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Title: Improved Cell Cultivation Process

[Technical Field of the Invention]

This invention relates o the general field of biotechnology. particulary the
cultivation of celis and their use for the production of polypeptides at industrial
scale.

The present invention provides cell culture processes characterized by at feast
one temperature shift and at least one pH shift. These processes are suitable for
the cultivation of cells with high cell viabiliies, preferably mammalian celis like
CHO cells. The cell culture processes according fo the present invention further
allow obtaining high pelypeptide productivities when used for the production of a
polypeptide, in parlicular by recombinant expression of polypeptides in mammalian
cell culture systems, in particular at industrial scale.

{Technical Background of the Invention]

The preparation of polypeptides using recombinant technology has developed into
a standard procedure during the last couple of decades. The access io
recombinant polypeptides by cloning the genes encoding the respeciive
polypeptide followed by subseguent transformation of suitable expression hosis
with the gene {0 be expressed and final production and purification of the obtained
recombinant polypeptide product has provided access 1o g whole new class of
biojogically designed and produced therapeutics.

Pharmaceutically active compounds have been prepared in increasing numbers in
the pharmaceutical industry using recombinant DNA technolegy followed by
production processes developed in the field of bicengineering.

Such biclogical producis include moncoclonal antibodies, which have been
developed into important treatment options in various medical fields including
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autoimmune diseases, inflammatory disorders, immunosuppression, oncology or
the tike.

Development of such therapeutics of biological origin requires production at
industrial scale thereby providing access fo large amounis of recombinant
polypeptide. Preferred expression systems are mammalian cell cultures which are
superior to most other eukaryotic systems based on insect cells, yeast or the like,
or even fradiional prokaryolic expression systems.

However, mammalian cell culture includes tremendous challenges especially at
the industrial scale. Production facilities for mammalian cell culture require
therough optimization of many process conditions.

in paricular, cell culture processes for the production of polypeptides in
mammalian cells require continuous optimization of the culture conditions and their
adaptation to specific cell lines or products in order 1o reach a high volumetric
product yield in combination with optimal product quality.

Much previous effort has concentrated on the basic parameters of cell culture
media including their composition concerning e.g. kinds and concenirations of
ions, aming acids, vitaming or frace elements or the osmolality of the medium.
Further important parameters, which have been in the focus of research, are e.g.

feed composition or feeding schedules to reach optimal cell growth.

Also temperature and pH as basic physiological parameters are known 1o have
significant influence on the culturing of mammalian celis. The temperature In
general considerably affects the growth state and the viability of celis. in addition
to thig, it may, however, also more specifically influence the polypeptide product
and its characteristics by altering e.g. the glycosylation (US 2003/0180710 At;
EP 1373 547 A1, US 2004/0214289 A1),
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The pH at which the growth medium and the celis are maintained can also
influence and alter cell growth and polypeptide production in a specific manner
that depends on the pariicular cell fine and product {Sauer et al. Bictechnology
and Biocengineering 2000, Vol 67, pg. 586-597, Yoon et al, Biotechnology and

Bicengineering 2004, Vol 88, pg. 346-356; Kuwae et al., Journal of Bioscience and
Bicengineering 2005, Vol 100, pg. 502-510).

Qver the time course of culturing, the requirements of the ceils may change. While
in the beginning it is advantageous 1o optimize conditions towards improved cell
growth, in ater stages enhanced cell survival and maintenance of the viable cell
density in connection with obtaining high product titers become important, in this
respect, introducing one or more temperature steps during cell culturing has been
suggested (Chen et al, J Biosct Bioeng. 2004; 397 (4):239-43). For ihis,
mammalian cells are cultured at least af two different temperatures, wherein the
first higher temperature is optimized for cell growth while the second or third lower
temperature is selected to improve the productivity of the celis (e.g. Weidemann et
al.,, Cytotechnology. 1984;15(1-3):111-6; WO 00/38092; EP 0784 713 A2,
US 2005/010859, EP 1 575 998, US 2008/081356). Other documents describe the
use of temperature steps in combination with additional specific media features.
EP 1757 700 A2 e.g. discloses a temperature siep in combination with the
presence of bulyrate salts as a media component, while EP 1789 571 At
describes a lemperature step combined with a defined amino acid content.

Also other cell culture conditions have been changed. US 5856172 has
introduced a method for producing polypeptides in a fed batch cell culture, wherein
during culturing the osmolality of the medium is considerably altered from around
280-330 mOsm in the major growth phase to about 400-600 mOsm during the
proguction phase.

WO 02/101019 has lpoked at many specific media components such as glutamine
and giucose concentrations, including changes in temperature and pH. However, it
was found that a pH shift in high glucose media has a negative impact on the
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culture and that it is not recommended fo reduce the pH during the growth or
production phase,

WG 2008/026445 discloses a method for production of polypeptides wherein cell
culiure conditions are changed from one set of culture conditions to 2 second set
and wherein this change is combined with specific media features concemning the
content of specific amino acids. The change in conditions specifically relates to
shifts in temperature. Gther changes in conditions such as pH or osmolality are
generally mentioped as additional options, however, particular parameter sattings
are not specified.

Considering the above challenges and existing disadvaniages, there is a
continued need in the fleld of industrial bioctechnology for improved culture
processes which allow producing recombinant polypeptides at an industrial scale
with even higher yields, Le. improved specific and overall productivity, and
ncreased product quality.

A specific technical objective of polypeptide production processes is to maintain
high celt viabilities and to maximize the final yield of polypeptide by optimizing the
parameters of the overall cell cullivation process.

[Summary of the Invention]

The present invention relates to combining temperature and pH shifts in a process
for production of recombinant polypeptides. Adapted fo the needs of recombinant
cells, in particular CHO cells, specific combinations of these two parameters lead
to increased productivity of the cells as well as improved product quality of the
recombinantly produced polypeptides. In particular, the present invention has
found positive effects based on the padicular timing and scheduling of the
temperature and pH shifi{s) in absolute and relative ferms as well as concerning
the particular magnitude of the shifts.
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According to one aspect of the invention, there is disclosed a process for the
production of a recombinant polypeptide comprising culturing CHO cells in s
medium and expressing the recombinant polypeptide wherein the temperature and
the pH are changed during the process.

fn particular, the process according to the present invention involves at least one
femperature shift and at least one pH shift. In one embodiment of the present
invention, a shift from a first higher to a second lower temperature is carried out
after the cells are first grown and maintained for at least 3 days, alternatively at
least 4 days, or at least 5 days at a first temperature. The second lower
temperature is about 1 1o about 8°C lower than the first temperature. In another
aliemnative embodiment of the present invention, the temperature shift is e.g.
between about 2 and about 5°C, in particular about 4°C or about 3.5°C. The
second iemperature is then maintained for at least two days. The second
temperature may be maintained untit harvest.

According to one embodiment of the present invention, the first temperature
preferably is in the range of between about 33°C and about 38°C, and the second
temperature preferably is in the range of between about 30°C and about 37°C.

in addition to the shift in temperature also the pH s changed from a first {o a
second pH. Thus, the processes according to the present invention comprise at
least one pH shift, In particular, the cells are grown at a first pH value for at least 2
days and the pi is then shifted to a second pH value which is between about 0.05
and about 1 pH units lower than the first pH and the celis are grown at said second
pH for at least 1 day, aliernatively for at least 2 days. In some embodiments, the
second pH will be maintained untit harvest.

The first pH value preferably is in the range of between about pH 6.8 and about phH
7.5. The second pH value preferably is in the range of between about pH 6.0 and
about pH 7.1.
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Thus, one embodiment of the present invention is a process for the production of a
recombinant polypeptide comprising culturing CHG cells in a medium under
conditions comprising at least one temperature shift and at least one pH shift and
expressing the recombinant polypeptide

wherein

- the cells are grown at a first temperature for at ieast 3 days and the
temperature is then shifted fo a second temperature which is between
about 1 and about 8°C lower than the first temperature and the cells are
maintained at said second temperature for a period of at least another
2 days;

~  the cells are grown at a first pH value for at least 2 days and the pH is
then shifted to a second pH value which is between about 0.05 and
about 1 pH units lower than the first pH and the cells are grown at said
second pH for at least 1 day.

The process according to the present invention can optionally comprise a second
pH shiff. which follows the first pH shift after at least 1 day. If the first pH shift is
followed by a second pH shift after at least 1 day then the third pH value is about
0.05 pH units to about 1 pH unit higher than the second pH value. The third pH
value may be maintained until harvest.

The cell culture process according {o the present invention includes active and/or
passive pH shifts, L.e. the pH is altered “actively” by a change in the setpoint of the
pH to a new value andfor “passively” by allowing a change of the pH of the
medium by accumulation of metabolic products, thus following a cell culiure
specific metsholic pH profile within a predefined pH range. In a preferred
embodiment of the invention the aclive shift is induced by adding the respective
pH changing and regulating agent(s} known to the skilled person, such as acids,
for example HCI, or bases, for example NaGH. In a further preferred embodiment
of the process, this is accomplished by defining one pH seipoint and a deadband
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wherein the pH is allowed o change. In contrast to the active shift, the passive

shift or change in pH is not induced by adding the respective pM changing
agent(s).

in a further aspsct, the process according 1o the invention is carried out using a
medium that is protein- angd serum-free. Preferably, the medium is characterized
by a iotal amino acid content of between about 40 mM and about 100 mM,
alternatively between about 50 and about 100 mM.

A preferred process as defined above is done in fed batch mode comprising
feeding of at teast two nutrient solutions that are added to the culture. in such a
process, e.g. one of the feed solutions added to the culture medium is a feed
comprising the dipeptide cystine and the amino acid tyrosine. it is further preferred
that the feed comprises the dipeptide cystine and the amino acid tyrosine at
respective concentrations in the rangé of about 6.5 g/l and about 8.0 ¢/l and in the
range of about 9 gfi and about 11 g/l in an aqueocus solution at a basic pH of above
10. In paricular, concentrations may be about 7.25 g/i for cystine and about 10.08
g/t for tyrosine. In a preferred embodiment, the feed solution comprising cystine
and tyrosine is added {o the culture medium in the range of about 0.2 and about
0.8 wt % of the initial culture medium weight per day or alternatively at abou{ 0.4
wi% of the initial cell culture medium weight per day.

The process according o the invention is preferably used for the production of a
recombinant polypeptide that is glycosylated. According to specific embodiments,
the polypeptide is an antibody or antibody fragment.

[Brief Description of the Drawings]
The invention will be better understood by reference to the following examples and

figures. The examples, however, are not intended to limit the scope of the
invention.
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Fig. 1 is an illustration of the step-change implementation of an active pH shift with
a shiff from pH 7.00 0 6.80.

Fig. 2A shows a pH profile obtained by a passive pH shift implementation. The pH
shift from 7.00 o 8.80 in the production bioreactor was reached by setting the
setpoint fo 6.90 and defining & deadband of 0.10. After a first pH shift o 6.80 the
pH is actively maintained at 6.80 untit the end of cuituring.

Fig. 2B shows a pH profile with a second pH shift. In this example, the upper
{previous) pH iimit is not reached.

Fig. 2C shows a pH profile with a second pH shift buf here the pH meets again the
upper pH limit and is maintained there.

Fig. 3 shows the effect of a constant temperature versus a temperature shift on ihe'
viable cell density of a mAb1-producing CHO cell clone as function of culture time

in shake flask cultures (see Example 1}.

Fig. 4 shows the effect of a constant temperature versus a temperature shift on the
viability of 2 mAb1-producing CHO cell clone (see Example 1).

Fig. 5 shows the product titer as function of cultivation time for shake flask culiures
of a mAb1-producing the CHO cell clone with and without a temperature shift (see
Exampie 1}.

Fig. 8 shows the lactate concentration over cultivation time in a mAbZ-producing
clone (see Exampte 2.

Fig. 7 shows the viable cell density as a function of cultivation time in a 300-L
bicreacior with a CHO cell clone. Culture conditions included a temperature step

{day 5} and two pH shifts due to pH regulation with a sefpoint and a deadband
{also see Example 2)
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Fig. 8 shows the product titer as funclion of cultivation time in a 300-L bioreactor

with a CHO cell clone. The process combined a temperature with pH shifts (see
also Fig. 7 and Example 2).

Fig. @ shows for three independent experiments the mAb3 concentration obitained
by a fed-batch process with CHO cell cultures cultivated in & glass bioreactor as 2
function of the integral of viable cells. Culture conditions included an identical

temperature shift for all three experiments and an additional pH shift in one
experiment only.

[Deiailed Description of the Invention]

According to the present invention, a process for the preparation of a recombinant
polypeptide comprises culturing CHO cells and expressing the recombinant
polypeptide wherein the temperature and the pH are changed during the process,
The present invention seeks to improve the process of large scale production of
solypeptides in CHO celt culture by dynamically adapting cell culiure conditions
over the time course of culturing inciuding femperature and pH shifls.

The term “large-scale production” of polypeptides relates to the amounts typically
required for the industrial production of recombinant polypeptides used for
preparation of therapeutically active bicpharmaceuticals. Cell cultures with cell
culture media of at least 500 L volume, or at least 1000 L, or alternatively at least
5300 L or even higher volumes typically represent large-scale production
applications.

The term “cell culture medium” as used herein refers fo an squeous solution of
nutrients which can be used for growing cells over a prolonged period of time.
Typically, celi culfure media include the following componenis: A source of energy,
which will be usually a carbohydrate compound, preferably glucose, amine acids,

preferably the basic set of aminc acids, including all essential aminc acids,
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vitaming and/or other organic compounds which are required at low
concentrations, free falty acids, and iInorganic compounds including trace

elements, inorganic salts, buffering compounds and nucieosides and bases.

The use of cell culture media in the field of pharmaceutical industry, for instance
for the production of therapeutically active recombinant polypeptides, does
generally not allow the use of any material of biclogical origin due to safety and
contamination issues. Therefore, the cell culture medium according to the present
invention is preferably a serum- andfor protein-free medium. The term “serum-
and/or proteindree medium” represents a fully chemically defined medium,
containing no additives from animal source like tissue hydrolysates, e.g. fetal
bovine serum or the lke. Further, proteins, especially growth factors like insulin,
transferrin or the like are also preferably not added to the cell culture according to
the present invention. Preferably, the cell culture medium according to the presant
invention is also not supplemented with a hydrolysed protein source like saybean,

wheat or rice peptone or yeast hydrolysate or the like.

The term “temperature shift” as used herein refers to a change in the temperature
of the culfure in a bioreactor/culture vessel by actively altering the seipoint of the
temperature tc a lower vaiue. The temperature is first controlled and stabilized at a
defined temperature for a period of thime and after changing the sefpoint is then
stabilized at another defined temperature for a period of time. The temperature

siep does not refer to small spontaneocus temperature fiuctuations in the culture.

The term “pH shift” as used herein refers to a change in the pH of the culture ina
bioreactor/cuiture vessel by actively altering the setpoint of the pH to a lower or
higher value or by allowing a pH shift to occur hetween an upper and lower pH
limit.

Depending on the size of the culture vessel/bioreactor and the cuiture volume, the
shift in the respective parameter as measured in the medium may take from a few
minutes (o several hours.
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The pH can be shifted in two different ways, by an active and/or passive approach
as described in more detail below.

The term “active shift” in the pH is defined by a change in the setpoint of the pH to
a new value. h a preferred embodiment of the invention the active shift is induced

by adding the respective pH changing and regulating agent(s) known {o the skilied
man.

The term “passive shift” indicates that during a passive shiff in pH the ocells
themselves ars allowed to change the pH of the medium by accumulation of
metabolic products, thus following a cell culture specific metabolic pH profile within
a predefined pH range. In one embodiment of the process this is accomplished by
defining one pH setpoint and a deadband wherein the pH is allowed to change. In
contrast o the active shift, the passive shift or change in pH is not induced by
adding the respective pH changing agent(s).

pH regulating agents are added to the cultures in order to maintain the pH at 3
specific setpoint or to change the pH during a pH shiff. Typicai pH regulating
agents used for cell culturing purpeses include liquid base or acid solutions such
as NaOH or HCIL Those pH regulating agents are added to the media in the
culture vessel/bioreactor. Alternatively, the cell culture medium can be gassed with
CO3 to adjust the pH.

According to a first aspect of the invention, there is disclosed a process for the
preparation of a recombinant polypeptide comprising culturing CHO cells and
expressing the recombinant polypeptide wherein the temperature and the pH are
changed during the process. More in particular, a shift from a first higher to 2
second lower temperature occurs after the cells are first grown and maintained for
at least three days, alternatively at least 4 days, or at least 5 days st a first

temperature. This second lower temperature is about 1 {o about 8°C lower than
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the first temperature. In another embodiment of the invention, the temperature shifi
may be between about 2 and about 5°C, in some implementations i is about 4°C
or about 3.5°C. This second temperature is then maintained for at least two days.

in addition to the shift in temperature also the pH is changed from a first fo a
second pH.

The exact parameters concerning the shift in temperature and the pH are
determined beforehand and adapted based on the needs of the cell line which has
been transfected with one or more particular gene constructs coding for the
respective polypeptide that is produced. Allernatively the needs can be made
dependant on metabolic paramelers that are determined during culturing for large
scale production in a bioreactor,

A temperature shift frem a higher temperature fo a lower temperature is useful
because the first temperature is optimal for cell growth while the lower temperature
reduces the rate of cell death, A reduced temperature will therefore allow for a
longer maintenance of the high viable cell density. The cell-specific productivity of
the polypeptide of interest at this reduced temperaiure is usually not drastically
rediiced relative o the initial temperature, sometimes cell-specific productivity can
be the same or sometimes even superior. A longer maintenance of high viable cell
density can in addition provide the advantage of minimizing the formation of
product of inadequate quality. The combination of these factors enables a high
volumetric productivity and the achievement of high titers of product of interest of
adequate guality a the time of harvest. in one embodiment the first temperature is
in the range of between about 33°C and about 38°C. In another example the first
temperafure is between about 38°C {o about 38°C. The second temperature
reached after the femperature shiff may be in the range of between about 30 to
about 37°C, or between about 32 to about 34°C, or alternatively between about 30
{o about 32°C.

The timing of the temperature shift is important {0 maximize productivity. i the
temperature shift is performed too early, a high cell density will not be reached, or
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wiil take a long time {o be reached. If the temperature shift is performed too late, it
may not effectively prevent a decline in viable cell density. Preferably the timing of
the temperature shift is defined in days after inoculation of the bioreactor used for
the large scale production of the recombinant polypeptides. In another
embodiment of the invention the timing can be defined via the cell-density that is
reached in the large scale production bioreactor. For instance, the temperature
shift is initlated during the linear or logarithmic growth phase of the cells or when
40 to 80% of the maximal cell density is reached. A cell density dependant set
point may be expressed in relative terms (% of maximal cell density that can be
reached) or absolute terms (viable celis/ml). In one specific example the cell
density is chosen to be between 60 to 90%.

The timing between inoculation of the bioreactor/growth vessel and the
temperature shift may range between about 3 and about 14 days depending on
the specific bicreactor/growth vessel and the cell line used. Alternatively, the shift
occurs between days 3 to 8. As an altemative to a single criterion as outlined
above, also a dual criterion can be sef by combining two of the above mentioned
variables, such thai selected conditions concerning time and/or cell density must
be met.

if necessary for opiimal growth and production, aiso more than one {emperature
siep, e.g. at ieast 2 steps can be used, each consisting of a temperature change of
at least about 1°C, alternatively at least about 2°C, where each temperature is
maintained for at least one day. Thus, temperatures may be even further reduced
and a more complex temperature profile can be followed.

According to the invention, the cells are grown at a first pH value before the pH
shift for at least 2 days, alternatively for at least 3 days, e.g. for at least 4 days or
gven for at least 5 days. The pH for the first few days after starting culturing is
chosen 1o he favourable Tor rapid expansion of the cell density in the bioreactor.
During this time the pH «f the bioreacior is controlled at a certain set point that is

optimal for cell growth. Once a certain cell density is reached, it is advantageous
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to modify the pH of the culture. The pH is shifted afier this first period of time to &
second pH value which is between about 0.05-1 pH units lower than the first pH.
The cells are grown at said second pH for at least 2 days. in some embodiments
of the present invention the second pH value may be about 0.15 ¢ about 1 pH
units lower than the first pH. This shift in pH is usually reached by changing the pH
setpoint of the bioreactor/culture vessel. The second pH value is selected to
reduce cell death (e.g apotosis) and fo sllow maintaining high celi-specific
production rates of polypeptides of adequate quality, As a conseguence, in a first
embodiment the timing of the pH shift is defined in days after inoculation of the
bioreactor which is used for the large scale production of the recombinant
polypeptide, In a second embodiment, the timing can be defined via the cell-
density that is reached in the large scale bioreactor. According to a further
alternative, the timing may also be made dependant on specific metabolic
parameters that are measured during culturing in the cell culture medium. In one
not limiting example this may be the lactate concentration. Also non-direct
parametars that reflect the metabolic state of the culture can be used, such as e.q.

the required dosing of CO9 or controlling acid per time for maintaining the pH at

the upper pH setpoint, or required dosing of NaCH or controlling caustic agent to
keep the pH at a lower pH seipoint. Instead of using only one criterion for the pH
shift, alternatively, a combined criterion can be set by combining parameters such

as e.g. days after ifocuiation and cell-density.

The benefits of the pH shift strategy also involve the fact that dissolved carbon
dioxide levels and addition of base can be reduced during the course of culturing,
which hence avoids their negative effects. At the beginning of culturing, it is of
advartage to have a higher pH value {(e.g. 7.0} in the cullure vessel or bioreactor,
since a lower pH value {.g. 6.8) would require higher levels of carbon dioxide in
order to maintain the pH. These high levels of carbon dioxide, however can have
negalive effects on the celis and reduce the growth rate. In contrast, at later
stages of culturing, maintaining a high pH (e.g. 7.0) requires more base addition
than maintaining a low pH {e.g. 6.8). This is because lactic acid is formed and the
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resulting acidity must be compensated for by addition of base. The higher the pH
set point, the higher the amount of base reguired. Base addition increases the
psmolality of the culture, which can be unfavourable for growth and maintenance
of a high viable cell density.

The potential benefits of the pH shift strategy can also be described from the
perspective of minimizing tactic acid formation, CHQ cells generally produce less
lactic acid at lower pH values {e.g. 8.8) than at higher values {e.g. 7.0}. Less lactic
acid produced resuits in less base added, which is beneficial as described above.

fn one embodiment the first pH is selected to be in the rangs between pH 6.8 and
7.5. in ancther embodiment the first pH is selected to be In the range between pH
8.8 and 7.2. In a further embodiment the first pH is selected fo be at most pH 7, or
alternatively below pH 7. The second pH value that is reached after the pH shift is
in the range of between pH 6.0 and pH 7.5, or between pH 6.5 and 6.8,

The relative fiming of temperature and pH shift is selected In order to achieve the
most optimal result, Optimat fiming of the termperature and the pH shift are chosen
on a process-specific basis and made be dependent on the growth state or
metabolic state of the cultwe. The temperature shift in principie can be
implemented at a culture time point independent of the timing of the pH shift. in
one embodiment of the invention the temperature shift can occur before or at the
same time as the pH shift. In one embaodiment of the invention the temperature
shift occurs hefore the pH shift. For example the temperature shift may be initiated
betwesn 1-5 days before the shift in pH occuwrs. In another second embodiment of
the invention the temperature shift is initiated at the same time as the pH shift. The
term “at the same time”, here refers to an ongoing shift of both respective
parameters from a first value 1o a second value. Such simuitanecus shifts may
occur when the setpoint of the temperature and the setpoint of the pH have been
changed and both parameters have nol reached their second stable value yel.
Alternatively such a scenaric may occur when the setpoint in temperature was
changed during the phase of a passive pH change. This occurs in case of a pH
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regulation by a setpoint and a deadband defining an upper and lower pH limit {(see
also below). in further embodiment of the invention the temperature shift may

occur after the pH shift. For example the femperature shit may be initiated
between 1 to § days after the pH shifi.

In a further aspect of the present invention the pH is actively or passively changed
between said first to said second pH value. There are a number of possible ways
fo control the pH of the cultures and to implement a pH shift. In one aspect of the
invention the pH is actively shifted from 2 first to a second pH value by changing
the pH setpoint (without deadband) of the pH controlier to & new value.

As a result, the change from the first pH value to the second pH value is guasi-
immediate (step-change) in the culture. Fig. 1 lustrates such a step-change
implementation of the pH shift, with a shift from pH 7.00 to 6.80 in this particular
' sxample. in this mplementation of the invention the pH is maintained fivst at an
upper pH value by dosing pH regulating agents accordingly {(e.g. CO2 or NaOH)

and then changed to a lower value by actively changing the selpoint {without a
deadband). The pH of the lower sefpoint can be reached either by actively
dosing/adding an acidifving agent to the cuiture resulting in a rapid change or by
omitting an agent that kept the pH at the more basic first pH. Based on the size of
the bioreactor and the above mentioned method of influgncing the pH, the pH
change may be complete within some minutes up to 24 hours.

Iy a further aspect of the invention the pH is allowed to passively shift (drift) from a
first to a second pH value corresponding to an upper and a lower pH limit and thus
to follow a cell culture specific metabolic profile. As a result, the change from the
first pH value o the second pH value is gradual. This alternative way of controliing
the pH of the cell culture medium and implementing a pH shift Is reached by
programming the pH controfler of the bioreactor with a setpoint and a deadband.
This defines a permissible pH range for the process, in which the pH controller
takes no action. For exampie, a setpoint pH of 6,90 with a deadband of 0.10 pH
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units will define pH 7.00 as the upper pH fimit and pH 6.80 as a lower pH limit. In a
celf culture production bioreactor, the pH wilt typically be at the high fimit at the
beginning of the cuiture (first few days), where the controller prevents the pH from
raising by dosing carbon dioxide into the culture. Due to the progressive
accumulation of lactic acid produced by the cells, the pH will eventually decrease
continuously from e.g. 7.00 1o 6.80, typically within a few hours. Once the lower pH
fimit of e.g. 6.80 is reached, the controller prevents the pH from decreasing
beyond this pH by dosing base solution into the culture. Based on the size of the
bioreactor, the specific cell ine, cell density or media conditions the gradual pH
change may occur within a few hours or fake up to a day.

In a further aspect of the mvention the second pH of the culture is actively
maintained after the pH shift at the second pH for the remainder of the culture time
until harvest. This is accomplished by changing the pH set point o said second pH
value and dosing pH regulating agents accordingly.

in a further aspect of the invention the first pM shift is followed by & second shift.
The second pH shift occurs at least 1 day after the first one and the third pH value
that is reached is at least 0.05 pH units higher than the second pH,

in a further aspect of the invention the second pH shift may also occur actively or
passively to reach said third pH vaiue. In the first embodiment this can be done by
actively changing the pH set point as already outlined for the first pH shift (see
above). The timing of the second pH shift can be defined in days after the first pH
shift and/or again made dependant on metabolic parameters, such as e.g. lactate
concentration. Such a shift may {ypically occur between 1 and 10 days after the
first shift in pH. An aclive shift is initialed by c¢hanging the pH setpoint of the
culture, pH regulaling agents will be dosed accordingly.

In the second embodiment the pH can also be allowed to passively change and to
follow its metabolic pH profife. This can be implemented e.g. by defining a lower
and an upper pH mit as already outlined above. The upper pH limit in this case
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may correspond to the same upper pH limit as defined for the first pH shift or it
may be allered tc a new lower or a higher value. Preferably such a lower and
upper pH limit may be achieved by programming the pH controfler of the
bicreactor with a sefpoint and a deadband. Such & passive change in pH can
occur by remetabolization of lactic acid late in culture by the celis, which causes
the pH {o increase again o values above said lower limit of the pH range. In some
instances it is possible that the pH reaches again the upper limit of the range, in
other cases it may also stay below that limit. The magnitude of the second pH shift
may include values between 0.05 and 1 pM unils. The duration of such a passive
pH shift is not exactly defined since the rate of the shift/change depends on the
metabolic activity and the remetabolization of lactic acid by the cells. It may
typically take 0.5 to 2 days to reach the upper pH limi but in case of a passive
changse the pH may also remain below the defined upper threshold until the end of
culturing.

The choice of the strategy to implement will depend on multipie factors, such as
sensitivity of the celis to CO» and optimal pH for product formation. Different pH

profiles can be obtained by defining two or more specific sel points over the
course of culturing or simply by defining a setpoint and a deadband (which
optionally could also be changed during sulturing}. Different pH profiles that can be
cbtained by selfing a setpoint and a deadband are iHustrated in Fig. 2, for a
setpoint of pH 6.90 with a deadband of 0.10 as example values.

in a further aspect of the invention the {otal amount of the polypeptide produced by
& process comprising @ temperature and one or more pH shifts is greater than
without combining a temperature shift with one or more shifts in pH. Combining at
least one temperature shift with at least one pH shift which are adapted in terms of
timing and steps size towards the needs of the particular transfected cell fine has
led to a much better product yield.
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In a stilt further aspect of the invention a process comprising a temperature and
one or more pH shifts has the potential to lead to a product of improved quality
compared to the quality obtained without combining the temperature shift with one
or more shifts in pH. One possible reason for the beneficial effect of a pH shift to
lower pH values in the culture during the production phase may be the following:
ammonia typically accumulates in the cell culture medium with culture fime and is
known to potentially affect product glycosylation, with the possible outcome of
decreased product quality. Ammonia is assumed to enter the cells in the form of

NHg3, where it can influence intracellular pH by capturing H3 O™ ions. The resulting

increase in infracellular pH can affect glycosylation. Shifting the pH of a culiure to
a lower value wilf decrease the concentration of extracellular NHa through an

increase in protonation of NHz into NHg™¥, to which the celis are impermeable.

The cell culture process comprising a temperature and one or more pH shifts
according to the present invention can be carried out using various cell culture
media. Commonly used cell culture media that can be used are eg. D-MEM
{Dulbecco's Medified Eagle Medium), D-MEM/F-12, MEMo, Fischer's Medium,
RPMI 1640BME, BGJb but is not limited to these examples. These media may be
further supplemented with additional components such as e.g. nutrients, vitamins,
or carbohydrates.

Suitable media that are primarily optimized for cell growth preferably contain initial
amino acid concentrations according {o the following ranges.

Amino acids Cone, {mmolil)

Acginine, free base 4.0 - 6.0, preferably 4.5~ 5.5
Asparagine monohydrate 3.0-6.0, preferably 40 ~5.5
Asgpartic acid 2.5-4.0, preferably 3.6 -3.6
Glycine 0.3~ 0.8, preferably 0.5~ 0.7
Histidine, HC1 H,0 0.8~ 1.0, preferably 0.7 - 0.9
[soleucine 2.0~ 5.0, preferably 3.0 - 4.0
Leucing 3.0~ 7.0, preferably 3.5 - 6.0
Lysine HCI 2.0-40, preferably 25~ 35
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Methionine 1.0 1.5, preferably 1.2 ~ 1.4
Phenylalaning 1.0 - 2.0, preferably 13 -1.8
Profine 2.5~ 8.0, preferably 3.0 - 5.5
Serine 3.0~ 8.0, preferably 4.0 ~7.0
Threonine 2.0- 3.5, preferably 2.5 ~ 3.1
Tryptophane $.4 - 1.0, preferably 0.5 - 0.8
Valing 2.8 =50, preferably 3.0 - 45
Tyrasine 1.0 2.0, preferably 1.2 - 1.8
Cystine 0.5 ~ 1.0, preferably 0.6 - 0.8
Glutamine 56~ 9.5, preferably 6.2~ 8.2

Media containing amino acids as defined in the sbove table can be favourably

used in the improved cell culture processes according to the present invention.

A further aspect of the invention includes the use of production media designed for
large scale preduction of recombinant polypeptides. These praduction media may
optionally conigin increased amounis of components, for instance amino acids. in
a preferred embodiment of the invention an initial amino acid content is used in
these media in a range of between about 40 mM and about 100mM, alternatively
between about 50 and about 100 mmoWL. in an alternative embodiment of the
invention such production media contzin initial amino acid concentrations

according to the following ranges.

Aminc acids Cone. {mmolil)
Arginine, free base 4.0-8.0, preferably 45 -85
Asparagine monohydrate 9.0~ 11.0, preferably 8.5~ 10.8
Aspartic acid 2.5-4.0, preferably 3.0 - 3.6
Glycine 0.3 - 0.8, preferably 0.5~ 0.7
Histidine, HCI H,0 40— 1.5 preferably 1.1~ 1.3
lsoleucine 55-7.0, preferably 8.0-6.8
Leucine 8.0~ 10.0, preferably 9 ~9.2
Lysine HCH 3.0~6.0. preferably 4.0 -5.0
Methionine 1.5 - 25, preferably 1.6-2.¢
Phenyialanine 2.0~ 3.5, preferably 2.6 - 3.0
Proline 7.5-9.0, preferably 8.0 -85
Serine 10.5 -~ 13.0, preferably 1.0~ 11.8
Threonine 3.5~ 8.5 preferably 4.0-50
Tryptophane 0.9~ 2.0 preferably 1.0~ 1.4
Valine 55 - 7.5, preferably 6.0 ~6.8
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Tyrosine 1.0~ 3.0, preferabiy 2.0 - 2.5
Cystine 0.5 - 2.0, preferably 1.0~ 1.3
Glulaming 5.5~9.5, preferably 6.2 ~8.2
Glutamic acid 0.5 2.5, preferably 1.0~ 1.2

Production media containing amino acids as defined in the above table can be

favourably used in the improved cell culiure processes according to the present
invention.

Cultivation of cells can be caried out in adherent culture, for instance in

monolayer culture or preferably in suspension culture.

Large scale cultivation of cells can be used for instance by the various
fermentation processes esiabiished in industrial biotechnology. Continuous and
discontinuous cell culture processes can be utilized using the cell culture media
according to the present invention. Other known reactor technologies, e.g.
perfusion technologies or the like can be also wtilized. Balch processes are one
preferred embodiment.

The batch cell culture includes fed-batch culture or simple bateh culture. Fed batch
cell culture refers to cell culture wherein mammalian cells and cell culture medium
are supplied to the culturing vessel initially and additional culture nutrients are fed
continuously or in discrete increments to the culiure during the culfuring process
with or without periodic cell and/or product harvest before termination of the
culture. Simple batch culture relates fo a procedure in which all components for
cell culturing including the mammalian cells and the cell culiure medium are
supplied o the culturing vesse! at the start of the culturing process.

in a further aspect of the invention, feeding of the culture is done in a fed batch
process, with the feed consisling of two nutrient solutions that are added to the
cuiture, Both nutrient solutions are added to the culture vessel either based on a
predetermined schedule determined for the particular cell line and product or
according to the metabolic needs which are determined by measuring the
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consumption of e.g. glucose or amino acids in the culiure vessel. Both nutrient
solutions may be added independently either as a bolus feed or continuously.
Typically nutrient feed solutions comprise amino acids, at least one carbohydrate
as an energy source, frace elements, vitamins or specific ions. 1t is particularly
advantageous fo use concentrated feed solutions in order to avoid large volume
increase and dijution of the product. In some embodiments # may also be usefui to
have at least two different feed solutions. This allows independent dosing of two or
more different groups of nuirients and components to the cells and thus a better

adjustment of the feeding conditions concerning optimal supply of ceriain
nutrients,

in a further embodiment of the invention, one of the two feed sclutions added to
the cell culture medium is a concentrated feed comprising the dipeptide cystine
and the amino acid tyrosine at respective concentrations in the range of about 6.5
gft and about 8.0 g/l and in the range of about 8 gl and about 11 g/l in an agueous
solution af & basic pH of above 10. In a particularly embodiment, the concentrated
feed comprises the dipeptide cystine and the amino acid fyrosine at respective
concenirations of 10.06 g/ff L-tyrosine and 7.25 gfi cystine at a pH of above 10.

The feed medium comprising cysting and tyrosine as describad above can be
added either based on the measured consumption of the respective amino acids
or according to a fixed schedule at e.g. about 0.2 o about 0.8 wit% of the initial celi
culture medium weight per day, or at about 0.4 wit% of the initial cell culture

medium weight per day.

In some examples the other feed solution contains all other amino acids that are
also present in the basic medium except tyrosine and cystine. In some examples
this additional feed sclution may consist of particular selected components such as
e.g. amino acids or carbohydrates. In a further embodiment of the invention this
concentrated feed medium preferably contains selected amino acids according to

the following concentration ranges.
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Aming acids Feed Medium
Cong. {mmolil)
Arginine, free bass 12.0 ~ 17, preferably 13.5 - 16.0
Histidine, HC H20 5.5 -7.5, preferably 59-7.0
Isoleucine 29— 28.0, preferably 22.0 - 27
Leucine 32 — 42, preferably 34.5~40.0
Lysine HCI 17.0 - 22.0, preferably 17.5 -21.5
Mathionine 5.5 8.0, preferably 6.0 - 7.5
Phenylalanine 8.5 ~ 12.0, preferably 2.0 - 105
Proline 18.0 - 24, preferably 18.5 - 22.0
Serine 38.0 - 48.0, preferably 38.6—46.5
Threcnine 14.5 - 19.0, preferably 15.0 - 185
Tryptophane 3.0 - 5.0, preferably 3.5 ~ 4.8
Valine 23.0 -~ 29.0, preferably 23.8 - 27.5
Glutamine 175.0 - 220.0, preferably 176.0 - 201

Preferably also carbohydrates such as glucose are added to this concentrated
feed medium, preferred concentrations being between about 1200 and about
1400 mmolf, or alternatively between about 1300 and about 1385 mmoi/l.

The feed medium as just described, preferably including a carbohydrate, such as
glucose, can be added either based on the measured consumption of the
respective amino acids or according o a fixed schedule at e.g. about 1 to about 4
wit% of the initial cell culiure medium weight per day, e.g. at abott 2 wi% of the
initial cell culture medium weight per day.

The polypeptides that can be produced from the cell cullures and the cell culture
media according to the present invention are not imited. The polypeptides can be
recombinant or not recombinant. The polypeptide may be homologous {o the host
cell, or preferably, may be of exogenous origin. The term polypeptide as used
herein encompasses muolecules composed of a chain of more than two amino
acids joined by peptide bonds; molecules containing two or more such chains;
molecules comprising one or more such chains being additionally modified, e.g. by
glycosylation. The ferm polypeptide is intended to encompass proteins. The
polypeptids of interest may be of any origin. Preferred polypeptides of interest are
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of human origin, and more preferably, the proteins of interest are therapeutic
proteins.

The preferred class of polypeptides produced by cell cuifures and the cell culture
media according o the present invention are recombinant antibodies.

The term "antibody" is used in the broades! sense and specifically covers
monocional antibodies (including full length monoclonal antibodies), polyclonal
antibodies, multispecific antibodies (e.g., bispecific antibodies), nanobodies
modified antibodies, subunits of antibodies, antibody derivatives, artificial
antibodies, combinations of antibodies with proteins and antibody fragments
sufficiently long to display the desired biological activity. The monoclonat
antibodies as used herein may be human antibodies.

However, 'po!ype'ptides other than antibodies can also be produced using cell
cultures and the cell culture media according to the present invention, e.q.
polypeptides like fransmembrane proteins, receptors, hormones, growth faciors,
proteases, clolling and anti-clotting proteins, inhibifor proteins, interleukins,
transport factors, fusion preteins and the like.

The products obtained from such cell culture processes can be used for the
preparation of pharmaceutical preparations. in addition, the protein{s) according to
the invention can be administered together with other components of biologically
active agents such as phammaceutically acceptable surfactanis, recipients,

carriers, diluents and vehicles,
The invention is further illustrated by the following examples.
Examples

in the Examples described below, chemically defined celt culture media 1 and 2
having the composition as detailed in the following Table 1 are used. The
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commercial sources.

Table 1
Components Mecfiium Medium
2

Final Final

conc. SONC.

{mglt) | {mgl)
CaCly, anhydr. 131 133.2
KCl, aniydr. 800 580G
MgCly, anhydr, 185 250.4
NaCl 850.6 500
Di-Sodiurm 710 1065
hydrogenphosphate, anhydr,
Sedium hydrogen carbonate, | 2500 2009
anhydr,
L-Arginine. free base 571 871
L-Asparagine, HaO 618 1501
L-Aspartic acid 461 481
L-Cystine 2001 304.8
L-Glutarnic  acid Na  salt| - - 182
Hydrale
L-Glutamic acid - -
L-Histiding, HChH,O 168 268
L-fscletcine 394 894
L-Leucine 499 1189
t-Lysine, HCI 521 821
L-Methionine 178 279
L-Phamnvialanine 264 464
{.-Proline 368 268
{-Serine 432 1232
L-Threonin 333 533
L-Tryptophan 102 252
L-Valine 375 775
L-Tyrosine 277.7 4225
Glycine 38 38
L-Glutamine 1168.2 1168.2
Bictin 0.4 0.4
D-Ca- Faniothenate 4 4
Folic acid 5 5
myc-lnositol 40 140
Nicotinamide 4 4
Pyritioxine, HCI P 2
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Riboftavin 0.4 0.4
Vitaunine B12 2 2
Thiamine, HCI 4 4
Putrescine, 2ZHCI 10 110
Cholin chioride 40 240
Sodium selenit (NapSeO3} 0.03 Q.03
Manganese chioride 0.3 0.3
tetrahydrate
Ammonium molybdate 0.3 0.3
telrahydrate
Zinc chiorid, anhydr. 3 3
Cupric chioride dihydrate 0.3 0.3
Cobalt chicride hexahydrate 0.3 0.3
Eihanolamine 10 100
Monothioglycerol 2 -
HEPES, acid form 17870 476G
Tri-Sodiumcitrate dihydrate 911.7 1235.2
FeClaxgHoO 54.1 544
Pluronic F68 1000 1000
D-Glucose, anhydr, 1000Q 10000
HCI - 327.6
NaOH 7992 133939

Table 2 below shows the composition of a concentrated feed medium coniaining
L-tyrosine and cystine. The feed medium can be added either based on the
measured consumption of the respective amino acids or according to a fixed
schedule at e.g. 0.4% wt per day.

Table 2
Fead
Componenis Medium
{alyy
NaQH 32% 18.7 mi
L-Tyrosine 10.06
Cystine 7.25

Table 3 below shows the composition of an exemplary concentrated feed medium.
The feed medium can be added either based on the measured consumption of
amino acids or according o a fixed schedule at 8.g. 2% wi per day.
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Tabie 3

Feed
Components Medium

(gt}
L-Arginine, free base 272
L-Histidine, HCI-HAQ 1.44
L-Isoleucine 3.44
L-Leucine 5.20
L-iysine, HCI 372
L-Methionine 1.08
L-Phenylalanine 1.72
L-Profina 2.44
L-Serine 478
L-Thraonin 2.08
L-Tryptophan 0.88
L-Valing 3.16
L-Glutamine 28.23
D-Glucese-monohydrate 275.00
25% HGL 8.25 ml
32 % NaQOH 56 ml

For the experimenis of the examples a parental CHO cell line is used which is
derived from the dhir {+} CHO-K1 cell line ATCC CCL-61 (Kao el. al., Genstics,
1887, 55, 513-524; Kao st. al., PNAS, 1968, 60, 1275-1281; Puck et. al,, J. Exp.
Med., 1958, 108, 945-859) by =adapistion {o serum-free, protein-free media
conditions. Three aliquots of this parental cell line are transfected to express three
different monoclonal antibodies mAB1, mABZ, mAB3, respectively.

Example 1

in Exampie 1, two shake flask cultures containing medium 1 are incculated in
parailel with a mAb1-producing CHO clone. The shake flask cultures are incubated
fin a carbon dioxide incubator at 37°C. On day 3, one shake flask is transferred {o 2
carbon dioxide incubator set at 33°C. Both shake flasks are similarly fed with two
feed solutions. Fesd was supplemented according to a fixed schedule, with
addition of 0.4 % of the first feed solution {Table 2) and 2 % of the second feed
{Table 3) per day starting on day 5 and lasting until the end of the culture.
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The temperature shiff to 33°C enables longer maintenance of the viable cell
density and viebility of the cuiture with time (Fig. 3 and 4) and the achievement of
a higher product titer (Fig. 5), compared 1o the culture that is maintained at 37°C
for the whole duration of the experiment. This example illustrates the benefit of

implementing a temperature shift to 33°C during a cell culture production process
based on a CHO host cel line.

Example 2

in this example, g 300-L bioreactor containing medium 2 is inoculated with a
mAb2Z-producing CHO clone. On day 5, the temperature of the bioreactor is shifted
from 36.5°C 1o 33°C. The pH seipoint is 6.80 and the deadband is 0.10. As a
result, the culture starts at pH 7.00, the pH drifts down o 6.80 between day 2 and
day 4, and then progressively returns to 7.00 due to lactic acid consumption by the
cells (Fig. 6). The shift to pH 6.80 enables to reduce the addition of base
compared {0 & scenaric with a constant pH 7.00. The return to pH 7.00 enables o

reduce the concentration of CO» in the medium compared t¢ a scenario where the

pH is left at 6.80 after the first shift. In this process that combines temperature and
pH shifts, a high viable cell density is reached and the decrease in viable cell
density over time is minimized (Fig. 7). allowing to reach on day 14 a high fiter
(Fig. 8) of product of adequate quality. Feeding is applied similarly as in Example
1.

Example 3

in this example, three independent fed-batch cultivation processes are carried out
in a glass bioreactor using a mAb3-producing CHO cell clone and medium 2 (see
Table 1). The feed scheme of Example 1 is applied again. Two independent
cuitivations include a temperature shiff without an additional pH shift, i.e. the pH in
both cell cultures is maintained at a value of pH 7.0 over the whole length of the
cultivation. The third cultivation experiment differs from the first two experiments
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by an additional pH shift from pH 7.0 to pH 6.8 applied at day 3 of cultivation. The
temperature shift carried out in all three experiments occurred at a cell density of
4-8 x 10° viable cells/mi, respectively. in Fig. 8, the mAb3 concentration obtained
as the expression product from the corresponding CHQ clone is depicted as a
function of the integral of viable ceils (IVC) which is an integral of all living celis
calcutated from the cell concentration/mt VCD in a millilire cell culture. The
inclination y/x is the cell-specific productivity gp [pg/VC/h} which indicates the
amourt of recombinant mAb3 preduct a single living cell can produce in one hour.
in consequence, Fig. 9 illustrates an increase of cell-specific productivity in a cell
culture when subjected to an additional pH shift. Due to the additional pH shift the
cells grow slower but show increased productivity.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A process for the production of a recombinant polypeptide comprising culturing
CHO cells in a medium that is protein- and serum-free and characterized by a total
amino acid content of between about 40 and about 100 mM under conditions comprising
at least one temperature shift and at ieast one pH shift and expressing the recombinant
polypeptide, wherein

- the cells are grown at a first temperature for at least 3 days and the
temperature is then shifted to a second temperature which is between about 1
and about 8°C lower than the first temperature and the cells are maintained at
said second temperature for a period of at least another 2 days;

- the cells are grown at a first pH value for at least 2 days and the pH is then
shifted to a second pH value which is between about 0.05 and about 1 pH
units lower than the first pH and the cells are grown at said second pH for at

least 1 day.

2. The process according to claim 1, wherein the pH is actively changed between

said first and said second pH value.

3. The process according to claim 1 or claim 2, wherein the pH is passively changed
between said first and said second pH value.

4, The process according to any one of claims 1 to 3, wherein the first temperature

is in the range of hetween about 33°C and about 38°C.

5. The process according to any one of claims 1 to 4, wherein the second

temperature is in the range of between about 30°C and about 37°C.

6. The process according to any one of claims 1 to 5, wherein the first pH value is in
the range of between about pH 6.8 and about pH 7.5.
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7. The process according to any of claims 1 to 6, wherein the second pH value is in

the range of between about pH 6.0 and about pH 7.1.

8. The process according to any one of claims 1 fo 7, wherein said second pH is

actively maintained until the end of culturing.

9. The process according to any of the claims 1 to 8 wherein the first pH shift is
followed by a second pH shift after at least 1 day with the third pH value being about
0.05 pH units to about 1 pH unit higher than the second pH value.

10.  The process according to claim 9 wherein the pH is actively changed from said

second to said third pH value.

11.  The process according to claim 9 wherein the pH is passively changed from said

second to said third pH value.

12.  The process according to any one of claims 1 to 11, wherein culturing is done in
fed batch mode comprising feeding of at least two nutrient solutions that are added to
the culture.

13  The process according to claim 12, wherein one of the feed solutions added to
the culture medium is a feed comprising the dipeptide cystine and the amino acid
tyrosine.

14 The process according to claim 13, wherein the feed comprises the dipeptide
cystine and the amino acid tyrosine at respective concentrations in the range of about
6.5 g/l and about 8.0 g/l and in the range of about 9 g/l and about 11 g/l in an aqueous

solution at a basic pH of above 10.

15.  The process according to claim 13 or claim 14, wherein the amount of the feed
solution comprising cystine and tyrosine is added to the culture medium in the range of

about 0.2 and about 0.8 wt % of the initial culture medium weight per day.
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16. The process according to any one of claims 1 to 15, ‘wherein the produced

polypeptide is glycosylated.

17.  The process according to any one of claims 1 to 16, wherein the polypeptide is an

antibody or antibody fragment.



