stained with Sypro
Ruby. For SELDI-TOF MS, analysis was performed using nor-
mal phase chips, with all samples run in triplicate. Peaks attrib-
uted to be product related species are indicated.

culture grown under mild hypothermic conditions, raising from
101,741 = 13,211 ppm (ng per mg antibody) at 37°C to
148,264 = 13,610 ppm at 32°C, measured on days 12 and 20,
respectively (Table 2). Under standard conditions the majority of
HCPs from the cell line used in this work have been shown to
be intracellularly located, arising from lysed or fragmented cells
during culture.** The higher peak and harvest viable cell counts
and extended culture period associated with the culture grown
under mild hypothermic conditions are therefore likely to be sig-
nificant contributing factors accounting for this difference.

The differences in proportion of HCPs may be also due to
differential expression of these impurities as a result of imple-
menting hypothermic conditions during culture.*' As this
strategy has been adopted here and in light of differences in
abundance as determined by HCP ELISA two complementary
proteomic techniques, SELDI-TOF MS and 2D-PAGE, were
used to examine the individual components of this impurity
population (Figure 4). SELDI-TOF-MS has been used previ-
ously to examine HCP expression throughout culture®*** and
HCPs during purification,”® but only now to examine differen-
ces as a result of physiological stress. 2D-PAGE is an exten-
sively used proteomic technique and can be coupled with
mass spectrometry for identification and has been used in a
number of studies to focussing on HCPs. 222429
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For SELDI-TOF MS, chips with normal phase chemistry
were used to bind the majority of proteins present. An exam-
ple of the typical mass spectra output generated is shown in
Figure 4. Many of the prominent peaks are attributed to be
product related, or associated fragmented and multiply
charged species, however, in the lower mass range (<20 kDa)
many of the peaks are likely to be HCPs. Comparison of the
individual peaks observed within this range showed that the
majority of peaks had comparable areas, but there were a
small proportion of peaks having statistically significant dif-
ferences. Analysis by 2D-PAGE (Figure 4) provided further
evidence of minor differences in some individual HCPs,
although again the majority of spots had comparable volumes.

Although the proteomic methods used in this work suffer
from some limitations, as discussed in further detail in Tarrant
et al.® any differences in the impurity profile, even if minor,
may be significant as these are one of the primary impurities
targeted for removal during the purification process.”® This
also provides rationale for further examination of HCPs, when
changes to the existing production process are made, in partic-
ular on whether or not there is a consequence on the effec-
tiveness of the purification process. Improvements in sample
preparation (e.g., use of immunodepletion), implementation of
alternative proteomic techniques such as 2D LC-MS or exami-
nation of these impurities at the individual component level
(e.g., for HCPs which are shown to be product associating,
have protease activity or are associated with particular safety
concerns) would therefore greatly benefit efforts in future pro-
cess development and improve current process understanding.

Implications of mild hypothermic conditions on DSP

The benefits of high recombinant protein titer and product
quality associated with mild hypothermic conditions are well
established.” It is also known (and demonstrated here) that the
implementation of such strategies and other changes in bio-
reactor conditions can have a dramatic effect on the physio-
logical state of the cells**> and that such changes can in turn
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Figure 5. Effect of mild hypothermic growth conditions on the
response of CHO cells to shear.

Samples taken from fed-batch cultures operated at 32 or 37°C
were exposed to shear environments that represent those typi-
cally experienced in industrial scale centrifuges. The viability
determined prior to and after application of the shear using a
Vi-Cell XR. The plots depicted here show the results from
samples that had the same pre-shear viability, represented here
as high [37°C, day 10 (@); 32°C, day 12 (A)] and low [37°C,
day 12 (O); 32°C, day 20 (A)]l. n=3 (repeat viability
measurements) = s.d.
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Effect of mild hypothermic culture conditions on centrif-
ugation performance predicted using an USD model.

Samples taken from fed-batch cultures operated at 32 or 37°C were
exposed to shear environments that represent those typically experi-
enced in industrial scale centrifuges. The predicted clarification per-
formance was determined by centrifugation of sheared and non-
sheared samples in 96-well plates conditions to give V/c.t.X values
of 1.88 (@,0), 2.56 (A,A) and 5.00 X 107* m s~' (W), 32°C
(filled symbols), 37°C (empty symbols).

High Viability
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alter the way in which cells respond to shear forces. In addi-
tion, the shear experienced in DSP has also been well charac-
terized and shown to yield energy dissipation rates many
times higher than those typically seen in bioreactors,®® which
can have significant effects on the cell containing culture me-
dium.>***37 Here, we investigate the impact upstream process
conditions can have on the response of cells to the shear
forces experienced in DSP; specifically, disc-stack centrifuga-
tion, which is typically the first recovery stage in large-scale
mammalian cell culture. To enable a more comprehensive
study of different centrifugation conditions, we employed an
USD mimic of process scale centrifugation, which has been
previously used to evaluate this cell line.>>%*

Cell culture material taken from bioreactors either con-
trolled at 32 or 37°C were exposed to a range of shear con-
ditions that mimic those that would typically be experienced
during primary recovery using large-scale centrifugation. To
compare the performance from either culture the viability of
the cells pre-shear and post-shear was determined and the
clarification performance measured using an USD centrifuga-
tion mimic.>® Shear sensitivity of CHO cells has previously
been demonstrated to be associated with the viability of the
culture.”*** However, the implementation of mild hypother-
mic conditions prolongs the period over which cells maintain
a high viability; therefore to ensure the response to DSP
observed is a fair comparison, cultures with the same viabil-
ity rather than those taken on the same day were compared,
that is, days 10 (91.6%) and 12 (81.2%) for 37°C and 14
(91.9%) and 20 (83.2 %) for 32°C cultures.

The reduction in culture viability with the implementation
of increasing energy can be considered a measure of the shear
sensitivity of the culture. When cultures taken from mild
hypothermic conditions and standard growth conditions are
compared (Figure 3), both cultures demonstrate an energy dis-
sipation threshold (0.195 X 10°® W kg~ ') above which a
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Impact of temperature reduction on particle size distribution following mimic of centrifugal shear forces.

Samples were taken on day 6 (high viability) or 12 (low viability) and were immediately processed (mm) or adjusted to 4°C (mm) and held for 5 h
prior to processing. Samples were sheared at 6,500 or 12,000 rpm, equivalent to maximum energy dissipation rates of 0.06 and 0.53 X 10° W kg~ ".
The particle sizes were determined using the CASY analyzer, with the data shown in each plot the relative frequency of an average of five repli-
cates. Viability, as determined using the Vi-Cell XR, is also indicated in each plot.
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Figure 8. Impact of temperature reduction of cell culture ma-
terial prior to centrifugation.

A: Samples were taken on days 6 (high viability) or 12 (low
viability) and adjusted to the specified temperature. Once the
target temperature was attained samples were sheared at 6,500
(O for 37°C, A for 4°C) or 12,000 rpm (@ for 37°C, A for
4°C), equivalent to maximum energy dissipation rates of 0.06
and 0.53 X 10° W kg~ '. The samples were then centrifuged in
conical bottom 96 deep round well plates at 3,000 rpm for 5 or
10 min, with different fill volumes to achieve V/c.t.X values of
between 1.67 and 5.69 X 10 % m Sil, equivalent to volumetric
flow rates of 39 to 134 L h™'. B: Apoptosis was determined by
flow cytometry. The viable (), early apoptotic (M), late apo-
ptotic (), and nonviable cells populations (CJ) of the samples
were determined on day 12.

significant reduction in viability is observed. However, cells
grown under mild hypothermic conditions show a smaller
reduction in viability indicating these cells are more shear re-
sistant. It has been suggested that the shear sensitivity of cells
relates to the stage of the cell cycle they are in, with those in
the G2 phase being larger and therefore more sensitive.*
However, we observed that when the viability of the culture
is taken into account, it is the culture conditions and not the
cell size being the predominant factor in shear sensitivity.
Cells that were harvested at a high viability were observed to
be the same average diameter (16.46 um at 32°C; 16.39 um
at 37°C) but showed a different reduction in viability (Figure
5). Those harvested at a low viability where the cells grown
at 32°C were observed to be larger (19.71 pm at 32°C; 17.52
pm at 37°C) also showed a greater resistance to shear. Addi-
tion of cell culture components such as Pluronic F-68 have
been shown to increase membrane rigidity and as a result
reduce shear sensitivity.”® The cell membrane can also be
modified due to homeoviscous adaption to mild hypothermia,
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in which the activation of specific cell signaling pathways
enables changes in the lipid composition to take place.***
The data presented therefore indicates that the implementation
of mild hypothermic conditions results in cells that are more
resistant to the hydrodynamic conditions experienced in DSP,
regardless of the difference in cell size observed.

Comparison of the centrifugation performance using a
multiwell plate based method demonstrates how the differ-
ence in shear sensitivity between the two cultures observed
in the cell viability data is translated into the solids remain-
ing observed after centrifugation (Figure 6). Where the cell
culture viability is high prior to centrifugation there is little
difference observed in the solids remaining where no shear
is applied, but on application of higher energy dissipation
rates (equivalent to those observed in nonhermetically sealed
centrifuge) a difference between the solids remaining in the
supernatant from the different cultures and all V/c.t.X values
measured was seen, rising to a difference of ~4% under the
highest shear conditions and worst clarification conditions.
This poorer performance of the supernatant taken from the
37°C was also observed from the cultures taken at a low via-
bility pre-shear, but is more pronounced.

To investigate further membrane fluidity properties on pri-
mary recovery performance, it was decided to perform
centrifugation analysis of material at harvest temperature (i.e.,
37°C) and reduced to 4°C for a shortened period considered
insufficient for homeoviscous adaption. Although temperature
reduction may not be appropriate for higher cell density cul-
tures for which centrifugation performance would be
adversely affected by viscosity effects, it was selected as both
a means to demonstrate the impact of membrane rigidity
because of temperature change and as a potential processing
strategy, which would be readily implementable. As shown in
Figures 7 and 8, temperature reduction has a dramatic effect
on particle size post shearing and the resulting clarification
levels achieved. Under high shear conditions, at both high and
low viability, the viable cell population was significantly
reduced when centrifugation was performed at standard har-
vest temperature, compared with reduced temperature. This is
particularly evident at high viability, when cells are more sus-
ceptible to shear under standard conditions.** Reducing the
temperature of the cell culture material prior to centrifugation
protects this population, increasing the viable cell population
from 33.4 to 94.7% at high viability and under high shear
conditions, and results in improved clarification levels. Apo-
ptosis analysis of the sheared samples (data not shown) shows
that the early apoptotic and late apoptotic populations, both of
which are within the viable cell population are either com-
pletely lost or significantly reduced under any of the energy
dissipation rates investigated and either temperature. This indi-
cates that the apoptotic cells are therefore the most sensitive
sub-set of cells to shear.

The adaption of cells to temperature reduction, either
under long-term mild hypothermic conditions (i.e., homeo-
viscous adaption) as part of a cell culture strategy or as a
short term means to improve primary recovery performance
using a short-term pronounced temperature reduction has
been shown to beneficial to centrifugation performance. The
potential improvement associated with this change may ena-
ble centrifuge operation at a higher flow rate or a reduction
in the capacity of subsequent steps such as depth filtration to
achieve a similar level of clarification to the standard tem-
perature culture conditions.
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Conclusions

Implementation of mild hypothermic conditions during
culture prolonged the stationary phase, delayed the progres-
sion into apoptosis, and maintained higher viability. These
effects were associated with increases in volumetric produc-
tivity. The glycosylation profile of the mAb used in this
work was affected by culture time, but not significantly by
the temperature conditions selected. Despite the increase in
product titer on day of harvest when adopting a process
using mild hypothermic conditions, the potential impact of
implementing such changes further downstream is a signifi-
cant consideration at process scale. Evaluation of HCP
impurities by ELISA, SELDI-TOF MS and 2D-PAGE indi-
cated that there were differences in impurity profiles, which
may affect purification performance. Cellular adaption to
growth at reduced temperature or short-term reduction imme-
diately prior to primary recovery lowered the susceptibility
of the cells to shear stress and we demonstrated that this
affected process scale centrifugation, improving primary re-
covery performance.

In this work, by applying of a number of process and ana-
lytical characterization methods, we have demonstrated the
close relationship between upstream and downstream opera-
tions and the value of improving their integration during pro-
cess development. The knowledge gained from evaluations
similar to those performed here may therefore be supplemen-
tary to the cost of goods analyses, which typically help to
determine the value of novel cell culture strategies in bio-
pharmaceutical manufacture and provide further support
when deciding on their implementation.

Acknowledgments

The authors are grateful to Lonza Biologics plc for pro-
viding the cell lines utilised in this study. They thank Prof.
C. Mark Smales for his valuable comments on this manu-
script, Dr. Catherine Hogwood, University of Kent, for assis-
tance with 2D-PAGE spot analysis, Dr. John Timms, Cancer
Proteomics Laboratory in the Department of Women’s Can-
cer at UCL, for providing access to the laser scanner and
Daria Popova, UCL Biochemical Engineering, for providing
samples for the low temperature processing investigation.
Support for this work was from the Biotechnology and Bio-
logical Sciences Research Council, Engineering and Physical
Sciences Research Council and Bioprocessing Research
Industry Club (Initiative Ref. BB/G010307/1) and the Mexi-
can Council on Science and Technology (CONACYyT).

Literature Cited

1. Aldington S, Bonnerjea J. Scale-up of monoclonal antibody pu-
rification processes. J Chromatogr B. 2007;848:64-78.

2. Kelley B. Very large scale monoclonal antibody purification:
the case for conventional unit operations. Biotechnol Prog.
2007;23:995-1008.

3. Al-Fageeh MB, Marchant RJ, Carden MJ, Smales CM. The
cold-shock response in cultured mammalian cells: harnessing
the response for the improvement of recombinant protein pro-
duction. Biotechnol Bioeng. 2006;93:829-835.

4. Trummer E, Fauland K, Seidinger S, Schriebl K, Lattenmayer
C, Kunert R, Vorauer-Uhl K, Weik R, Borth N, Katinger H,
Muller D. Process parameter shifting: Part 1. Effect of DOT,
pH, and temperature on the performance of Epo-Fc expressing
CHO cells cultivated in controlled batch bioreactors. Biotechnol
Bioeng. 2006;94:1033-1044.

10.

11.

12.

13.

14.

20.

21.

22.

23.

24.

695

. Tharmalingam T, Sunley K, Butler M. High yields of mono-

meric recombinant beta-interferon from macroporous microcar-
rier cultures under hypothermic conditions. Biotechnol Prog.
2008;24:832-838.

. Kaufmann H, Mazur X, Fussenegger M, Bailey JE. Influence of

low temperature on productivity, proteome and protein phospho-
rylation of CHO cells. Biotechnol Bioeng. 1999;63:573-582.

. Ahn WS, Jeon JJ, Jeong YR, Lee SJ, Yoon SK. Effect of cul-

ture temperature on erythropoietin production and glycosylation
in a perfusion culture of recombinant CHO cells. Biotechnol
Bioeng. 2008;101:1234—-1244.

. Sunley K, Butler M. Strategies for the enhancement of recombi-

nant protein production from mammalian cells by growth arrest.
Biotechnol Adv. 2010;28:385-394.

. Chuppa S, Tsai YS, Yoon S, Shackleford S, Rozales C, Bhat R,

Tsay G, Matanguihan C, Konstantinov K, Naveh D. Fermentor
temperature as a tool for control of high-density perfusion cul-
tures of mammalian cells. Biotechnol Bioeng. 1997;55:328-338.
Kumar N, Gammell P, Clynes M. Proliferation control strategies
to improve productivity and survival during CHO based produc-
tion culture: a summary of recent methods employed and the
effects of proliferation control in product secreting CHO cell
lines. Cytotechnology. 2007;53:33—46.

Bi JX, Shuttleworth J, Al-Rubeai M. Uncoupling of cell growth
and proliferation results in enhancement of productivity in
p21CIP1-arrested CHO cells. Biotechnol Bioeng. 2004;85:741—
749.

Marchant RJ, Al-Fageeh MB, Underhill MF, Racher AJ, Smales,
CM. Metabolic rates, growth phase, and mRNA levels influence
cell-specific antibody production levels from in vitro-cultured
mammalian cells at sub-physiological temperatures. Mol Bio-
technol. 2008;39:69-77.

Sakurai T, Itoh K, Liu Y, Higashitsuji H, Sumitomo Y, Saka-
maki K, Fujita J. Low temperature protects mammalian cells
from apoptosis initiated by various stimuli in vitro. Exp Cell
Res. 2005;309:264-272.

Yoon SK, Hong JK, Choo SH, Song JY, Park HW, Lee GM.
Adaptation of Chinese hamster ovary cells to low culture tem-
perature: cell growth and recombinant protein production. J Bio-
technol. 2006;122:463-472.

. Hossler P, Khattak SF, Li ZJ. Optimal and consistent protein

glycosylation in mammalian cell culture.

2009;19:936-949.

Glycobiology.

. Kessler M, Goldsmith D, Schellekens H. Immunogenicity of

biopharmaceuticals. Nephrol Dial Transpl. 2006;21 Suppl 5:v9—
12.

. Rathore AS, Winkle H. Quality by design for biopharmaceuti-

cals. Nat Biotechnol. 2009;27:26-34.

. Bareither R, Pollard D. A review of advanced small-scale paral-

lel bioreactor technology for accelerated process development:
current state and future need. Biotechnology Progr. 2011;27:2—
14.

. Boychyn M, Yim SSS, Ayazi Shamlou P, Bulmer M, More J,

Hoare M. Characterization of flow intensity in continuous cen-
trifuges for the development of laboratory mimics. Chem Eng
Sci. 2001;56:4759-4770.

Westoby M, Rogers JK, Haverstock R, Romero J, Pieracci J.
Modeling industrial centrifugation of mammalian cell culture
using a capillary based scale-down system. Biotechnol Bioeng.
2011;108:989-998.

Jackson NB, Liddell JM, Lye GJ. An automated microscale
technique for the quantitative and parallel analysis of microfil-
tration operations. J Membr Sci. 2006;276:31-41.

Hogwood CE, Tait AS, Koloteva-Levine N, Bracewell DG,
Smales CM. The dynamics of the CHO host cell protein profile
during clarification and protein A capture in a platform antibody
purification process. Biotechnol Bioeng. 2012;110:240-251.

Tait AS, Aucamp JP, Bugeon A, Hoare M. Ultra scale-down
prediction using microwell technology of the industrial scale
clarification characteristics by centrifugation of mammalian cell
broths. Biotechnol Bioeng. 2009;104:321-331.

Tait AS, Hogwood CE, Smales CM, Bracewell DG. Host cell
protein dynamics in the supernatant of a mAb producing CHO
cell line. Biotechnol Bioeng. 2012;109:971-982.



696

25.

26.

27.

28.

29.

30.

31.

32.

Velez-Suberbie ML, Tarrant RD, Tait AS, Spencer DI, Brace-
well DG. Impact of aeration strategy on CHO cell performance
during antibody production. Biotechnol Prog. 2013;29:116-126.
Tarrant RD, Velez-Suberbie ML, Tait AS, Smales CM, Brace-
well DG. Host cell protein adsorption characteristics during pro-
tein a chromatography. Biotechnol Prog. 2012;28:1037-1044.
Yoon SK, Choi SL, Song JY, Lee GM. Effect of culture pH on
erythropoietin production by Chinese hamster ovary cells grown
in suspension at 32.5 and 37.0°C. Biotechnol Bioeng.
2005;89:345-356.

Reid CQ, Tait A, Baldascini H, Mohindra A, Racher A, Bilsbor-
ough S, Smales CM, Hoare M. Rapid whole monoclonal anti-
body analysis by mass spectrometry: an ultra scale-down study
of the effect of harvesting by centrifugation on the post-transla-
tional modification profile. Biotechnol Bioeng. 2010;107:85-95.
Jin M, Szapiel N, Zhang J, Hickey J, Ghose S. Profiling of host
cell proteins by two-dimensional difference gel electrophoresis
(2D-DIGE): implications for downstream process development.
Biotechnol Bioeng. 2009;105:306-316.

Flatman S, Alam I, Gerard J, Mussa N. Process analytics for pu-
rification of monoclonal antibodies. J Chromatogr B.
2007;848:79-87.

Smales CM, Dinnis DM, Stansfield SH, Alete D, Sage EA,
Birch JR, Racher AJ, Marshall CT, James DC. Comparative
proteomic analysis of GS-NSO murine myeloma cell lines with
varying recombinant monoclonal antibody production rate. Bio-
technol Bioeng. 2004;88:474-488.

Kumar N, Maurya P, Gammell P, Dowling P, Clynes M,
Meleady P. Proteomic profiling of secreted proteins from CHO
cells using Surface-Enhanced Laser desorption ionization time-
of-flight mass spectrometry. Biotechnol Prog. 2008;24:273-278.

33.

34.

35.

36.

37.

38.

39.

40.

Biotechnol. Prog., 2013, Vol. 29, No. 3

Wang X, Hunter AK, Mozier NM. Host cell proteins in biolog-
ics development: identification, quantitation and risk assessment.
Biotechnol Bioeng. 2009;103:446—458.

Godoy-Silva R, Chalmers JJ, Casnocha SA, Bass LA, Ma N.
Physiological responses of CHO cells to repetitive hydrody-
namic stress. Biotechnol Bioeng. 2009;103:1103-1117.
Al-Rubeai M, Singh RP, Emery AN, Zhang Z. Cell cycle and
cell size dependence of susceptibility to hydrodynamic forces.
Biotechnol Bioeng. 1995;46:88-92.

Boychyn M, Yim SS, Bulmer M, More J, Bracewell DG, Hoare
M. Performance prediction of industrial centrifuges using scale-
down models. Bioproc Biosyst Eng. 2004;26:385-391.
Hutchinson N, Bingham N, Murrell N, Farid S, Hoare M. Shear
stress analysis of mammalian cell suspensions for prediction of
industrial centrifugation and its verification. Biotechnol Bioeng.
2006;95:483-491.

Ramirez OT, Mutharasan R. The role of the plasma membrane
fluidity on the shear sensitivity of hybridomas grown under
hydrodynamic stress. Biotechnol Bioeng. 1990;36:911-920.
Roobol A, Roobol J, Carden MJ, Bastide A, Willis AE, Dunn
WB, Goodacre R, Smales CM. ATR (ataxia telangiectasia
mutated- and Rad3-related kinase) is activated by mild hypo-
thermia in mammalian cells and subsequently activates p53.
Biochem J. 2011;435:499-508.

Los DA, Murata N. Membrane fluidity and its roles in the per-
ception of environmental signals. BBA-Rev Biomembr.
2004;1666:142-157.

Manuscript received Jan. 21, 2013, and revision received Mar. 12,
2013.



