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ABSTRACT

In biphasic cultivations, the culture conditions are initially kept at an optimum for rapid cell growth
and biomass accumulation. In the second phase, the culture is shifted to conditions ensuring maximum
specific protein production and the protein quality required. The influence of specific culture parameters
is cell line dependent and their impact on product quality needs to be investigated. In this study, a
biphasic cultivation strategy for a Chinese hamster ovary (CHO) cell line expressing an erythropoietin
fusion protein (Epo-Fc) was developed. Cultures were run in batch mode and after an initial growth
phase, cultivation temperature and pH were shifted. Applying a DoE (Design of Experiments) approach,
a fractional factorial design was used to systematically evaluate the influence of cultivation temperature
and pH as well as their synergistic effect on cell growth as well as on recombinant protein production
and aggregation. All three responses were influenced by the cultivation temperature. Additionally, an
interaction between pH and temperature was found to be related to protein aggregation. Compared
with the initial standard conditions of 37°C and pH 7.05, a parameter shift to low temperature and
acidic pH resulted in a decrease in the aggregate fraction from 75% to less than 1%. Furthermore, the
synergistic effect of temperature and pH substantially lowered the cell-specific rates of glucose and
glutamine consumption as well as lactate and ammonium production. The optimized culture conditions
also led to an increase of the cell-specific rates of recombinant Epo-Fc production, thus resulting in a

more economic bioprocess.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

fatalities in patients (Schellekens and Jiskoot, 2006; Buchanan et al.,
2013). As a consequence, aggregates have to be separated from the

brought to you by .. CORE

Product aggregation is a commonly observed issue during
recombinant protein manufacturing. Aggregated proteins are
highly undesirable as they can compromise a drug’s quality, safety
and efficacy (Vazquez-Rey and Lang, 2011). In extreme cases, such
as the aggregation of the anemia drug erythropoietin (EPO), prod-
uct aggregation was one of the factors implicated in EPO-derived
immunogenicity that caused pure red cell aplasia and subsequently

* Corresponding author.

E-mail addresses: christian.kaisermayer@bmrn.com (C. Kaisermayer),
david.reinhart@boku.ac.at (D. Reinhart), andreas.gili@polymun.com (A. Gili),
martina.chang@polymun.com (M. Chang), per-mikael.aberg@ge.com (P.-M. Aberg),
andreas.castan@ge.com (A. Castan), renate.kunert@boku.ac.at (R. Kunert).

T These authors contributed equally.

http://dx.doi.org/10.1016/j.jbiotec.2016.03.054

final product. Aggregate removal can be achieved during protein
purification, however, due to similar characteristics of monomer
and aggregates the separation is often challenging and typically
reduces the final yields. Therefore, maintaining cells at conditions
that minimize the formation of protein aggregates is desirable. A
number of cell culture parameters have been investigated for their
effect on expression level and quality of the recombinant protein.
A particular focus has been the cultivation temperature.

Although reducing the temperature below the standard value of
37°Cdecreases the specific growth rate, other positive effects have
been reported e.g. extended culture longevity, reduced nutrient
consumption, improved viability and decreased protease activity
(Woo etal., 2008; Kou et al., 2011). Additionally, a lower cultivation
temperature may affect the cell cycle and can lead to an increase in

0168-1656/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (A) Total cell concentrations and (B) peak poduct concentrations under different cultivation conditions (parameter shift after 48 h). The graphs show 9 parameter
settings. The error bars show the standard deviation for the triplicate center point. (B) The bars represent the total Epo-Fc concentration; monomeric product of experiments
conducted at the same temperature are represented in the same color. Aggregated product is shown in light greyscale bars and fragmented product is depicted in dark

greyscale bars.
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Fig. 2. Prediction plots for (A) predicted product titer versus cultivation temperature, (B) predicted peak cell concentration versus cultivation temperature. The respective
confidence intervals are 95%. Colored lines indicate the calculated average (black), upper confidence interval (green) and lower confidence interval (blue). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

the specific productivity, although this effect is cell line dependent.
A temperature range of about 25-39 °C has been investigated in the
literature but there is a clear focus on 30-37°C (Yoon et al., 2005;
Trummer et al., 2006a).

To a lesser extent cultivation pH has also been used as a param-
eter to influence cell growth and productivity in mammalian cell
culture. Typical pH set points for CHO cells are neutral to slightly
alkaline (7.0-7.2). It has been shown that the cultivation pH has
an influence on growth rate and nutrient consumption. In general,
cells tend to grow more slowly at a slightly acidic pH (6.8-7.0) and
exhibitareduced cell metabolism (Yoon etal.,2005; Trummer et al.,
2006a). At a slightly alkaline pH (7.2 and higher) the metabolism of
CHO cells tends to be more active. The influence of pH on recom-
binant protein production is cell line specific. Some reports claim
higher specific productivities at alkaline pH values of 7.6-7.8 (Borys
etal., 1993). Other groups report fairly constant levels over a broad
pH range of 6.8-7.3 (Trummer et al., 2006a) or 6.85-7.8 (Yoon et al.,
2005).

Another important criterion for the economic feasibility of a
production process is the required cultivation time. Low cultiva-
tion temperatures and an acidic pH can offer a positive effect on
cell specific protein production but can also decrease the cellular
growth rate and consequently reduce volumetric productivity. To
find a compromise between process duration and optimal environ-
mental conditions for recombinant protein production, the concept
of biphasic cultivation has been suggested (Yoon et al., 2005;
Trummer et al., 2006a). In this mode a process is run in two distinct
phases. Initially biomass is generated at 37 °C and the pH optimum
for growth of the respective cell line; the culture is then shifted
to temperature and pH conditions ensuring the maximum specific
protein production and the protein quality required. Thereby, a high
protein output and acceptable process duration can be achieved.
The focus of most studies on biphasic cultivation was the increase
of volumetric productivity and minimal formation of catabolites
(Butler, 2005; Trummer et al., 2006a) but far less attention has
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Fig. 3. Cell-specific rates of glucose, lactate, glutamine, ammonium, glutamate and Epo-Fc production or consumption. All cell-specific metabolic rates were calculated
starting from the day of the parameter shift until culture termination. The specific metabolic rates were designated negative for consumption and positive for production.
Experiments conducted at the same temperature are represented in the same color. The error bar shows one standard deviation of triplicate center point experiments.

been paid to the impact of parameter shift on the quality of the
recombinant protein.

In this study, we have employed a DoE (Design of Experiments)
approach to systematically investigate simple process parameters
such as temperature and pH individually as well as their synergistic
effect on expression level and aggregation of a recombinantly pro-
duced homodimeric Fc-fusion protein in CHO cells during biphasic
batch cultivation in bioreactors.

2. Materials and methods
2.1. Cell line and medium

A recombinant CHO DUKX-B11 (ATCC CRL-9096) cell line
expressing a homodimeric fusion protein Epo-Fc (clone C14F2)
was originally established by Lattenmayer et al. (2007). Cells were
thawed from a research cell bank and propagated in a 1:1 mixture
of Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F-12

(Biochrom) supplemented with 0.6 g/L L-glutamine, 10 g/L protein-
free additive (Polymun Scientific), 2.5 g/L soy peptone (HyPep™
1510, Sheffield Bioscience), 1 g/L Pluronic F-68 (Sigma Aldrich) and
192 nM methotrexate (Sigma Aldrich). The cell line was maintained
in a 125 mL spinner flask (Techne) operated at a stirring speed
of 50 rpm. The routine culture was passaged twice per week and
seeded at working volume of 50 mL and a starting cell concentration
of 3 x 10° ¢/mL.

2.2. Bioreactor and biphasic cultivation parameters

Inoculum for the batch experiments was prepared in a Cellbag
10 L(GE Healthcare, General Electric Company) using DMEM/Ham'’s
medium supplemented to a final concentration of 5 g/L D-glucose,
0.9¢g/L L-glutamine, 10g/L protein-free additive, 2.5 g/L soy pep-
tone, 1 g/L Pluronic F-68 and 192 nM methotrexate. All experiments
were conducted with media and additives derived from the same
batches to guarantee consistency. The culture was run at standard
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Table 1

Parameter settings and experimental results of Epo-Fc titers, peak cell concentrations, viable cumulative cell days (VCCD), specific Epo-Fc productivities (qP) and volumetric
productivities (space time yield; STY) for all investigated culture conditions. All experiments were randomized as indicated by the respective experimental numbers.

Experiment [#] Cultivation parameters Titer [mg/L] Peak cell conc. [10° ¢/mL] VCCD [10° ¢/mL] qP [pg/c/d] STY [mg/L/d]
9 pH 6.90, 28.5°C 312.0 2.60 33.49 8.7 18.5

3 pH 6.75,30.0°C 109.6 1.70 8.84 114 14.5

7 pH 6.75,33.5°C 336.2 3.40 34.24 10.0 28.3

1,5,10° pH 6.90, 33.5°C 288.1+23.0 2.94+0.57 26.82 +£3.96 10.3+0.8 219+1.6

6 pH 7.05,33.5°C 291.0 3.18 24.72 115 26.3

8 pH 6.75,37.0°C 109.7 3.87 21.47 3.8 10.9

2 pH 7.05,37.0°C 129.7 3.27 14.53 7.7 16.8

4 pH 6.90, 38.5°C 94.5 3.56 12.27 6.3 17.0

2 Center point experiments performed in triplicates.

cultivation conditions of pH 7.05 and 37 °C. Biphasic batch experi-
ments were conducted in Minifors (Infors) stirred-tank bioreactors.
The bioreactors were inoculated with exponentially growing cells
at concentrations of 3-4 x 10° ¢/mL in a final working volume of 2 L.
The process parameters were initially set to standard conditions of
37°C, 30% DO, pH 7.05 and a stirring speed of 35 rpm. At cell con-
centrations of 1.2-1.5 x 10% ¢/mL the cultures were shifted to their
respective pH and temperature set points according to Table 1. The
investigated temperature set points were 28.5°C, 30.0°C, 33.5°C,
37.0°C and 38.5°C. The examined pH set points were 6.75, 6.90
and 7.05. The batch cultivations were terminated once the viability
dropped below 70%.

2.3. Sample analysis

During the bioreactor culture a 10 mL sample was withdrawn
daily to determine cell concentration, viability, antibody titer and
metabolite concentrations of glucose, glutamine, glutamate as well
as lactate and ammonium. Total cell concentration was measured
by nuclei count after cell lysis using a Coulter counter (Multisizer™
I, Beckman Coulter). Cell viability was determined using the try-
pan blue exclusion method and cell count in a haemocytometer
(C-Chip PS, NanoEnTek Inc.). Metabolite concentrations were ana-
lyzed in a BioProfile® 100 Plus (Nova Biomedical). Recombinant
protein concentration was quantified by ELISA. Briefly, polyclonal
goat anti-human y-chain antiserum (Sigma; 1-7883) was used for

coating and product capture. Detection was performed with a
horseradish peroxidase-conjugated goat anti-human y-chain anti-
serum (Zymed; 62-8420). The concentration of bound detection
antibody was visualized with o-phenylenediamine (Merck). Plates
were measured with an Infinite® M1000 microplate reader (Tecan)
at a wavelength of 492 nm and a reference wavelength of 620 nm.

Additionally, protein quality was determined from a 20 mL cell
culture suspension at the time of harvest (criterion was a viability
of <70%). The sample was centrifuged and the cell-free supernatant
was filtered through a 0.2 pum filter (Millipore) and subsequently
purified by protein A chromatography (MabSelect SuRe™, General
Electric Company) on an AKTA Purifier (General Electric Company).
The conformation of Epo-Fc was then analyzed by size exclusion
chromatography (SEC) on a Superose 6 resin (General Electric Com-
pany).

2.4. Design of experiment (DoE)

A central composite design at three temperature and pH lev-
els (Table 1) was used to evaluate the impact of these parameters
on cell growth, recombinant protein production and aggregation
of Epo-Fc. As a nonlinear response to temperature was expected,
the design was extended by two additional cultures at 28.5°C and
38.5°C to investigate curvature in the response to temperature.
A fractional factorial design with “Resolution V” was used. This
design allows estimation of the main effects as well as two factor
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interactions. The experimental variability was assessed by three
independent center point experiments.

3. Results

The cultivation temperature had a pronounced effect on cell
growth. While no significant increase in the growth rate was
observed at 38.5°C, temperatures lower than 37°C resulted in
slower cell growth and a substantially lower peak cell concentra-
tion (Fig. 1A; Table 1). However, cultivation at lower temperature
extended the process time by up to 8 days resulting in a substan-
tially increased viable cell integral. At lower temperatures the final
product concentration usually increased compared with the ini-
tial standard conditions (37 °C, pH 7.05), as shown in Fig. 1B and
Table 1. Upon the parameter shift, the cell-specific recombinant
protein production was constant at about 1141 picogram Epo-Fc
per cell and day (pcd) in the temperature intervals of 33.5°C and
30°C (Table 1). Outside this temperature range the mean specific
productivities were 20% lower at 28.5°C, and 30-60% reduced at
the commonly applied standard cultivation temperature of 37 °C or

higher. The prediction plot for the cultivation temperature shows
a clear curvature and the maximum product concentration was
predicted for the low end of the investigated temperature range
(Fig. 2A). In contrast, the highest peak cell concentrations are pro-
jected at the higher cultivation temperatures as shown in the
prediction plot in Fig. 2B. Because of the extended plateau phase,
the volumetric productivity (space-time yield; STY) of the cultures
was higher at temperatures lower than the standard of 37°C. As
shown in Table 1, the mean volumetric productivity at 33.5°C was
22-28 mg/(L x d) but 15-60% lower or 11-19 mg/(L x d) when the
bioreactor was operated at higher or lower temperatures. The cul-
tivation pH did not have a significant influence on the titer.

Metabolite concentrations of glucose, lactate, glutamine, glu-
tamate and ammonium were followed throughout the biphasic
batch process after parameter switch. The cell-specific metabolic
rates after parameter shift are compared in Fig. 3. Culture temper-
ature and pH affected glucose metabolism in a synergistic manner.
Glucose and lactate metabolism steadily increased with increas-
ing temperature and pH. More specifically the cellular glucose
consumption rates (qGlc) were lowest at 28.5°C (pH 6.90) and
increased by 30% when the temperature was elevated to 30°C (pH
6.75). Glucose consumption was similar at 30°C and 33.5 °C, how-
ever, in this case, higher pH values resulted in an up to 2.3-fold rise
of the specific glucose consumption rates. Compared to the min-
imal observed rate at 28.5°C, a standard cultivation temperature
of 37°C resulted in a twofold increase of the cell specific glucose
consumption at pH 6.75 and cultures grown at near neutral pH of
7.05 also showed a further increase of the consumption rate. In
accordance with this trend the highest cell-specific rates of glu-
cose consumption were found when the bioprocess was operated
at 38.5°C and pH 6.90. It should be noted that only in two cultures
did the glucose concentrations drop below 0.5 g/L, however, this
coincided with the day of termination (data not shown). Overall,
the synergistic effect of temperature and pH resulted in an up to
6.3-fold increase in the cell-specific glucose consumption rates.

During the initial phase of the culture, lactate accumulated in
all experiments. However, following the parameter shift, cells con-
sumed the built-up lactate if grown at temperatures up to 33.5°C,
while they continued to produce lactate at higher temperatures
(Fig.3). Again, a synergistic effect of pH was observed with the high-
estlactate consumption at an acidic pH. Increasing the pH from 6.75
to 6.90 reduced the specific lactate consumption rate by about 50%.
Further increasing the pH to 7.05 resulted in lactate production.

Glutamine consumption and corresponding ammonium pro-
duction increased at elevated temperature and pH values (Fig. 3).
Maintaining the pH at 7.05 but increasing the temperature from
33.5°C to 37 °C doubled the specific glutamine consumption rates
(qGIn) from 27 pcd and 51 pcd. At the same time cell-specific
ammonium production rates (qNH4*) increased from 1.1 pcd
(33.5°C) t0 3.7 (37°C). A similar effect was observed when increas-
ing the pH while growing cell cultures at a temperature of 33.5°C.
Cell-specific glutamine consumption rates rose from 13 pcd (pH
6.75) to 23 pcd (pH 6.90) and 27 pcd (pH 7.05). Likewise, at
37°C, a pH increase from 6.75 to 7.05 elevated glutaminolysis
by 40%. The highest glutamine consumption and corresponding
ammonium production were observed at 38.5°C and pH 6.90. In
summary, a synergistic effect of temperature and pH was observed
and increased temperature combined with a slightly alkaline pH
resulted in 4-fold and 6-fold increase of glutamine consumption
and ammonium production, respectively.

The production of glutamate was inversely related to glutamine
consumption as shown in Fig. 3. As a consequence, increased glu-
taminolysis rates elevated glutamate production. In general, the
lowest cell-specific rates of glutamate production were observed at
33.5°C. Elevating or decreasing the temperature resulted in higher
production rates.
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Aggregation of Epo-Fc was strongly dependent on the culti-
vation pH and varied between 78% and 0.7% in the experiments.
All peaks eluting earlier than Epo-Fc homodimers (i.e. monomers)
in the SEC chromatograms were summarized as aggregates. The
experiments indicated that an acidic pH resulted in low aggre-
gate concentrations (Fig. 4). A shift to low cultivation temperatures
further reduced Epo-Fc aggregation, demonstrating a synergistic
interaction between the two process parameters. The influence
of the culture conditions on product quality is also illustrated in
the SEC chromatograms in Fig. 4, comparing cultivation at 30°C
and pH 6.75 with the initial standard conditions of 37°C and pH
7.05. Under low temperature and low pH conditions, about 3% of
the recombinant protein was detected as fragments. The monomer
peak contained more than 96% of the recombinant protein and
less than 1% was detected in aggregates. At higher temperature
and a neutral pH, a similar fragment fraction of about 4% was
observed. However, only about 20% of the total recombinant pro-
tein was detected as monomer, while more than 75% was found
in aggregates. The prediction plot shown in Fig. 5A depicts a clear
curvature with the lowest percentage of aggregates at an acidic
pH. The beneficial effect of a low pH to reduce product aggregation
was most pronounced in combination with a low cultivation tem-
perature (Fig. 5B). The synergistic effect of pH and temperature is
represented in the contour plot in Fig. 5C in which the maximum
monomer concentration was predicted for a parameter shift to a
cultivation temperature below 31°C and a pH below 6.85.

One experiment was removed from the model predicting
monomer concentration after outlier identification by residual
analysis using a normal probability plot. A statistically valid model
was obtained after excluding this experiment. No definite root
cause for the outlier was established, however, the 10 remaining
experiments were sufficient to support the reported model.

4. Discussion

Cultivation at hypothermic conditions is frequently performed
to maximize product concentration. This is usually a result of
extended culture longevity. Additionally, an increase in cell-specific
recombinant protein production has been observed, however, this
response was shown to be cell line-specific (Becerra et al., 2012).
Regarding Epo-Fc sialylation, Trummer et al. (2006a) have previ-
ously reported that cultivation pH (investigated range: 6.8-7.3) did
not affect the sialic acid content when using the same cell line as
in this project. Product sialylation did not change between cultiva-
tion temperatures of 39-35°C, but decreased by 20% at 33 °C and
40% at 30°C. However, Trummer et al. (2006b) later showed that
reduced sialylation at cell culture temperature of 33°C and 30°C
was prevented when used in combination with slightly acidic pH
levels (pH set point 6.90). Therefore, no decrease in Epo-Fc sia-
lylation is anticipated at low cultivation temperature (30°C) and
acidic pH (6.75), which resulted in the lowest levels of product
aggregation (0.7%). The impact of low cultivation temperatures on
higher specific productivities but reduced sialylation could be com-
pensated by lowering the pH set point. Since most cell lines grow
faster at slightly alkaline pH values, a pH change during the pro-
duction phase highlights another advantage of biphasic cultivation
processes.

An overall reduction of cell metabolism at low temperature
settings is probably the main reason behind the maintained cell
viability and the extended process time — in our case an increase
from 6 to 17 days. The cell metabolism was significantly affected by
the applied culture temperature and pH value (Fig. 3). The increase
of both process parameters resulted in elevated cell-specific rates
for glucose and glutamine consumption as well as lactate and
ammonium production. These observations are in agreement with

previously published work (Fogolin et al., 2004; Yoon et al., 2005;
Trummer et al., 2006a). Compared to a standard cultivation process
at 37°C and pH 7.05, a sole temperature reduction to 33.5°C (pH
7.05) decreased the cell-specific glucose and glutamine consump-
tion roughly by half and the ammonium production to more than
a third of its original value. The lactate production was 40% lower
than at the standard conditions. A sole pH reduction from 7.05 to
6.75(37°C)decreased the qGln by 40%, qGlc by 50% and qLac by 70%.
A pH shift from 7.05 to 6.90 and 6.75 at a constant temperature of
33.5°C decreased the metabolic rates in a similar way. Altogether,
parameter shifting was demonstrated to enable bioprocess opti-
mization to reduce the cell-specific rates of nutrient consumption
rates as well as by-product formation.

In our study, a temperature reduction from 37°C to 33.5°C
or lower increased the final Epo-Fc concentration about 2.5-fold
(Fig. 1B). This was caused by an extended process time (6 to 17 days)
as well as higher specific productivities. A similar temperature-
dependent response of Epo production has also been shown by
Yoon at al. (2005). However, protein aggregation was not inves-
tigated during these studies despite alternative disulphide bond
formation being a major issue in Epo product quality.

Protein aggregation is a commonly observed issue during
recombinant protein manufacturing. In general, protein aggregates
may compromise a drug’s quality, safety and efficacy (Vazquez-
Rey and Lang, 2011) and therefore need to be separated from the
final product. This can be challenging and typically reduces the
final yields. Therefore, maintaining cells at conditions that min-
imize aggregate formation during the bioproduction process is
beneficial. Although several reports investigate cell culture con-
ditions and additives to achieve this (Jing et al., 2012), the process
should be as simple as possible and not result in additional purifi-
cation requirements to remove additives. The impact of cultivation
temperature on protein aggregation has been addressed in sev-
eral studies but led to contrary outcomes. On the one hand, mild
hypothermia reduced the fraction of high molecular weight species
(Rodriguez et al., 2005; Sunley et al., 2008) and supports the theory
of the beneficial effect of a longer residence time of the synthe-
sized protein in folding pathways in a more stable environment
(Cromwell et al., 2006). On the other hand, hypothermic cultiva-
tion has been shown to increase protein aggregation (Rodriguez
et al., 2010; Jing et al., 2012). Jing and colleagues (2012) expressed
an IgG fusion protein in CHO cells. A temperature reduction from
37°Cto34°Cand 32 °Csignificantly decreased protein productivity
and increased product aggregation by up to 25%. As a reason for this
the authors suggested altered intracellular mechanisms for aggre-
gation or extracellular product oxidation. In the study of Jing et al.
(2012) the pH change had no significant influence on aggregation,
but this was probably due to the narrow pH range of 7.0-7.1 which
was investigated. Rodriguez et al. (2010) produced recombinant
human interferon-beta in a biphasic batch process using CHO cells
and accumulated up to 80% aggregates. In this case, the authors
argued that the higher level of product aggregation was due to a
higher concentration of product and an extended residence time.
Unlike their study, we observed a synergistic effect of cultivation
temperature and pH value resulting in drastically reduced product
aggregation. In general, we found lower amounts of aggregates at
lower temperatures (Figs. 1 Band 4). Furthermore, aggregates were
substantially reduced at a lower cultivation pH. For the process
investigated, the pH value had a substantial influence on prod-
uct aggregation, which was dependent on the applied cultivation
temperature. The influence was less pronounced at higher tem-
peratures, however, a combination of low cultivation temperature
and more acidic pH resulted in the lowest concentration of protein
aggregates (<1%) compared to more than 75% during standard con-
ditions at 37 °C and physiological pH. Proteins that do not have their
native configuration or are aggregated are usually retained during
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the secretion process (Ellgaard and Helenius, 2003; Reinhart et al.,
2014). Chaperones specifically interact with exposed hydrophobic
regions of incompletely folded proteins and thereby assist in fold-
ing, stabilization and prevent aggregation. If proper protein folding
is inhibited, aggregated protein species cannot proceed further in
the secretion process and accumulate in the ER. As a consequence
the cell activates a signal transduction network (i.e. unfolded pro-
teinresponse; UPR) for protein degradation. Therefore, aggregation
most probably occurred after secretion of Epo-Fc and thus was
unrelated to the protein-folding process itself. The Epo-Fc express-
ing cell line herein used is known to produce non-disulphide-linked
aggregates under certain conditions (Schriebl et al., 2006). Addi-
tionally, Epo contains four cysteines giving rise to two disulphide
bonds (Taschwer et al., 2012). It is prone to form aggregates due to
reduction and subsequent random re-oxidation of inter-molecular
thiol groups (Way et al., 2005; Wang et al., 2013). The sulfhydryl
groups in the Fc domain are less involved in aggregation due to
their solvent inaccessibility (Brych et al.,, 2010; Wangetal.,2013).1t
seems likely that the conditions in the culture supernatant affected
the recombinant protein and caused aggregation which was also
shown previously (Wang et al., 2013). Investigating a pH range of
7.0-7.7, it was found that more alkaline conditions facilitate the
oxidation of free thiols and consequently increase protein aggre-
gation. Therefore, it seems likely that cell cultivation at a lower pH
can further reduce the aggregation of Epo-Fc.

Way et al. (2005) reported an alternative way to reduce Epo-
Fc aggregation by rearranging the protein’s disulphide bonding
pattern to enhance the structural stability. This improved Epo-Fc
expression as non-aggregated homodimer from 65% to 90%. How-
ever, care needs to be taken when introducing changes to the
amino acid sequence to maintain the protein’s activity and prevent
the introduction of additional Ty cell epitopes that could increase
the immunogenicity of the therapeutic molecule (Buchanan et al.,
2013).

5. Conclusion

We developed a biphasic process for the production of an
aggregation-prone Epo-Fc fusion protein in a CHO cell batch cul-
ture. Using a DoE approach, a synergistic effect of cultivation
temperature and pH was found and parameters were established to
reduce protein aggregation to levels below 1%. Additionally, it was
shown that under optimized conditions the cell metabolism was
reduced, leading to lower nutrient consumption and by-product
accumulation. The optimized culture conditions also led to an
increase of the cell-specific rates of recombinant Epo-Fc produc-
tion, thus resulting in a more economic bioprocess. Furthermore,
we demonstrated that the optimization of cultivation temperature
and pH in a biphasic process can provide an easy and cost-efficient
strategy to increase product yields and significantly reduce protein
aggregation without the need of protein engineering.
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