WO 2009/112250PCT/EP2009/001742 Method for Producing Recombinant Proteins with a Constant
Content of R&QpdN thesMedium The present invention relates to a methodgleg e, 4gsarphinant
production of a polypeptide in a eukaryotic host cgll modified in the citrate cycle, wherein the cell is
cultured in a medium with a content of dissolved CO2 (pCO2) which is maintained at a constant value
in the range of 10% to 20%. The ton-scale production of therapeutic proteins for specific therapies
implies new requirements regarding expression and production systems. The main expression
systems used are, amongst others, animal cell culture systems. The capability of animal cells to
correctly fold and post-translationally modify proteins is, above all, a requirement for clinical application
in humans. At present, almost 70% of all recombinant proteins are produced in animal cells in the
pharmaceutical industry, most of these in CHO cells (Chinese Hamster Ovary cells) (Wurm, 2004). In
comparison to microbiological systems, however, animal cell culture processes are characterized by
longer generation time and lower final cell density in fermentations. Thus, product titres and
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(b) recovering the polypeptide from the cell or from the medium. The strategy leading to the present
disclosure was based on the approach of controlling the set value of pCO2 with simultaneous control
of dissolved oxygen, pH value and overpressure iR the reactor. This rational approach of the 3
decoupled control of as many parameters as possible associated with pCO2-related difficulties
resulted in the surprising finding that the yield of recombinantly produced protein unexpectedly
increased with a pCO2 value maintained constant in the range of 10% to 20% of dissolved CO2.
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productivity of the genetic modified cell line CHO-K1-hGM-CSF. Moreover, the
effects of elevated pCO,, osmolarity on the growth rate and specific human {PA
production rate of a recombinant CHO cell line have been studied by Kimura and
Milier, Biotechnology and Bioengineering, 1996, 52, 152-160. The media used for the
experiments in this study contain 36 mm Hg pCO; (5% CO3), 140, 195, 250 mm Hg
pCO,. However, these authors were of the opinion that the highest recombinant
protein production rate can be achieved at 37°C and 36 mm Hg pCO; (5% COy).
Adverse effects on growth and productivity for hybridomas, NSO, CHO, BHK and
insect cells have been reported for such high pCO> concentrations. In industrial
large-scale fermenters, the accumulation of COz is a restrictive factor. The desorption
of dissoived CO; from the culture medium is a challenge for process engineering.
Thus, the oxygen supply for the cultured cells has to be provided. Correcting
variables for enhancing the oxygen transfer into the liquid phase are, for example,
stirrer velocity and volumetric gas flow. However, these cannot be freely modified
due to the partially cell disrupting shear stress and foaming.

Thus, the technical problem underlying the present invention is to provide an
optimized method for the recombinant production of proteins in eukaryotic host cells
which overcomes the disadvantages described above, i.e. which throughout provides
an optimum content of physically dissolved CO; in the medium.

The solution .of this technical probiem is provided by the embodiments characterized
in the patent claims.



4 time, it is'possible to study intracellular processes (e.g. intracellular pH) under bioprocess conditions.
(e) Effect of pCO2 on the intracellular pH value of CHO cells The developed pCO2 controller in
combination with the pressure-controlled sampling allowed, for the first time, to observe the two-phase
reaction of the intracellular pH-value with respect to changes in the pCO2-value in the culture medium.
Due to the dissociation equilibrium of CO2 in aqueds solutions, the "chemical effect" as a direct effect
causes a temporary change of the intracellular value (acidification of cytosol upon pCO2 increase,
alkalisation of cytosol upon pCO2 neutralization). Contrary to this effect, there is a long-term and
permanent reaction of the cell, the "physiological effect". For the first time, it was possible to observe
this sup&i-coiepeap&tdn heraeideneetidedf ahaietnaceiitiaripel cassedbinatiepwibipling efeét” in
vitro and ) Siub{Eheos(al & Adlene hedHa Fadient heaieaiey wes braatanaa idhe:
intracellular pH. (f) Findings resulting from pCO2-controlled bioprocesses with recombinant CHO cell
lines Staypaie Zadmaiaseoieonatiedsienpdeinsstrsoiaitaedsg Sepsalue profiles of pCO2 may be
used in combination with.cell physiology studies under bioprocess conditions for a rational
development ofd)ioprokiesses; sbie DBOhimstaielare scdateabidr ectyitorthe tiragseilbivem-aratie. The
intracellular pH value, js rejated to cell cycle |_Fase g)i/stribu ion. An increasing gradient,between the
extracelliar pH vali S B OB bR RO Bt tOTIo Gr S B DRGNS Apar
from the pH control G0k €mDiDlemibeunedipt @2ncaintminedobl-staiihbiaptoceasdas ithay iunfigence the
lactate formation via intracell H value, even in glucose-limited process conditions. The
recombinant cell lin€ %ﬁ%ﬁﬂ P , Which expresses the cytosolic pyruvate carboxylase,
exhibited a pCO2-sensitive energy metabolism. By increasing the controlled static pCO2 level, it was
possible to intefify@OVKIHgItReRABSRiIAS, feoam ine el ehirais thedoemiMar pH value in the course
of culture. Furthermore, together with an increase in the statically controlled pCO2 level, a prolonged
viable culture period, efficient maintenance WO 2009/112250PCT/EP2009/001742 5

The strategy leading to the present disclosure was based on the approach of
controlling the set value of pCO; with simultaneous control of dissolved oxygen, pH
value and overpressure in the reactor. This rational approach of the



of the cell cycle in the G1GO-phase, increased cell-specific productivity and an increase in the
space-time yield by 100% was observed. In statically controlled pCO2 bioprocesses, a prolonged
culture period has to be attributed, primarily, to th& increased pCO2 level, not to osmolality. The
optimum process values for controlled pCO2 levels are found at 15% pCO2. The control of pCO2 and,
thus, the inhibition of the accumulation of CO2 in the aqueous medium of bioprocesses allows, also in
HCO3 -buffered media, a reliable online-determination of the respiratory quotient RQ in cell culture
processasonithledheanirgasiaamipssiDesripeiersfanpbrpitde Brprcidtedonénat@enetelddop of
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L stirringyesseLERaCIos al R SR LugiRressure 0.15 M NaCl, 37C, 200 rpm, pH uncontrolled.
Figure 4: Process scheme of the controlled overpressure system implemented in Biostat ES Figure 5:

Dynamic set value control of the control factors concentration of dissolved carbon dioxide pCO2
(contind@)sPﬁ-F@) ﬁﬁ‘@B@érpressure p (interrupted line) in the 10 L stirring vessel reactor (Biostat ES, B.
Braun International; industrial production medium, standard fermentation parameters) by developed

PID congollgh i PLaFRs S 60 W25 CO, probe, a pCO, controlier was developed for the
studies which would meet industrial requirements and which was implemented
successfully in development fermentation. With simultaneous, independent control of
pO; and pH, this pCO; confrolier allows both, pCO,-static culture and the generation
of set value profiles for pCO;. Applications in fed-batch mode and chemostat mode
were established successfully on the 1 L and 10 L scale. The control range is 1.5-
25.0% pCO;. Thus, for the parameter CO,, it is possible to deal with problems in
industry on a small scaie.

- {b) Overpressure control

An overpressure vaive was developed for scales 1 L (up to 150 mbar overpressure)
and 10 L (up to 1000 bar overpressure) which may be used independently from the
controls for pCO,, pO2 and pH. Thus, problems of scale transmission in industrial
bioprocesses (hydrostatic pressure, mixing time) can be represented on a small
scale.

(c) pH adjustment agents

It was possible to show that the use of Na,CO; for basic pH-adjusiment resuits in
increased viable cell density, prolonged viable culture period and, conseguently, an
increased space-time yield of a monoclonal antibody fusion protein in CHO cultures.

(d) Pressure-controlled sampling

The pressure-controlied sampling system aliows the treatment of fermentation
samples under bioreactor conditions (temperature, overpressure, pCO,). For the first



WO 2009/112250PCT/EP2009/001742 6 LabView. Figure 6: Titration profile of the pH control to pH

7.2 with 1 %8‘9@%’&%{; a set value surge from 5% pCO2 to 15% pCO2 Bé%%%tpl%%ﬁ@g%gassing 30

L.1-11, 10 L working Volume, aqueous buffer solufion with NaHCO3 / NaH 4 analogous
to industrial production medium, 37C, 750 mbar overpressure. Figure 7: Titration profile of the pH
control to pH 7.2 with 1 M Na2CO3 upon a set value surge from 5% pCO2 to 15% pCO2 Biostat ES,
ratio gassing 30 L411, 10 L working volume, aqueous buffer solution with NaHCO3 / NaH2PO4
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Cumul t'ésr%%ggsoggh%&i%{ases for pH control upon set value surge from 5% pCO2 to 15% pCO2
Biostat ratio gassing ~.1-11, 10 L working volume, aqueous buffer solution with NaHCO3 /
NaH2P0O4 /Na2HPO4 analogous to industrial production medium, 37C, 750 mbar overpressure. Figure

9: Fed-pt&ffectnehi=0iOn witltisonateratBliuluivp Bf Gk freH@ss#lEmixture and pH-adjustment
agent NaOH and Na&O03, respectively Viable cell densities ZDL, viabilities VIA, product titre PRO (1 L,
CHO-MUC1, 150 mbar overpressure, pH 7.2, 200 rpm, membrane gassing). figure 10: Fed-batch
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CO2 rafitFs Ay RECHRIMPHE 2 RBSINRIES SO R O FerpPERal ,E‘J@?t.z? Go%HBrTt
membraffedassiuepef salienmigray. change of the intraceilular pH value (acidification of
cytosol upon pCO; increase, alkalisation of cytosol upon pCO. neutralization).
Contrary to this effect, there is a long-term and permanent reaction of the cell, the
“physiological effect”. For the first time, it was possible to observe this super-
compensation by the deflection of the intracellular pH caused by the “chemical effect”
in vitro and in sifu (chemostat). The higher the pCO; gradient, the greater was the
change of the intraceliular pH.

(f) Findings resulting from pCO.-controlled bioprocesses with recombinant
CHO cell lines

e Static pCO; set value control increases process robustness.

e Set value profiles of pCO; may be used in combination with cell physioiogy
studies under bioprocess conditions for a rational development of
bioprocesses.

¢ The pCO; levels are related directly to the intraceliular pH value.

e The intracellular pH vaiue is related to cell cycle phase distribution.

e An increasing gradient between the extracellular pH value and the intracellular
pH value promotes formation and export of lactate.

¢ Apart from the pH control of the culture medium, a pCO; control in pH-static
bioprocesses may influence the lactate formation via the intraceliular pH
value, even in glucose-limited process conditions.

s The recombinant cell line CHO-hGM-CSF-PYCZ2, which expresses the
cytosolic pyruvate carboxylase, exhibited a pCO;-sensitive energy
metabolism. By increasing the controlled static pCO; level, it was possible to
intensify the oxidative metabolism via an increase in the intraceliular pH value
in the course of culture. Furthermore, together with an increase in the statically
controlied pCO; level, a prolonged viable culture period, efficient maintenance



Figure 12: Osmolalities OSM and viable cell densities ZDL of a fed-batch fermentation 1L,

CHO-MUC%W%Q%E spverpressure, pH 7.2, 200 rpm, membrane gassinq,CW%meo 742
2009/112250PC %809/001742 7 Figure 13: Combined parameters for the c aracterllzation of the

different sampling methods in Biostat ES (10 L) open, closed storage: reaction tubes completely filled
with medium (50 mL, Falcon); sampling apparatus developed: gas-tight and closed syringe without
overpressure completely filled with medium. Figure 14: CO, loss with different sampling types under
atmospheric préfiseresih Bicstat B (MITHOM N, B8cabed cedrppessiice)radstivitydaod-Eme CO2

measurement;\3Land ﬁ\{h&ggeggqr%é@%qg%tqgg%(%@bgﬁp\%a_completely filled with medium.
Figure 15, in_,situ Cl equilibrijum overpressures (A), time-dependent CO, concentrations in the
sample suBselLERUBANIERRIRISATRGNS BORRERT S ridoeralrraroaiiin BEHRge RNt
overpressure (B)attrisuke NaCmariy, dhihwvisereasehpIEnientdtioot dormittupiglitythe stirring vessel.
Figure 161Phwwﬁ%ﬁr@é@@”@ﬁ%§%@%%ﬂéﬂ Biostat vaidtareferciee & ey,

components deggéibed in the text Figure 17: Transparent support unit (1) of the pressure-controlled
sampling app&’r $ developed with three different syringes (2 - 4) for different sample volumes and

adapter sleevd (8) genprE @ frceradd dhie dharghbiletré Bigpperusuiaiien silids Eathee
pre-selected yglgesatiaoriieipesteniasisipaiaiecd aifioresitiso in HCO;5 -buffered media, a

reliable online-determination of the respiratory quotient RQ in cell culture
processes with exhaust gas analysis.

Description of the Figures

Figure 1. Schematic control loop of the cascaded pCO» controller developed
Undercut of the set value of pCOz: PID 1 controls the opening width of the CO,-MFC
(0 - 5 L-h™") installed in ratio-mode until the set value is reached. Exceedance of the
set value for pCO2 PID 1 initially closes CO,-MFC and, upon continuous positive
deviation of the set value, opens an additional N>-MFC (0-15L-h") via PID 2
(controlier cascade).

Figure 2: Controlled gas concentrations of dissolved pO, and pCO», by ratio gassing
and maximized CQO»-discharge due to increased gassing ratic in_the 10 L stirring
vessel reactor

50 mbar overpressure, 0.15 M NaCl, 37°C, 200 rpm, pH uncontrolled.

Figure 3 : Controlled gas concentrations of dissolved pO» and pCO- by ratio gassing
and maximized CO.-discharge due to increased gassing ratio in the 10 L stirring
vessel reacior at 750 mbar overpressure

0.15 M NaCli, 37°C, 200 rpm, pH uncontrolled.

Figure 4: Process scheme of the controlled overpressure system implemented in
Biostat ES

Figure 5: Dynamic set value control of the conirol factors concentration of dissolved
carbon_dioxide pCO- (continuous line) and overpressure p (interrupted line) in_the
10 L stirring vessel reactor

(Biostat ES, B. Braun International; industrial production medium, standard
fermentation parameters) by develéped PID controller in process control software




Figure 18: Top view of the support unit of the developed pressure-maintaining sampling apparatus with
installed s 9: Comparison of the in situ CO, concentrations ( t; line AVL
Compact 3 )%Qléimt;]de:g %%ntalnlng production medigim at the end of a ferme%ltjgf[}%r%)ﬁ {F‘iequ O-MUC1
cell line at 750 mbar overpressure Storage of the samples at 37C and without agitating during the
measurement period; reaction tubes (50 mL, Falcon) completely filled with medium. WO
2009/112250PCT/EP2009/001742 8 fluorescences (FL2, FL3) and their intensity ratio (ratio),
respectiedlyigwplanations: see text. Figure 21: Flow cytometric pH, measurements after 25 min
isobaric incubation in the developed pressure-controlled sampling apparatus with the fluorescence dye
SNARE:1 (D) and after isobarjc st r ge min) and syhseque t{) qureless incubation (25 min)
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gassi sion in vitro wjth .air at different incubation time
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effect (< 5 min) upon depletlon of dlssolved CO2 from the culture medlum on the CHO-MUCIL cell line
cultured thereig a gue ifica . 0 in), CO2
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subseqﬁ%@ut’@%éﬂ?@%@%&t’%n of the alkalization due to the physiological effect below initial pH,
CO2 depletion by gassing the SNARF 1- dyed ceII suspension in vitro with air at different incubation
time. Ff ) pHEHANAIRBIS YIS Qualialiongitiacellular
pH is idgé air. Figure 25: Continuous

i =64, D = 0. 8 d-1, pH 7.0, adjustment agent Na20031M) with pCO2 surges
of 2. 5wtg$m%§nmﬁgm@gm@qm%1 regﬁdgw@rymg volume, aqueous buffer solution with

NaHCO; / NaH,PO, /Na;HPO, analogous io industrial production medium, 37°C,
750 mbar overpressure,

Figure 9: Fed-batch fermentation with constant 5% (v/v] of CQ, in the gassing
mixture and pH-adjustment agent NaQH and Na,CQa, respectively

Viable cell densities ZDL, viabilities VIA, product titre PRO (1L, CHO-MUC1,
150 mbar overpressure, pH 7.2, 200 rpm, membrane gassing).

Figure 10: Fed-baich fermentation with variable CO, ratios in the gassing mixture and
pH adjustment agent NaOH and NapCOs, respectively

Viable cell densities ZDL., viabilities VIA, product titre PRO (1L, CHO-MUCHT,
150 mbar overpressure, pH 7.2, 200 rpm, membrane gassing; cf. also Fig. 11).

Figure 11: Glucose and lactate concentrations_in_fed-batch cultivation of cell_line
CHO-MUC1 with pH-dependent variable CO, ratios in the gassing mixture

1L, CHO-MUC1, 150 mbar overpressure, pH 7.2, 200 rpm, membrane gassing; cf.
also Fig. 10.

Figure 12: Osmolalites OSM and viable cell densities ZDL of a fed-baich
fermentation
1L, CHO-MUCH1, 150 mbar overpressure, pH 7.2, 200 rpm, membrane gassing.




WO 2009/112250PCT/EP2009/001742 9 Figure 26: Viable cell numbers ZDL and viabilities VIA at 5%,
15%, 25% %(92%9% 101/0 aCC:2) , respectively CHO-MUC1, 10 L fed batch, 750 mbar overpressure,
standard ferMentations 8nd|t|ons Figure 27: 0001, _phase fraction of the cel?ggé?é’%m%{‘?%%ns in
processes with different pCO2 set value controls E:HO MUC1, 10 L fed batch, 750 mbar
overpressure, standard fermentation conditions. Figure 28: Turning point in the cell cycle phase
fraction GOG1, corresponding pCO2 value and intracellular pHi-value in the industrial pCO7 profile
5-15%, CHO-MUC1, 10 L fed batch, 750 mbar overpressure, standard fermentation conditions. Figure

29: GOEL ha fr and |ntraceII lar pH-vglue pH, at 25% oCO2 CHO MUCl 10 L fed batch,
750 m .* ﬁ% : e A IILfﬂII%\ﬁ‘Ié(I%%‘CtI@!’&A&I £ thedifie A

¢ tarent W00 set value profiles CHO-MUCI, '10 L fed batch 750 mbar
overprecspaﬁe cﬂb@@dﬁgﬂdﬁ ﬂ@é@tfb‘ﬁpﬂﬂj@énéoﬁiﬁl&t%@lﬁl%%eﬁ}ﬂﬁ wldigaeiispeRis F4
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fermenth f%*@i?‘f%r% 9&5 OFSHl<BESINLcRE fveto ﬁﬁ%@%@k%o?&féﬁé%%%@ezﬁet

value pramaeteinilirgoniin onedierbatch, 750 mbar overpressure, standard fermentation conditions.

Figure 14: CO, loss with different sampling types under atmospheric pressure in
Biostat ES

(0.15 M NaCl, 630 mbar overpressure), in situ and off-line CO, measurement YSI
and AVL Compact 3, reaction tubes (50 ml, Falcon) completely filled with medium.

Figure 15: /n situ CO, equilibrium concentrations (Biostat ES) for different
overpressures (A). time-dependent CO» concentrations in the sample subseguent to
collection by means of gas-tight syringe and subsequent storage without
overpressure (B)

0.15 M NaCl, 37°C, otherwise standard fermentation conditions in the stirring vessel.

Figure 18: Photo of the pressure-controlied sampling unit of Biostat ES with
reference to the components described in the text

Figure 17: Transparent support unit (1) of the pressure-controlied sampling
apparatus developed with three different syringes (2 - 4) for different sample volumes
and adapter sleeve (5) for precise insertion of the syringes into the support

Sample volumes can be pre-selected by locating the posterior stop plate (6) in
position.

Figure 18: Top view of the support unit of the developed pressure-maintaining
sampling apparatus with installed syringe

Figure 19: Comparison of the in situ CQO, concentrations (in situ YSI: off-line AVL
Compact 3} in the cell-containing production medium at the end of a fermentation of
the CHO-MUC1 cell line at 750 mbar overpressure

Storage of the samples at 37°C and without agitating during the measurement
period; reaction tubes (50 mL, Falcon) completely filled with medium.

Figure 20: Flow cytometric pH,_measurements after 25 min (A.B) and 50 min (C),
respectively, of pressureless incubation with the fluorescence dve SNARF-1




Figure 33: Lactate formation LAC for different pCO3 set value profiles CHO-MUC1, 10 L fed batch,
750 mbar QVerRIgs iR Standard fermentation conditions. Figure 34: Prodycy titrs B0, MY C1-1gG 10
L fed batch, 750 mbar overpressure, standard ferghentation conditions. WO
2009/112250PCT/EP2009/001742 10 Figure 35: Glucose-limited chemostat process (1 L) of cell line
CHO-MUCL1 Cell-specific lactate formation gLAC increased by pH control and increase in pCO2 set
value, respectively; specific growth rate p, flow rate D. Figure 36: Glucose-limited chemostat process
(1 L) oflcelteeebtEs-WULZ IF Cireed ehgiutneesiactatiangtgytassinectopientration, respectively
(GLC, E&ﬁ g’t'ré\') g [.% 37 (a) conventional metabolic pathway of the substrate glucose via
pyruvate to lactate; (b) enabling the transformation of pyruvate and hydrogen carbonate into
oxaloacetate and transfer of subsequent malate into the tricarbonic acid cycle (TCA) by cytosolic
pyruvatEigamb @dy| ddeviP ¥ @ medriifipH aveaslingrehisna e RigusoBariE eochbimtiocultiviigon of cell

“%900@%%%85Fg%‘é&%‘ecl:'b\fﬁreﬁé@b?arﬁﬂhﬁ“%?E%'JS%VW')%@ P e Sdustgeat of f
P SRI 0Fa1 { a gro r%o T storage reSP Cé\ﬁe subsequent_pressureless

incubation (25 min) with the fluorescence dye SNARF-1 (E); fluorescences (FL2,
FL3) and their intensity ratio (ratio), respectively
Explanations: see text.

Figure 22: Temporary intracellular alkalizing effect of different pCO- depletions in the
medium on the CHO-MUC1 cell line cultured in the medium

pCO; depletion by gassing the SNARF-1-dyed cell suspension in vitro with air at
different incubation time. For all samples, the total duration of incubation prior to flow
cytometric evaluation of intracellular pH is identical with the duration of neutralization
by gassing with air.

Figure 23: Initial intracellular alkalizing effect (< 5 min) upon depletion of dissolved

CO, from the culture medium on the CHO-MUC1 cell line cultured therein and
- subsequent acidification of cytosol due to physiologicat effect (< 40 min)

CO2 depletion by gassing the SNARF-1-dyed cell suspension in vitro with air at

different incubation stages. For all samples, the total duration of incubation prior to

flow cytometric evaluation of intracellular pH is identical with the duration of

neutralization by gassing with air.

Figure 24. Biphasic pH; curves at different start pCO» concentrations of 5%, 7% and
10%. Initial_intracellular_alkalizing effect upon depletion of dissolved CQO, from the
culture_medium on_the CHO-MUC1 celi line {chemical effect) and subseguent
supercompensation of the alkalization due to the physiological effect below initial pH;
CO2 depletion by gassing the SNARF-1-dyed cell suspension jin vitro with air at
different incubation time. For all samples, the total duration of incubation prior to flow
cytometric evaluation of intracellular pH is identical with the duration of neutralization
by gassing with air.

Figure 25: Continuocus pCO.-conirolied process (1.0L D = 08d1. pH7.0,
adjustment agent Na,CO; 1M) with pCO» surges of 2.5% to 5.0% and from 5.0% to
10%, respectively




Figure 39: Viable cell densities ZDL and viabilities VIA at uncontrolled and controlled pCO2
concentra 9 d 15%, respectively, ml fed-batch of cell line CH 499%& { %% pCO2
control allo{\?rgségr)il%r{tgfg production period with highly viable cells Figure 40 s%% gé'rlirit} M and
cumulative lye inlet (1 M Na2CO3) with uncontrolled pCO2 controlled pCO2 at 5% and 15%,
respectively Enhanced lye inlet during the exponential growth phase with uncontrolled pCO2 in
comparison to pCO2-controlled processes; the osmolality curve is similar in all processes. Figure 41:
Lactatd-gnmech@aticaisie A€limtmbevEiDR| adpviaisitiies MO 2ic6ol Prevetts ram HridYigh
lactate i‘gﬁrat!rgggggwaf 2: Cell-specific lactate formation rates ciLAC Lactate metabolism with

uncon h) and controlled pCO2 of 5% (? 220 h) can be observed; no metabolism of
lactate Wit d\’ih’t?o‘hedﬁb'oz 87115% CWO%@)@QZWW@E%Q/@@%@%‘ 4 fRudeat 2ta0ity in

pCO2-oondittooiéed process in comparison to pCO2-controlled processes: decrease of SPR upon entry
into stationary growth phase without pCOZ control in contrast high increase in SPR with controlled

ration, of growth factor hGM-CSF
i @%&&ﬁ&%@?&&ﬂt@ Figure

S ) ceII specrfrc product formation rate SPR and intracellular pH

value m@m@@qurswta %O%Hf&?”“ﬂ@%f@grbfﬁoérﬁﬂgﬁﬁr@ coltling S ORMGMHESRIEP Y C2

Decreasegg) H, of about 0.3 subsequent to the beginning of feed, increase in pH; at entry into the
growth (RO gure 46: Cell cycle distribution ratio S/(GOGL1), cell-specific product formation rate
SPR and intracellular pH value pH, in the course of a fed-batch culture of cell line CHhGM-CSF-PYC2

pCO2-¢guiivellpd tq bfhingassatsm ahphtalf ahsdtshassifaesinnCGod e beuabintaiigesChsrease in
PHI at gairy 10,6 SIRURNANEH VB RIFe industrial pCO, profile
5-15%, CHO-MUCH1, 10 L fed batch, 750 mbar overpressure, standard fermentation
conditions.

Figure 29: GOG1 phase fraction and intraceliular pH-value pH; at 25% pCO»,
CHO-MUC1, 10L fed batch, 750 mbar overpressure, standard fermentation
conditions.

Figure 30: Specific rates of glutamine consumption gGLN for different pCO» set value
profiles

CHO-MUC1, 10L fed batch, 750 mbar overpressure, standard fermentation
conditions.

Figure 31: Specific yield coefficients Y related to glutamate GLT per glutamine GLN
CHO-MUC1, 10 L fed batch, 750 mbar overpressure, standard fermentation
conditions.

Figure 32: Cell-specific lactate formation rates gl AC for different pCO- set value

profiles
CHO-MUC1, 10L fed batch, 750 mbar overpressure, standard fermentation

conditions.

Fiqure 33: Lactate formation LAC for different pCQO- set value profiles
CHO-MUC1, 10L fed batch, 750 mbar overpressure, standard fermentation
conditions.

Figure 34: Product titre PRO MUC1-laG ' |
10 L fed batch, 750 mbar overpressure, standard fermentation conditions.




Figure 47: Cell cycle distribution ratio S/(GOGL1), cell-specific product formation rate SPR and
intracellul E%d in the course of a fed-batch culture of cell line Cltfg?&y &?ﬁ ﬁ:Z
pCO2-controlled to 15% No decrease of pH i sugequent to the beginning of feed, |n|t|af’y minor
reduction of the pFli increase at entry into the stationary growth phase, subsequently increase with the
SPR. Figure 48: Cell-specific productivities and cell cycle phase fractions GOG1 of the fed-batch
processes with uncontrolled and/or up to 5% and 15% pCO2 controlled pCO2 1 L scale, cell line
CHO-hGM-CSF-PYC2, standard fermentation conditions. Figure 49: OUR, CPR and RQ of the

fed- bat@ Btgcggs%\ingoc‘%t ollediRg _ i+ ateh, standard
ferm c0-pD3 0 " controlled sCO of
15% Cﬁ@“rﬁ?ﬁﬁ@@#aﬁt\?@zfqrm%&’%ét%%tm&%&?@rr%rﬁ%&QEHHHﬁBﬁé”‘V\%SE in pCO2
2009/13225ame, TiedptvAIp] specticaplypéiptidteip Aleukeay@tiz. host cell modified in the citrate cycle,
wherein the method comprlses the following steps (a) cultivating the eukaryotlc host cell in a suitable
medium_ und h PeR rein the content of
dissolvedé Jeu 55t g ot Bt it fakge of 10% to 20%;
and (b)@ememtglheqselytm;bﬂﬂeémimihmomiherdmmemmmtm@u@u&%@h@ttb@l@fahé present
mventhgi_ﬁ)\_/ery high product concentration is achieved, resulting in a reduction of recovery costs.
Thus, the increase in the product titre allows the production of a desired amount of products in a small
culture volume, WhICh results in Iower mvestment costs The person sk|IIed in the artis famlllar with
genes thigymed) hieninl/e i AR (S ‘ d ¥

eukary@@qanﬁge.ce_ns;v@mgbmg mecifissio hagiraisr eanane wh@h@mg taetms@m@ medhod of

oS B L U B S R O

above RYicKase! Kbyl ale Ga X ase SOlked *i'f’f’f L 5’-:?~--'Ef '-;‘ dingdo)lram (1R85, ore, the person
skilled in the art is also familiar with suitable culture conditions and medla for the cultivation of such

gi"feas ‘?Jl@ssé’“ 88%‘&%‘%’#' ‘&nglﬁﬂ-? EWE%‘M E'5‘§F§’ 8 T ee W%R}:ﬁ
theoper§8t de 1_.\". (file YeRin *-..n..-.;; o8 0».3-:.1:._';... ;';: S vw-- ,.».-t_Jz.,L. the

foIIowwg@(@m@&(saﬁlde1@Vmﬂtmﬂmtantg@hﬂhmdbtﬁ@@@tu@Sgemmereln refers to the fact that

the content of dissolved CO2 does not deviate more than 20% from the desired or programmed set
0, 0
value, IFEQJ% géawplglétczlgllnd@r?strﬁ ggPZBfLEga}w%/%la S PtxsetV?AuStotﬁnlc?ohtrolied and controlled
pCO2 concentrations of 5% and 15%, respectively, in*1 L fed-batch of cell line CHO-
hGM-CSF-PYC2: pCQO-» control allows prolonged production period with highly viable
cells

Figure 40: Osmolality OSM and cumulative lye inlet (1 M Na,CO3) with uncontrolled
pCO,, controlled pCO-» at 5% and 15%, respectively

Enhanced lye inlet during the exponential growth phase with uncontrolled pCO; in
comparison to pCOg-controlled processes; the osmolality curve is similar in all
processes.

Figure 41: Lactate concentrations LAC in the individual bioprocesses
pCO; control prevents rapid and high lactate formation.

Figure 42: Cell-specific lactate formation rates gl AC
Lactate metabolism with uncontrolled pCO; (= 180 h) and controlled pCO; of 5%
(= 220 h) can be observed; no metabolism of lactate with controiled pCO; of 15%.

Figure 43: Cell-specific product formation rates SPR of the recombinant growth factor
hGM-CSF with different pCO, process conditions




The method of the present invention can be carried out using different eukaryotic production cell lines. -
The modrfr%ggomlﬁgﬁgrtrate cycle, preferably a genetic modification, canﬁeﬁ{ gsdoforexample, by
insertion of additional genes of the same organisgj or of another organism into the DNA or by a vector
or by enhancing or attenuating the activity or expression of a gene by introducing a more effective
promoter, e.g. from CMV, or by corresponding mutations in the coding region of the gene WhICh lead to
the substitution, deletion or addition of one or more amino acid WO

2009/1%@8(}5&%@0@9/@@@%&36&3‘@“@ procesefeiied embadinentof pionehoronkthe

t I h cell
e e e %%nm%r e TR Ae e
skilled FPMECkrIDrIGERYRRirY %Il'nﬁﬁ%a%n'ﬁe%?d%a‘( HRONES @%Meafnﬁrﬁnﬁlﬁn s such as
CHO cedldpastivetly. CHO- Kl BHK, such as BHK-21, hybridoma, NS/0, other myeloma cells and insect

cells or other higher cells. The use of cells which do not produce in a growth-dependent manner is
partrcularly preierred In a further embodrmetnt of the method of the resentrnventron thehost cellis a

the art is able to carry out the desired modrfrcatron(s) according to standard methods A particularly

preferred host II dified in th. |tratec Je ell e pre srn cytosolic vate arbox lase,
l : 3 ale
preferapty atytoso -vu.='."%i .’.r _ / % .ﬁﬂ" °..!. o0 3] Ge 2).

o g otk e T 1] '_.r“va F#teNkaryotic
cells argml@ﬁ@rtkﬁggrﬂm@r(gs@mgmmsﬁsﬂ)mt No 6, 706 524 and Stucka et al. (1991); see also
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is partr&ﬂgﬂy'ﬁ%tﬁﬁ&ﬂth@ﬁﬁhod of the present invention. The method of the present invention
allows to obtain high yields of polypeptides, such as glycoproteins, fu3|on proteins, antibodies and their
oo e SRR LIS AR D
hormongs etc- 1. a recombinant m An°e 0d O entron IS
the fac ' ] 3 s i
describeGM-8HaNY @R pEarcpesolibe @&én skrIIed in the art can - dependent on the ceII line used
- detef'ﬂ@@ré‘é%@%‘ﬁ'ﬁw%'ﬁ/a%@bt?&%m h&PRHBIB ARG P 30 AcAOSAL YRS OF
standard assays.,.The content of diss 02 (pCO2), which is o be maintained cons ant, is
prefera%i1 h 8 Qﬁgséag'roﬂ%%t% %W‘;ﬁ ??ﬁ’@ﬁé preferably in the range of 11% to 19%, more preferably in
the range of 12% to 18%, more WO 2009/112250PCT/EP2009/001742 14 preferably in the range of
12.5% mghkSYy7 nose pyelerailyripihedaage @f@@@fmrlé%u-gwafmqiﬁﬁanbt it HSRERIIY P06 14% to

16%. 18 AsfhofhLlg ress AGRaN 6 be. gatedout asna known methodalpgies g 9. batch,

fed- balul CHETTToStatic process ot Jb‘lIUbIUII t,uuuu—,' withr the tfeo=Da u1 plchbb bemy pref d All
establi %i&ﬂﬁ’@a@é@mg vessels, can be used for these processes.

Preferakity deereaiisrefsyblesuisbogicataw fios Highicelhdeosiiasi, initially minor reduction of
-the pHi increase at entry into the stationary growth phase, subsequently increase with
the SPR.

Figure 48: Cell-specific productivities and cell cycle phase fractions G0G1 of the fed-
batch processes with uncontrolied and/or up to §% and 15% pCO; controlled pCO,
1 L scale, cell line CHO-hGM-CSF-PYC2, standard fermentation conditions.

Figure 49: OUR, CPR and RQ of the fed-batch process with controlied pCO, of 5%
CHO-hGM-CSF-PYC2, 1 L fed batch, standard fermentation conditions.

Figure 50: QUR, CPR and RQ of the fed-batch process with controlled pnCO» of 15%
CHO-hGM-CSF-PYC2, 1 L fed batch, standard fermentation conditions.

Thus, the present invention relates to a method for the recombinant production of a



In principle, any medium suitable for the cultivation of eukaryotic cells can be used as culture medium.
For the cuIWgt'&%Pgﬂflgn malian cells, it is possible to use media which are based on the known
formulations, suc'n A1 DM, DMEM or Ham's F12, and which possibly ha\?eCB’eFé’ﬁ‘%S’B&?ﬂh%’*&d for the
method of the present invention so that there is no limitation with respect to specific individual
components. This can be achieved, for example, by a higher concentration of individual components.
In principle, it is also possible to dose single nutrients separately from the medium if necessary. The

PH rangsiggupirielay Delnerpolid host cermrFibunreirE ke ! wheheiPMeVRie@ibe" PH

ranges Iso_conceivable, The temperature range is preferably between 35C - 38.5C, particularly
preferre%&ﬂ%ﬁg&; @18 %Eﬁror\r’]vénrﬁr??ta?%% cells, such as CHO cells. However, other temperature ranges

are alsd®oncerdbiatisgetngs edkatysdic inast ealeidf acauitahienanadivalisunderdesnditieistain the
content of dissahvie Gilawn the megiusesionstant tids popjemitineainiunss canstamdismsiog a
control syste [ d A rvig m ow caongrollers (MEC), for example, as
described in %ﬁé&fg&;ﬁ%ﬁ@ﬁ% ﬁ@:ﬁﬂggg%d \}//vL@r’(gilrfﬁ é QYV '2?\9{ ?af%ﬂ%t@)gf ?}ﬂ% 'iﬂ%hg supply
air is increaseé%&gﬁr?é)\‘}@%‘lﬁoo?%3@i alue of pCO2 in the medium, (b) the CO2 ratio in the supply

air is deteaseedyvanimyteedmigpaytite fehvahemiinE @2 the medium, and (c) the cascaded
controller opens an additional MFC for the delivery of N2, preferably in combination with step (b), if the
exceed;nce of the set vallg féflnnot be sufficiently compensated by a decrease of the CO2 ratio in the

supply AH8sBaHEuRANEERHIPARESM ARGESIN. Ryey0bIgn Rsiel RoNBBBARINIY A9 15
Examplechisnadiistantimysthadeduption lnfoecalrenidisis. uBedsyite adaptestin ¢hypecduct

suspengien KNSR NTBR IS BN 3) SHEsMEICINTDAIS e GO Shaipedin e Hiraent
invention, is asedIP -K1 cell line, of ATCC (American Type Culture Collection, Rockville, USA)

n.a CHO
(CCL-6N.“E WasHa é?é?%’é’%fm}ﬁeﬁ@ﬁe%to?ﬁ’ﬁﬁant plasmid MUC1-lgG2a-pcDNA3 (Link et al., 2004) in
confluent culture using electroporation. Apart from resistance against the antibiotic geneticin (G418),
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murine MAHSSgiBpie eliaisfysieand) @ushiaenseiebikifoséaemaibeditf dhe, presentis
secreteihvetotitre (viediug), Befdattonl antoamsahentsabclming yepuliedds etofie (1999), Bell
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(GBF nib#l, [Bieiihsthvibermarey the roersoeratieifidel toitnanatédsoales themédmombithasuitethkne
CHO-KAchGI-CShclBoati gl B804 viher|asnas o Ay SHERP XSk Wich gpniaing, fhe gene
coding cgto& lic pyruvate carbox hase from yeasé%Vﬁl ner, 1998; Irani, 1999) and pHMR272, which
codes ﬁyg?ro'ﬁﬁ/%#\ P@é%{gr‘f?gpglg & JREnSWT g\ﬁ%ﬁ §*f§@ll5§i‘c@ MR 0BAs Bsed for
the stugi¥Rrearesdted nighedagrastimAgsiC Bed icyE Imcersiant cordant ofntbissoivaglyCélylated
"humanrgtaeuineyiann) ape pergerrelkin¥simitating Batopréieibly SRk e sulikedseglym and
exhibits, RQ" QARS8 RIS WA ARSI bRl 88 Po (3) CHO-hGM-CSF

The term “constant value” or “stable value” as used herein refers to the fact that the
content of dissolved CO, does not deviate more than 20% from the desired or
programmed set value, ie., for example, it is in the range of 8-12% for a set value of
10%.

The method of the present invention can be carried out using different eukaryotic
production cell lines. The modification in the citrate cycle, preferably a genstic
modification, can be effected, for example, by insertion of additional genes of the
same organism or of another organism into the DNA or by a vector or by enhancing
or aftenuating the activity or expression of a gene by introducing a more effective
promoter, e.g. from CMV, or by corresponding mutations in the coding region of the
gene which lead to the substitution, deletion or addition of cne or more amino acid



The cell population that was derived by analogous transfection of the CHO-hGM-CSF cell line with
plasmid pl-{mg ﬁl&gg and subsequent selection was used as referencep@f/EE(Pm,&gﬁfpressmg
clone. This mixe populatlon of different individugkclones exhibits hygromycin resistance up to a
concentration of 250 pg mL-1 (Bollati Fogolin, 2003). WO 2009/112250PCT/EP2009/001742 16
(B)Culture media For strain maintenance and selection, the above-indicated antibiotics were used in
appropriate concentrations. (1) ProCH04-CDM The serum and protein-free medium ProCH04-CDM
(Biowhitaksuidgirope) which is commercially available was used for the cultivation of the CHO-MUC1
cell line in strain maintenance and small scale fermenter system (1 L, Applikon) for preliminary studies
of the effect of the pH tritration agents. The medium has a glucose content of 4.30 gL-1 and contains
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examined microscopically for contamination (bacteria, fungi). Cell number and viability were assessed

manually éliﬁhitmirc@ﬁwar@ﬂ@ @Jﬁ@@ﬁi&ﬁﬂiﬁ(&ﬂ%l prBs Eackivantioputies, haefeld). i Rehsdto of live

cells wasHSImICofuERad R Sresinaelod it Sadh et Blieagilan o giter to
lon was ad ed

|dent|fy ceIIs e cell suspension in a xture ra o of 1:1,

an b ues
carefuIFy‘tﬁﬁi’Sﬁeéﬁﬁ@ h@ﬁ%ﬁ@@r*@?%é&@eﬁs’% W@l%rﬁﬁn@ﬁ“@%@uﬁﬁﬁ@%i@ﬁ?léﬁéb%ﬂﬂ@g of a
countlngama:mbé‘ha@qommggterhtﬁubemaeﬂddptm@el@tmm hamrna@yt@m@terjumme adigdited

MICIOSEORR; Hﬂﬁ:&gﬁe Ce el Ota t% eﬁ}\agr@tm@%&d@e)&eﬁg eLE, Hatnag" fsgd cafls from

the concentration e concentration of viable ce sIn‘s ension is determined.

Their rEa8difrrdBplig &' RIS IR St 6n SRRSO salis &y &ngésnalnmxwﬁﬁge
measupnef@raindipke tdesnliomppredate \Gd@dbXRasdiXnogwBedoypanmikreancbtieei e (PYC2,
2009/ 15%%%5&@9@55’.299@/8@%@%&@ this carboxylase and suitable expression vectors for

the transformation of eukaryotic cells are described, amongst others, in US-patent
No. 6,706,524 and Stucka et al. (1991); see also Wagner (1998): Irani (1999); Bollati
Fogolin (2003); WO 00/46378.

The cell line CHO-hGM-CSF-PYCZ2, the production of which is also described in US-
patent No. 6,706,524 in detail, is particularly preferred for the method of the present
invention.

The method of the present invention allows to obtain high yields of polypeptides,
such as glycoproteins, fusion proteins, antibodies and their fragments, interferons,
cytokins, preferably hGM-CSF, growth factors, e.g. erythropoietin (EPQO), hormones
etc. in a recombinant manner.

An essential feature of the method of the present invention is the fact that the content
of dissolved CO, is maintained constant using suitable measures as described in the
following Examples. The person skilled in the art can - dependent on the cell line
used - determine the particularly suitable content of CO; within the range of 10% to
20% by means of standard assays. The content of dissolved CO; (pCOy), which is to
be maintained constant, is preferably in the range of 10% to 20%, more preferably in
the range of 11% to 19%, more preferably in the range of 12% to 18%, more



17 discrimination between live and dead cell rs effected by means of the contrast ratio. To this aim, an
integrated IR /WﬁgUes the corresponding images for the computer-as§@l%lp§5?%§'ﬁﬁZ)Analysis
of the media Substrate, metabolite and product cgpcentrations contained in the medium are accessible
from the cell-free medium supernatants (10 min., 200 g) of the culture using the methods described
below. The temporary storage of the cell-free supernatants is carried out at -80C. If not indicated
otherwise, all measurements and calibrations are carried out according to the manufacturer's

instrucpateabigdacthe amiegoct vERUBYe theicobiNtrmbaiuseseiatyiiirens pangataity,330 aytomatic

glucos I doff rey,was used. The measurement is based on a
j?% ¥r§Sl:e(li)l?)é}(%ilggWel?rﬁi(t}a pro?éséfvagé%gﬁ%@eafﬁydrogen peroxide which, in addition to

coupled enZymatic'electroc
gluconic acid, is released by the immobilized glucose oxidase is measured amperometrically at a
Pt/AgCTAg etettrodefThe plesioadinvemtohreaultig deprietheutddatigrkabitre nstragiryiqgiesxide into
oxygends,difchlly PraRRIRIR InJREIRIBRBELYIde sapcemirlan Au e R theobirgre
concentrdtion of the sample. Lactate Lactate Is also quantified according to an electro-enzymatic
principlB"RPEFSPANS MPERBRAS sih GSRBIBAGCH YPERIOf LFERY B BREGHS 4RI BBII G Mctate
oxidaseidastite isamdntedised fyruireseapdooghsee nrefexatdy Theslatidturan Sysmmnsifiedlds in
glucos%mq@gqqgﬂrbéﬁlagqgiﬁgsand glutamate The simultaneous quantification of glutamine and
glutamate is carried out according to the principle described for glucose quantification using two
immobilized enzymes on different sensors. Glutamate oxidase catalyses the reaction of glutamate with

oxygenimmiadieteganyraxediv syitalerfgrdivxidelivaiienoietisarsdiicreatinicanbd e spotanine
sensor cgiulpantnReRURSt Ehie the theifRanaHosrataliiamie WeIR) it thesuassieddn @k analgigous

_Thus, the glutami Isq detects free glutamate,| lution which is f dinb
tho an e A T R RN B GOITS SRR thd o
deioniseadvataiEfreassitly dem deeRoppiinisedifionthe maiied #ihasmpenthavaiiongspoint of
1.858 Kreartheponsinitolmitetivelaity eédpesnil/kpetiiie ineaddiemeoiparmelalityiystag tbe freezing
point 03'%?@%@ SFS‘FS?%‘&'?@%?“B t eﬁ@’ﬂg? E%h%é’rﬁr?%%‘:%?}'ﬁﬁﬁ BQJOEH}EP%‘?&Rﬁ?%O'“t'O”
is indu the g y of hea uce

ced by méans of a'seed crystal an uantity o t pro IS measured until the freezing

point isPABER. FHR alftrBREaRAHE Saees8i0aiR WAISERIHIRSARR BRSNS MeYsoiflity of

the sammgleegsaiyo acids The concentration of free amino acids in the culture supernatant was
determined by reverse-phase HPLC (High Performance/Pressure Liquid Chromatography)

(Buntemeyer, 1988). To carry out the analyse fylly automated HPLC system D450 (Kontron
strom P ECRG e T Bl P RRL B Fniol: RASHED £58) PLE B R CEIHRRIRG (btiel 460)
as well hewetfsraxbence-tmpgry dWoalscrMaSyabig cOhpirsparaiiatl revgadtsqrelenably
(Kromasygiesn286ecvessmrd, 68k wias usgd preaparadiosWsie cardegl orbusHihRRIfAS celnn

'(I;I%sizeS m. Beckman, Mupich with oc ecgﬂ%ill,]icate as
u

(Ultrasphete OD, Q mm x,4.6 mm, | K
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TechlaBSEHRIORD) Wdb HERRRIGh PBNR MRAIASCRIE dwell time. Prior to separation, the
derivatization of the amino acids by orthophthaldialdehyde (OPA) (Sigma, Deisenhofen) (Lim, 1987,
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d 3-1 _ igure 2.1).
DetectiBFEipIe RN TRAIARR A FRRTERI Y aVEiRE gfh SRER nivsiERL MR R Basea Fgrﬂ';'i@\?ﬁght of a

waveleogtitrofi@dOiamass flow controllers (MFC), for example, as described in the Examples
below. An approach, wherein, via the MFC (a), the CO; ratio in the supply air is
increased by an overcut of the set value of pCO; in the medium, (b) the CO; ratio in
the supply air is decreased by an exceedance of the set value of pCO; in the
medium, and (c) the cascaded controller opens an additional MFC for the delivery of
N;, preferably in combination with step (b), if the exceedance of the set value cannot
be sufficiently compensated by a decrease of the CO; ratio in the supply air, is
particularly preferred and advantageous.



The cell-free culture supernatants (500 pl) were mixed with trichloroacetic acid (100 pl, 36% w/v) and
the precipi g ins were sedimented (10 minutes, 15000 g). The inte J }3 as
recovered %%Eg 0r;‘:)'}ﬁ?éltf\r‘%gﬁr)]eutralized (12.5 pl NaOH4l M). This stock solution%ﬁ%%ﬁgg(%%ﬁt e
derivatization in suitable pre-dilution and alkalization with sodium borate buffer (0.4 m, pH 9.5),
wherein, due to the instability of the isoindol derivatives, the derivatization was carried out only
immediately before HPLC separation by automatic addition of the derivatization reagent (50 mg OPA
in 1 ml methanol, 100 pl 3-mercaptopropionidacatrgsid 9 ml 0.6 M sodium borate buffer, pH 10.4) to
the sample. The gradient used for the il.C 8aparatipn.of the.amino acid derivatives (Buntemeyer,
1991) was run from the more polar (99% v/v 0.1 m sodium acetate pH 7.5, 1% v/v tetrahydrofurane) to
the more non-polar buffer (30% 0.085 M sodium acetate pH 5.2, 70% methanol) which WO
2009/11{2p50 et ER2909/001742 19 allowed to quantify all amino acids with the exception of
CYSte'nﬂl@@@tPﬁﬂ@@u?é&'kﬂ@r@%_%%‘%ﬁ@g%/&m% XIS 1SRG QR ARH-MERISHIRfarms, together
with OPA, a non-fluorescent derivative. (3)MUC1-lgG2a ELISA The MUC1-lgG2a antibody produced
by the CHO-MUC1 cell line cultivated in this study is a representative of the murine immunoglobulin G
(IgG) widse Hoti@iMUEEflrype y and whose subclass is 2a. It is N-terminally linked to MUC1 whereby
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superni@ntinatedamituibai s orazing ¥ Hapsad Y Glalafidaterliiid (Holcetigh R protein
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cotormiTIBR SRR P URTEss A SRER B oot TR TR CIRRVABERLT BGh (e i
ELISA.itTscsagiag priodhisanedivonjSgiectipanadtisnasguig@ subcicthiog atshiligditiblome (A-5143,
Sigm?,m@thﬂtqntbg@ﬁéhmﬁm?iBﬁi?t@fvﬂ’ﬂ@ﬁptkﬂiéééd&ﬂﬁ%ﬁébé%éﬂ@ﬂﬁeﬁﬁﬁmigﬂzﬁ({lﬁgnd“
specifi inds. to eayy,y.chain of the murine was used as enzyme-marked antibgdy. It was
tored 24 B i A Al B R R SR e e 2o,
Sigma, Deisenhofen) was reacted into yellow p-nitrophenol which was determined photometrically.
The ext@ictionifi (e GRIIDBF FAITAY was evaluated using a spectrophotometric analyser (405 nm,
Wallac Vj , Perkin E ' je i 0Q9/ T/EP20 01742
20 wellg\f/ilgu %ec?f?nty tﬁ}!ﬁ{ﬂg!é@ %s@ﬁa@éﬁv@%&%@aﬁ% avcge& E?%%ﬁ%%%@?ﬁoﬁ%&o t?lég buffer by
rapidly $HIFGS Yhe %r%“@%l@f@ﬂﬂ%i&%%gﬁﬁbo{ﬁd Braupse/iveidiad haxataifiosaertetbber (10
times) anettapgedtiog. oh tcbmleemonnluidame:eihd;ipecﬂiH@Mng@%@@lﬁmsmﬁl‘ﬁ@amﬁmwﬁ plocking
bufer Wt addrhiaLARMNAINEOR v RN BoRHIRCaYEgdRIABAIAS AUUBIRIMIHGaRN). The

lat h hed with buff ) and t dtod 1 t
CarpIC DRV, G R T B CESCE b, 3 LB PRS2 RS 50 RRan was
used aSygoamyetoresisiagcanipet CloihbEeBSB:-PY SiRtdhéE (Boittoyolid| 2008 pufter was

carriedi@ddnrerdpetaiiain earmparddieireswingdatansities iem. stiedauisiprd sapaies faethe
evaluat'lgn of hhe cc%lour}reacthnt a(JIoWll_]n conclusions with respect tp product conce _tr%é%ns. BSA
iy 1o B Hliging

containgd M Aillitiod BErRY €8tVed 34 gﬂtraﬁEﬁwJ &éﬁ? ﬁgB R bi‘ﬁ?fﬁzl'&yéﬁ .
doublefasternieddrCs thdntarfineafbyiamessinp pad extdlita g aptimres B tande ypeispectively,
280 pLapeomesdhiratnipetsd imoniewt. H of pre-dilution plates (96 wells, Nunc, Wiesbaden) divided
into Al to H12. Subsequently, a 1:2 dilution was carried out step-by step by transferring 140 pL per
step intg the wells of the following row which each contained 140 pL of dilution buffer. The wells of the
coated®st pI&Mach with 100 pL of the pre-diluted samples and standards with the

dilutionTihereaBipgmuithtieacth abwis asniogy trythagiecilgticmeleiisndiibe Q@A ORIOSHS

incubaied (JiAe: Wi plasmid pHMR272 alone and subsequent selection was used as
reference for the PYC2 expressing clone. This mixed population of different individual
clones exhibits hygromycin resistance up to a concentration of 250 ug mL™" (Bollati
Fogolin, 2003).




To balance the spectrometer against a blank sample, two wells (bottom right) were treated only with
dilution buf(ga ZS%QE ently after slapping it, the plate was rinsed with washing buffer (10 times) and
the plate waSXApped o Pdry it off. In the following step, the enzyme, labelledGHAF M/ MdiKEe 1gG AP
antibody was first taken up into dilution buffer in the ratio 1:1000 and, subsequently, pipetted into the
wells of the test plate (100 pL per well). Incubation was carried out anew (37C, 1 h) and the test plate
was then washed with washing buffer (10 times) after removing the residue buffer by slapping. Since
substrate pNPP is sensitive to light, all following steps were carried out in quick succession in the dark.
The rea(g}jl Bnnltro henyl phosphate into yellow product by the antibody-bound alkaline
 phosph waﬁﬁgn%gé%y adding substrate to each well of the test plate (100 pL). The plate was
mcubatEerﬁHaHRrié@sr(ﬁ%ﬂﬁ\@@wﬁT&as@iecmOﬂ 3benahaes)indidatedniemitiiatiye lwerstaiging (@xtinction
of 0.7 - bBHayamfbegashipdiienaell with the reacted standard. The evaluation of the intensities of the
staining was carried out by spectrophotometry at 405 nm. WO 2009/112250PCT/EP2009/001742 21
(4)hGM-CSF EILSA Competitive ELISA (Bollati Fogolin, 2002) was used to detect the cytokine
hGM-CEF. 965%@.‘1352&11@%&5 (F96 Maxisorp, Nunc, Wiesbaden) were used as adsorbing solid

phase fohesantificasion pfoteiNkRrigdilse 2 BEEmabiDB, Mewﬁ%ﬂ@e@% whidipR E. coli

hich I C ent: erin 0
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kindly modsesidfythesetieditiffbgghin, waatisedgensinTary ansidiady hERis ajitibesy isofirasted against
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enzym ody, idase conjugate goat-anti-mouse-

horserae‘)’d?gw %Ie %Mﬁfa L@Q&é ﬁﬁﬁ%é‘\éﬁ’ﬁmrﬁﬂﬁ gﬁ’é@lﬁ%élthéé’%thmﬂﬂg ﬁ@@?ﬁent of
the mufnenyd® pThmeamb@owaauadmmm&@%mm 0.8 mg mL-1). The substrate
1,2-phenylenediaminedihydrochloride (OPD, Fluka) was reacted into an orange end product by
horser }sh %8 Shemy e reagtion was stopped. The extinction was evaluated by
photomeé Eextl D heene tiagnostics mbHNh otometric analyser (492 nm,
measuWﬁgstlﬁiédl%@dﬁﬁé/\}?éﬂipﬂ‘vﬁﬁaaqudm F!@rﬁi\e Ematfutif@F{ScmmaﬁtrBad ré/ilelbteah§SIn, order to
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standaffei AT AE AN RN OB DAL ST stagrls y he range of 200 - 0,195 ng

mL-1 were carried out in dilution butfef. The samples from the culturé supernatants were also diluted
sequentially 1:2 in dilution buffer and pipetted together with the prepared standards into the wells of
the codfed mififine Maslygieo pL per well). Plain dilution buffer is used as control for complete
binding Wlthout competition of hGM-CSF-containing standard or culture supernatant. Then, the primary
antlbo 1 100 Q Oflnllutlo  buffer, 100 pL [ per W |l) was added to the wells of the plate
loaded V\hth SEITDTSS St Stararde gt Maouh A0d Sledwl¥ 1 h). After removing the solution and
wash|nBl%esara@%vwmvsW@gebm@eglaﬂnéa)tyaﬁmmmmgnamesuapemcm Ichjtwids
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RNA was stopped by storage on ice and, then, the stained cells were subjected to flow cytometry.
Measuring was carried out according to the manufacturer's instructions and protocols of the relevant

literature regarding flow cytometry (Melamed, 1990; Given, 1992; Shapiro, 1994; BDBiosciences
2000\



Intracellular pH value The intracellular pH value (pH,) of animal cells is related to different cellular

functions. %%‘%59?%@#}” cell growth, metabolism and protein production géwzg@}aﬁ%yme

activities, transport mechanisms, proliferation indpgction and maintenance energy requirement involve
variances in pH, (Madshus, 1988; Grinstein, 1989). Thus, the control of pH, is of fundamental
biological significance for the cell. The isoelectric points of many biologically important
macro-molecules in the cell are near the physiological value of pH 7 so that comparatively small
modificgigerisnin ot b enneentinio nreqtiay ecaibjerafftattsdonythacaniosMmakooanebisttestietion of

proteins ang nucleic acids n idificat] f gyto + Proto digectly removed
fom ths el ugin, IEs e RS B P riReRor i paues e i

© 2009/1EPHBHRITAEEISIRSHATAIYSIS-23 in order to neutralize the protons in cytosol. For this pH i control,
different mechanisms are available in animal cells (Madshus, 1988; Reusch, 1995): Na+ / H+

exchanggr, Nal d Qg?%gq\qéapaependent a / HCO3 antiporter, Na+ / HCO3- symporter, h1+
translégiin NFP%%%S‘(TQWpS). In contrast to the external pH (pHs) which, in animal cell
culture§q§§?‘fﬁt\% réﬂﬁ@gf’ {8 and BOh CORSRTRLT RS ARHRIARIIBW AR IRILER c8FPactively
maintaiacicessilp ftoml ube Wit Hraevistediom gupertetantyal18siin.0.2000¢ wf thetscdheeell
organeligiRavadistipgHuadHilugsdn opaip utidhelnhipipaigaldinsiano - YRECBARee
sensitively controlled. pH gradients are r}gnt or os%tr%nségtlonal é)ro{fln sortl%an rocessing.
DystuntHBRY R SRR TP Bttty AL GBI PELHGE 16 LB RRHSBRBF #0ic acids
and basefbgiivrasssgcaiteder whatemidingiodoe mankéstitteEsieelieti@srrelations between pH,
and cell cycle phases have also been described. Thus, in general, a more alkaline pH value is

measuréﬁljg(\)ghe cytosol if the cell is in a metabolically active phase of the cell cycle (S and/or G2
phase, vely) (Welsh and Al-Rubeai, 1996). The intracellular pH value can be determined flow
cytomelficRlIfensin ey pHatentify cIRsRisob b eRRetaL & B rauRHEE MAlRe G 2T HRUDBI24 G ence
dye useglitoike peestpsérve(Elen® (a@dmpact, Eppendorf, Hamburg) was used. The

6")-car -10-di lami -hydr. i -7:1.(3'H)-I -ani3'one,
o 1 e o b RA e
carbox}SRRLeR-REARKIGS W& RMolNiRG Aiien da BucoRik ARE. 15 iEelpRRed Qﬁig"ﬁ/itﬁ‘ﬁ‘ﬁfi"%ﬂe of 7.3 -
7.4 at 3jCcand, opalnsecitstioreadthréghtohperaveltgihyob4 88 it/ Aa@ibion etedirihuere Sdemce
sional pgtsiel diffRRNiANHE N The RN b EA) B E0ERcRn)iked B )obtplecular
Probesg8 The relative corre| '[IOE orhth se emission. maxima sqf%gs a% -djé)en%??n shi f and, thus,
allows 8" sBF%Fiﬂﬁt,'%@ég@ﬁ ErIFOPARE BRI Brae e Thand dBlss né?%ﬁ HE&R%ymethyl
derivatis@)eestaieasebhite sh@Masell membrane dependent and is hydrolysed in the cytosol of
unspecific esterases. This free-form fluorophor remains in the cell and can be exited for emission in
the cell EIir&%rder to determine the intracellular pfrl value, a calibration curve must be established by
implica{"rmro%gknown pH, values. It must be based on the same cell population from which the sample
to be mcEatedssaReirianbiiRg apeoTd 09/&n 208G e REYTIBLY. PRAKIBIEOWER, Ba@lREhtenance
of the regelioncepditigasl detinmererepdsatioBAY tBy sasaple canthihetitledtipiviithexiaietion
metho qual i et, Fr o - BO r 0&: Jackwer,
Gatgeﬂgacr%%f g’o%%%éé@ﬁ?@h%%a@)ﬁ%%ﬁ%t%%?g%%%)%gﬂdgeﬁ l‘g%?a%fr% rgg%eﬂsﬁel:ﬁr\%gtive pH,
values &% the'HroSENaHRRITIRAIQRe pseudo zero-point calibration method which is based on the
deflection of the stationary pH, by adding weak acids and bases in known mixture ratios to the cells

was us%ﬁﬁggrg%tq%{g%llular pH value. According to this, the resulting fluorescence ratio
reerctsiIEu%ﬁrTeW - € molar.concentration of the mixture of a weak acid and base was sufficiently
nigh, a KRS MAHRRSR OF AUCHIEANRR. o AHIABIS GG B BTRAE re SEHIE PARPGPARAIPRY. <o that
the deftectbe prinegpeedeseribed fopgiudoseeaupofificsditstyirgnd dvequatioasizel enmyenesited
mixturesnobtiesant SaAR A REMSAK AsiRiiRyveIAsesatRaddadiiathercgilidpssied with the
pH-sensitive fluo esce‘pc}e d%‘%aé}r?e'% IS dp%salz%le to eséti%%ﬁg a %?ﬁhb Eatlon {:urvefbg I_glottln{% t%% pseudo
zero-pﬁxgg?é?iﬁs’tnt?eqfug SSCdRLe ratios obtained TR ZamSation mEoa e Bt 6‘?88_ Cec
flow-cytBeltEaming ¢¢e§aTe SloiAMinRsantestoeffRpie nteatitionalias int abdamaieomhieintracellular
concentighioreadthdhbsasuiablegonembmiein Theisotieegfitheifasreentadionlgsogesiscts free
glutamate in the solution which is factored in by the analyser.

Osmolality
Osmolality is a measure for the number of dissolved particles per measuring unit of



For representative sampling from bioreactors (with pressure blanketing) and cultivation with defined
compositions of dissolved gasses, a specific sampling (Jockwer, Gatgens e 1 200 3 was developed
which is the fe&UitaHd present invention. The pRrameters which are relevé{ Bt 2 durlng the
period of dye absorption such as pCO2, pressure, pH and temperature are entered |nto thls device so
that the cell sample is stained under reproducible reactor conditions. Thus, the pH, measured in said
manner represents the real conditions in the bioreactor better than conventional methods. Together

with th%@@a%ﬁam@@@mm@taﬁe@ém off ghersesevigtey féerawststadiaethde mreeniegl under
|dent|cal co €|t|ons So u

s .
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CaCl2.gklAembtdr4 stieleviiiiatimbisigrabe adatep(&0 MY (ABONMhE 3éhpstaigdtonMyf(tizmM)

subcooled solution is induced by means of a seed crystal and the quantity of heat
produced is measured until the freezing point is reached. This difference to the pure
solvent water is directly proportional to the osmolality of the sample.

Aming acids

The concentration of free amino acids in the culture supernatant was determined by
reverse-phase HPLC (High Performance/Pressure Liquid Chromatography)
(Buntemeyer, 1988). To carry out the analyses, a fully automated HPLC system
D450 (Kontron Instruments, Echingen) with two high pressure pumps {(Model 420),
automatic sampling (Model 460) as well as a fluorescence detector (Model SFM 25)
and computer-assisted evaluation unit (KromaSystem 2000, version 1.60) was used.
Separation was carried out using a RPjg column (Ultrasphere ODS,
150 mm x 4.6 mm, particle size 5 ym, Beckman, Munich) with octadecyisilicate as
stationary phase. To this, a further RPsg column (Hypersil ODS, 10 mm x 4.6 mm,
particle size 10 um, Techlab, Erkerode) was preposed in order to increase the dwell
time. Prior to separation, the derivatization of the amino acids by ortho-
phthaldialdehyde (OPA) (Sigma, Deisenhofen) (Lim, 1987, Buntemeyer, 1991)
occurred. The primary amino groups of the amino.acids react in alkalic medium
(pH > 9) with OPA and 3-mercaptopropionic acid to fluorescent isoindol derivatives
(Figure 2.1). Detection was carmried out at an emission wavelength of 450 nm
subsequent to excitation with light of a wavelength of 340 nm.

The cell-free culture supernatants (500 pl) were mixed with trichioroacetic acid
(100 pl, 36% wiv) and the precipitated proteins were sedimented (10 minutes,
15000 g). The intermediate phase was recovered (250 ul) and neutralized (12.5 pl
NaOH 1 M). This stock solution was added to the derivatization in suitable pre-
dilution and alkalization with sodium borate buffer (0.4 m, pH 9.5), wherein, due fo
the instability of the isoindol derivatives, the derivatization was carried out only
immediately before HPLC separation by automatic addition of the derivatization
reagent (50 mg OPA in 1 ml methanol, 100 pl 3-mercaptopropionic acid and 9 mi
0.6 M sodium borate buffer, pH 10.4) to the sample. The gradient used for the
HPLC separation of the amino acid derivatives (Buntemeyer, 1991) was run from the
more polar (99% v/v 0.1 m sodium acetate pH 7.5, 1% vlv tetrahydrofurane) to the
more non-polar buffer (30% 0.085 M sodium acetate pH 5.2, 70% methanol) which
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allowed to quantify all amino acids with the exception of Cysteine and proline. Proline
as secondary amine exhibits no reaction and cysteine forms, together with OPA, a
non-fluorescent derivative.

(3) MUC1-igG2a ELISA

The MUC1-lgG2a antibody produced by the CHO-MUC1 cell line cultivated in this
study is a representative of the murine immunoglobulin G (IgG) whose H chain is of
type y and whose subclass is 2a. It is N-terminally linked to MUC1 whereby the
detection of a molecule of this antibody always includes the detection of a molecuie
of fused MUC1. In order to prevent the detection of incompletely translated product,
only cell viabifities of more than 80% were taken into consideration. The quantitative
evaluation of MUC1-lgG2a in culture supernatant was carried out by means of
ELISA.

The quantification of the MUC1-1gG fusion protein was carried out according to the
studies by Link (2003) (Parker, 19980; Link, 2003). 96-well immunoplates (F96
Maxisorp, Nunc, Wiesbaden) were used as adsorbing solid phase for MUC1-igG
quantification by means of ELISA. The catching antibody adsorbed to the solid phase
was a commercially available goat anti-mouse 1gG (M-8642, Sigma, Deisenhofen)
which was obtained by immunisation of goats against murine igG. The supplied
antibody (1 mg) was dissolved in PBS (25 ml, finai 40 yg mL™), aliquoted (1 mL) and
stored at -20°C. Prior to use, it was diluted in PBS to 3 pg mL". The supernatants to
be quantified as to MUC1-igG2a as well as a MUC1-IgG2a standard were used as
determinable antigens. The standard was pre-diluted to 1 pg mL" in dilution buffer
prior to use in ELISA.

The alkaline phosphatase conjugate goat anti-mouse IgG AP of the catching
antibody (A-5143, Sigma, Deisenhofen) which carries alkaline phosphatase (AP) as
substrate-reacting enzyme and specifically binds to the heavy y chain of the murine
igG was used as enzyme-marked antibody. It was stored at 4°C. By the alkaline
phosphatase, the substrate p-nitrophenol phosphate (pNPP, N-2770, Sigma,
Deisenhofen) was reacted into yellow p-nitrophenol which was determined
photometrically. The extinction of the resulting staining was evaluated using a
spectrophotometric analyser (405 nm, Wallac Victor?, Perkin Elmer Life Sciences,
Bad Wildbach).

In order to coat the Maxisorp immunoplates with the catching antibody goat anti-
mouse 1gG, this was pipetted into each of the wells of the microtitre plate (100 pl. per
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well). Subsequently, the closed test plate was incubated (4°C, 14 h) and after
removing the buffer by rapidly turning the microtitre plate upside down and slapping
it, it was rinsed with washing buffer (10 times) and tapped dry. In order to block the
unspecific binding sites of the catching antibody, blocking buffer was added to each
well (200 pL per well) and the covered plate was incubated (37°C, 2 h). The plate
was then washed with washing buffer (3 times) and tapped to dry it off.

The cell-free culture samples to be analysed were first centrifuged (15000 g, 3
minutes) and the resuiting supernatant was used as product-containing sample for
further analysis. A suitable pre-dilution in dilution buffer was carried out in order to
obtain comparable resulting intensities from standards and samples for the
evaluation of the colour reaction, allowing conclusions with respect to product
concentrations. BSA contained in the dilution buffer served as neutralizing agent for
unspecific binding sites. For a double-determination of the samples (columns 3-12)
and the standard (columns 1 and 2), respectively, 280 pL per welt were pipetted into
row H of pre-dilution plates (86 wells, Nunc, Wiesbaden) divided into A1 to H12.
Subsequently, a 1:2 dilution was carried out step-by step by transferring 140 pt per
step into the weills of the following row which each contained 140 uL of dilution buffer.

The welis of the coated test plate are loaded each with 100 pl. of the pre-diluted
samples and standards with the dilution increasing with each row in analogy to the
pre-dilution plate and the covered plate was incubated (37°C, 1 h).

To balance the spectrometer against a blank sample, two wells (bottom right) were
treated only with difution buffer. Subsequently, after slapping it, the plate was rinsed
with washing buffer (10 times) and the plate was tapped to dry it off. In the following
step, the enzyme, labelled goat anti-mouse IgG AP antibody was first taken up into
dilution buffer in the ratio 1:1000 and, subsequently, pipetted into the wells of the test
plate (100 pL. per well). incubation was carried out anew (37°C, 1 h) and the test
plate was then washed with washing buffer (10 times) after removing the residue
buffer by slapping. Since substrate pNPP is sensitive to light, all following steps were
carried out in quick succession in the dark. The reaction of p-nitrophenyl phosphate
into yellow product by the antibody-bound alkaline phosphatase was induced by
adding substrate to each well of the test plate (100 uL). The plate was incubated in
darkness (room temperature, 10 -30 minutes) until an intensive yellow staining
(extinction of 0.7 - 0.8) was observed in the weil with the reacted standard. The
evaluation of the intensities of the staining was carried out by spectrophotometry at
405 nm.
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4y hGM-CSF EILSA

Competitive ELISA (Bollati Fogolin, 2002) was used to detect the cytokine hGM-CSF.
96-well immunoplates (F96 Maxisorp, Nunc, Wiesbaden) were used as adsorbing
solid phase for quantification of hGM-CSF by ELISA. Recombinant, unglycosylated
HGM-CSF from E. coli which is commercially available (Leucomax, active ingredient:
molgramostim, Schering-Plough corporation Kenilworth, NJ, USA) was used for
coating the Maxisorp plates and as concentration standard. A monocional mouse-
anti-GM-CSF antibody (M7E10) (Etcheverrigaray, 1998), which was kindly provided
by Ms. Bollati Fogolin, was used as primary antibody. This antibody is directed
against an hGM-CSF domain which is accessible independently of the glycosylation
status of the protein. The enzyme labelled antibody was a peroxidase conjugate
goat-anti-mouse-lgG-HRP that carries horseradish peroxidase as substrate-reacting
enzyme and specifically binds to the Fab, fragment of the murine IgG primary
antibody (Dianova 115-035-072, 0.8 mg mL™"). The substrate 1,2-phenylenediamine-
dihydrochioride (OPD, Fluka) was reacted into an orange end product by horseradish
peroxidase after the enzyme reaction was stopped. The extinction was evaluated by
photometry. The extinction of the resulting staining was read in spectrophotometric
analyser (492 nm, measuring time 1 second/well, Wallac Victor?, Perkin Eimer Life
Sciences, Bad Wildbach).

In order to coat the Maxisorp immunoplates with hGM-CSF from E. coli as competitor
to glycosylated hGM-CSF from the fermentation supernatant, the first was pipetted
into each well of the microtitre plate (per well 16.5 ng in 100 pL coating buffer).
Subsequently, the closed test plate was incubated in an atmosphere saturated with
water vapour (37°C, 1h, subsequently 4°C, 14 h) and after removing the residue
buffer by slapping rinsed with washing buffer (10 times) and tapped to dry off. In
order to determine the standard curve, dilutions of the unglycosylated hGM-CSF
standards in the range of 200 - 0.195 ng mL™ were carried out in dilution buffer. The
samples from the culture supernatants were also diluted sequentially 1:2 in dilution
buffer and pipetied together with the prepared standards into the wells of the coated
microtitre plate (100 pL per well). Plain dilution buffer is used as control for complete
binding without competition of hGM-CSF-containing standard or cufture supernatant.
Then, the primary antibody M7E10 (1:100 000 in dilution buffer, 100 pL per well) was
added to the wells of the plate loaded with samples and standards and it was
incubated (37°C, 1h). After removing the solution and washing the piate with
washing buffer (7 times), an incubation was carried out (37°C, 1 h) with conjugate
antibody (1:5000 in dilution buffer, 100 uL per well). After washing the plate (7 times),
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agitation and incubated (4°C, 2 h - 2 months). The cells were then pelleted (200 g,
7 min), subsequently, they were resuspended in a mixture of 0.1% (w/v) saponine
(Roth) in PBS and washed twice (200 g, 7 min). Resuspension of 4 x 10° cells in
1 mL dye solution (0.1% w/v saponine, 1gmL™" RNase S (Sigma), 0.02 mgmL"
propidium iodide (Sigma)) and incubation (RT, 30 min) resulted in a pink-stained cell
pellet. First the enzymatic degradation of the RNA was stopped by storage on ice
and, then, the stained cells were subjected to flow cytometry. Measuring was carried
out according to the manufacturer's instructions and protocols of the relevant
literature regarding flow cytometry (Melamed, 1990; Givan, 1992; Shapiro, 1994; BD-
Biosciences 2000).

intracellular pH value

The intracellular pH value (pH;) of animal cells is related to d!ﬁerent cellular functions.
Madifications in cell growth, metabolism and protein production as well as in enzyme
activities, transport mechanisms, proliferation induction and maintenance energy
requirement involve variances in pH; (Madshus, 1988; Grinstein, 1988). Thus, the
control of pH; is of fundamental biological significance for the cell. The isoelectric
points of many biologically important macro-molecules in the cell are near the
physiological value of pH 7 so that comparatively smalli modifications in proton
concentration can have major effects on the conformation and interaction of proteins
and nucleic acids. To prevent an acidification of cytosol, the H" protons are directly
removed from the cell or hydrogen carbonate ions HCO3™ are introduced into the cell




Measurement The flow cytometric measurement oft fluorescence to determine the pH; values is

carried out according the manufacturer's instructions for the device (FACS(?%F ur, Becton Dickinson),
the dye (Cﬁé&‘(@&%&ﬁFLAM, Molecular Probes, Leiden, The Netherlands é%%zg%(/:%%%zg to the

relevant literature (Chow and Hedley, 1997). The basic settings which must be optimized for each
sample are listed below: measurement window 1: total cell population) measurement window 2:
measurement window 3: measurement window 4: SSC / FSC (scatter diagram, scaling double linear,

counts ifligeaer A& e (ipglizeislo pimneounisisian difths (199, LONEEIgEafErept A chendivs

quorescé?ch\;aa}%%‘gLr% /aﬁh%%l\/galnggé%ﬁagoF‘I)ggéEFF)Qzeouos%QP JIZ)@%)%?Na*' / H* exchanger,
Na® dependent and independent CI' / HCOj; antiporter, Na™ / HCO3 symporter, H”
translocating ATPases (proton pumps).

In contrast to the external pH (pHe) which, in animal cell cultures, is in the range of
8.6 — 7 .4, the above-mentioned mechanisms allow that the cell can actively maintain
internal pH values which deviate from the external values by 0.1 - 0.5 pH units. The
cell organelles have distinctive pH values in order to fulfil their biologicai functions.
Furthermore, sensitively controlled pH gradients are important for posttranslational
protein sorting and processing. Dysfunctions of this intraceliular control may occur in
cell cultures due to accumulation of organic acids and bases, such as e.g. lactate,
ammonium or CO,, in the culfure medium. Correlations between pH; and cell cycle
phases have also been described. Thus, in general, a more alkaline pH value is
measured in the cytosol if the cell is in a metabolically active phase of the cell cycle
(S and/or G2 phase, respectively) (Welsh and Al-Rubeai, 1996).

The intracellular pH value can be determined flow cytometrically using a pH-sensitive
fluorescence dye that is stimulated in the cell. The fluorescence dye used in the
present invention 5'(and 6')-carboxy-10-dimethylamino-3-hydroxyspiro[7H-
benzo[c]xanthene-7,1(3'H)-isobenzofuran}-3'one, often referred to as carboxy
seminaphtorhodafiuor acetoxymethyl ester or simply carboxy-SNARF-1-AM, in the
following referred to as SNARF-1) is a weak acid with a pK, value of 7.3 - 7.4 at 37°C
and, upon excitation with light of a wavelength of 488 nm, exhibiting two fluorescence
signal maxima of different wavelength (FL2: 580 nm, FL3: 640 nm, Figure 3 - 7) (C-
1270, Molecular Probes). The relative correlation of these emission maxima shows a
pH-dependent shift and, thus, aliows to measure pH; independently of the amount of
dye excited in the cell.

Being an acetoxymethyl derivative, the fluorescence dye is cell membrane
dependent and is hydrolysed in the cytosol of unspecific esterases. This free-form
fiuorophor remains in the cell and can be exited for emission in the cell. In order to
determine the intracellular pH value, a calibration curve must be established by
implication of known pH; values. It must be based on the same cell population from
which the sample to be measured is derived (Owen, 1891, Owen, Carango et al.
1892). In this context, the maintenance of the reactor conditions during the
preparation of the samples and the selection of the calibration method are of equal
importance (Cherlet, Franck et al., 1899; Bond and Varley, 2005; Jockwer, Gatgens
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concentration and, thus, suitable for analysis in the course of the fermentation
process.

For representative sampling from bioreactors (with pressure blanketing) and
cultivation with defined compositions of dissolved gasses, a specific sampling
(Jockwer, Gétgens et al., 2005) was developed which is the result of the present
invention. The parameters which are relevant for the pH; during the period of dye
absorption such as pCO,, pressure, pH and temperature are entered into this device
so that the cell sample is stained under reproducible reactor conditions. Thus, the pH;
measured in said manner represents the real conditions in the bioreactor better than
conventional methods. Together with the stained sample, an unstained sample of the
same population was studied as a control under identical conditions.

Solutions and buffers
HEPES buffer (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] (10 mM)

2.383gL" HEPES (10 mM)
7.802g L7 NaCl (133.5 mM)
0.2908 g L' KCI (4 mM)
0.166 g L' NaH.P0O,-H.0 (1.2 mM)
0.144 g L™ MgS0O, (1.2 mM)
1.981¢gL" a-D-glucose (11 mM)
0.294 g L™ CaCly2H,0 (2 mM)

pH 7.4, sterile filtration, storage at 4°C



28 Melsungen), respectively, under sterile conditions. All measured values were transferred to the
process computer via measurement amplifiers and analog-to-digital coder (SMP Interface, Siemens)
and proces‘éfg’dzﬁ%%ﬂéwg process control softwar%_abView (National Instr ﬁ%‘élﬁf’s%“@f@&}%d stored.
The following process parameters were identical 1h both systems throughout the cultivation period and
were constantly monitored. standard fermentation conditions (1 L & 10 L reactors) stirring velocity 200
rpm temperature 37C dissolved oxygen saturation 40% (in relation to air) pH 7.0 ratio gassing (1 L
reactor: 2.4 - 5.0 Llil; 10 L reactor: 30 -45 L111 ) The mixture of high-grade gas fractions of nitrogen

(N2), oxyge d carpon dioxide (CO2) for,the maintenance of the controlled congentration of
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according to Clark (InPro 6000, Mettler T%@?QUrdorf, CH). Dissolved carbon dioxide (pCO2) The in
0

situ measurement of the coﬁgefﬁ ration of ved carbon dioxide in the different aqueous solutions
and during fermentation was carried out by means of the commercially available probe YSI 8500,

Yellow Sprirgsdaigimrentsufyetoreaprings USA) and/or, for comparison measurements in the
cell-free system, by means of the probe InPyg 5000, Mettler.Tal ( CH). deyiges were
RO, Melierddedo (idorh O G deyess

operated in display mode [% COZ2]. In this context, the In rs to the equflibrium
conditions between CO2 rate Ml in the gassing mixturesﬂfd‘%hueous culture medium under standard
fermentation conditions (37C) which wereageb@unaler calip@tion conditions.

pH 7.4, sterile filtration, storage at 4°C

trimethylamine TMA 1M
12.3 mb trimethylamine 4.06 M (pKz = 9,8,
Sigma)
ad 50 mL  HyO
pH 7.4, sterile filtration, storage at 4°C

HDFBS
10% (viv}  dialysed FBS in HEPES buffer

Tabie 1: Pseudo-zero calibration solutions {Chow, Hedley et al., 1996)

6-fold concentrate 0.5 log ([BA/TMA])  BA [pL] TMA [uL] HDFBS {mL]

BA/TMA [mM]
6/96 -0.6 60 960 8.98
6/24 -0.3 60 240 9.70
6/6 0 60 60 0.88
2416 0.3 - 240 60 9.70
86/6 0.6 960 60 8.98

Prior to sampling from the relevant culture system by means of the sampling
apparatus developed (Jockwer, Gatgens et al, 2005) the 6-fold concentrated
pseudo-zero calibration solutions (Table 3-1) were placed into measurement tanks of
the flow cytometer (200 ul. each), the tanks were closed in a gas-tight manner and
stored in a cool place (4°C). The two calibration solutions of the highest and of the
lowest mixture ratio of acid to base were prepared twice each for the adjustment of
the measuring ranges of the flow cytometer. For the sampie that was to be
determined, 3 measuring tanks were freated with HDFBS (200 pL per tank) in the
same manner. Prior to collecting the sample from the culture medium, 22 uL of the
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[c/O] is used herein as a synonym for "dissolved concentration” and "partiahgressure" of CO2 though
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ZDG (eghieatiRned @equentially in the corresponding measuring buffers. The pH value of each
sample is measured (Compact 3, Roche Diagnostics GmbH) immediately after the
flow cytometric measurement of this sample.

The time elapsing between the opening of the sampling apparatus and the dissolved
gas analysis of stained and unstained cells is less than 5 seconds, the time elapsing
untii the flow cytometric measurement is terminated is less than 90 seconds.
Between the termination of the fluorescence analysis and the determination of the
external pH value, 15 seconds elapse. This procedure in combination with the
(pressure maintaining) sampling apparatus ailows o determine a representative pH;
value (see also Chapter 4.2) (Chow, Hedley et al., 1996).

Measurement .

The flow cytometric measurement oft fluorescence to determine the pH; values is

carried out according the manufacturer's instructions for the device (FACSCalibur,

Becton Dickinson), the dye (Carboxy-SNARF1-AM, Molecular Probes, Leiden, The
- Netherlands) and according to the relevant literature (Chow and Hedley, 1897).

The basic settings which must be optimized for each sample are listed below:
s measurement window 1. SSC / FSC (scatter diagram, scaling double linear,
total cell population)
e measurement window 2. counts (linear) / FL2 (log.) (histogram)
« measurement window 3: counts (linear) / FL3 (log.) (histogram)
« measurement window 4: counts (linear) / fluorescence ratio (FL2 / FL3)



All cell density dependant values determined in the present invention refer to the viable cell number

ZDL. It caq@gﬁ%}itﬁg%that the contribution of non-viable cells to metabomfﬁmgﬁupﬁtgntial.

Viability is a measuring value with respect to the gfate of a culture. The growth rate VVTR indicates the
number of divisions taking place in one time interval. v=WTREI t2 - ti VVTR = cell division rate, h-1 =
number of division steps during period of time t2 - = time, h The cell number increase is calculated
based on the number of division steps as follows: N2 = N1 2"(equation 3-8) = number of cells, total
numbebDebcelizits, naggiemetrziabie erltd mauffibienty ditasimdstels Sedveddociodient] Suhsttheged into
cauatiqfeB, fBmenbbndorReofuiihgdRRAS: Yiclion N -hetNioscitle (RAuaiinRch: The
specific groth rate 1.1?5 calculated by céa reé%%g gr%wt velocity %v%l%ia%%e e%gdengty.

measurement window 4 In “real time” with the measuring device used, the

fluorescence ratio is calculated using the program FCSassist (Becton Dickinson).

The program CellQuest 3.3 (Becton Dickinson) was used for the evaluation. Plotting

the “mean fiuorescence intensity ratio” (MFl) against each induced pH; value

according to equation 3-3 results in the calibration curve which allows to calculate the

pH; of the sample.

(€6) Dissolved gases. pH value and depending parameter
The blood gas analyzer AVL Compact 3 (Roche Diagnostics GmbH) is used for direct
evaluation of the dissolved gases CO; and O;, the pH value and the calculation of
the dependent concentrations of hydrogen carbonate and “total CO,” from the cell-
containing culture samples (> 55 plL, 37°C) according to the manufacturer's
instructions (Roche 2003). After placement of the relevant physiological sample, the
device automatically determines the above-mentioned parameters. For this purpose,
the following miniaturised electrodes are installed in a tempered measuring chamber:

e pH reference electrode

¢ pH measuring electrode

e pO; measuring electrode

e pCO;, measuring electrode

The direct pCO, measurement is a modification of pH measurement. Via a
membrane that is impermeable to ions, only gaseous CO;, gets into the measuring
buffer the pH of which is modified by dissociated CO,, is measured and, after
amplification, is indicated as pCO; value [mmHg}. The conversion into [%] pCO»
and/or pO,, respectively, is carried out separately after the automatic measurement
of the atmospheric pressure which is carried out for each sample measurement.
Calibration gases and buffer solutions supplied to the device allow for automated
calibration and cleaning according to defined cycles.

(DY  Cultivation of animal cells
All operations were carried out in compliance with the standard operation regulations
and directives for the handling of genetically modified organisms, security level S1.

(E) Bioreactor cultivation
All tests were carried out in commercially available stirred reactors with a working
volume of 1 L (Applikon Biotek, Kniliwald) and 10 L (B. Braun Biotech International,




d(ZDl..) ZDLdi WO 2009/112250PCT/EP2009/001742 31 p= specific growth velocity, hi ZDL = cell
density, viable, cells mL-1 t= time, h For the increase in the number of viable cells it is true that: ZDL, =
ZDLI. em.(¥ Qi?g%{a%&?éﬁ 3-11) Thus, for p itis true that:  Specific substrafé& EEX3EHBEIHYates can
easily be calculated for discontinuous processes. Zor pulsed feed (bolus) in fed-batch processes, the
same correlations can be used since the duration of feeding (< 15 s in the experiments of the present
invention) and, thus, substrate consumption by the cultured cells during this period of time decreases
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process@siar iESE finderface, Siemens) and processed using the process control software
LabView (Natuonal Instruments, USA) and stored. The following process parameters
were identical in both systems throughout the cultivation period and were constantly

monitored.

standard fermentation conditions (1 L & 10 L reactors)

stirring velocity 200 rpm

temperature 37°C ,

dissolved oxygen saturation 40% (in relation to air)

pH 7.0

ratio gassing (1 L reactor: 2.4 - 5.0 Lh'™"; 10 L reactor: 30 - 45 Lh™")

The mixture of high-grade gas fractions of nitrogen (N,), oxygen (O2) and carbon
dioxide (COy) for the maintenance of the controlled concentration of dissolved
oxygen pO, with constant gassing rate is referred to as “ratio mode”.

(1)  Measurement of the process parameters

Dissolved oxygen (pO5)

The in situ measurement of the concentration of dissolved oxygen in the different
agueous solutions was carried out by means of oxygen electrodes according to Clark
{InPro 8000, Mettler Toledo, Urdorf, CH).

Dissolved carbon dioxide (pCO-)

The in sifu measurement of the concentration of dissolved carbon dioxide in the
different aqueous solutions and during fermentation was carried out by means of the
commercially available probe YSI 8500, Yellow Springs Instruments (Yellow Springs,
USA) and/or, for comparison measurements in the cell-free system, by means of the
probe InPro 5000, Mettier Toledo (Urdorf, CH). Both devices were operated in
display mode [% CO,]. In this context, the indication [%] refers to the equilibrium
conditions between CO; rate [%] in the gassing mixture and aqueous culture medium
under standard fermentation conditions (37°C) which were set under calibration
conditions.

The calibration conditions used and the display values of CO, [%] allow the
calculation of the equilibrium concentrations of dissolved CO; during the process. As



dS1 dt ZDL (equation 3-13) qS= specific substrate consumption rate, mol = substrate concentration,
mol L-1 = time, h ZDL = cell density, viable, cells/mL WO 2009/112250PCT/EP2009/001742 32 ZDL -
ZDL2 - ZD‘L"j()iﬁoﬁﬁlﬁqﬁ ZDLI (equation 3-14) ZDL= mean of cell number PGAGBZERIEHE21 The

integration of equation 3-13 under consideration &t equation 3-14 results in: qS =

in other publications in this technical field, the term pCO, [%] is used herein as a
synonym for “dissolved concentration” and “partial pressure” of CO;, though the
absolute concentrations of CO; actually dissolved in the culture medium have to be
calculated on its basis (Zhangi, Schmeizer et al., 1999; Pattison, Swamy et al., 2000;
Schmelzer, de Zengotita et al., 2000). 1% saturation corresponds to approximately
7,5 mm Hg, 10% correspond to approximately 75 mm Hag.

Exhaust gas analysis

Oxygen and carbon dioxide quantification in the nonaqueous exhaust air of both
processes is carried out using the exhaust analyzer Xentra 4900 (Servomex, Hamm).
The oxygen rate is measured paramagnetically (0 - 100% v/v), the carbon dioxide
rate is measured by infrared spectroscopy (0 - 25% v/v).

The pH value is measured using a single-rod pH measurement assembly with gel
electrolyte (Applisens, The Netherlands). In contrast to conventional pH electrodes
with liquid electrolyte, the pH electrode used exhibits, after autoclaving, an internal
pressure which considerable reduces the permeation of the glass membrane by
exiraneous substances and the electrode drift associated therewith. Prior to
installation and sterilisation, the pH electrode is calibrated to two defined pH values
(pH 4.00 and pH 6.86) at 37°C according to the manufacturer's instruction. Prior to
starting the fermentation, correct operability was ensured by external comparison
measurements with the blood gas analyzer (Chapter 3.3.4). Process overpressure is
measured by means of two pre-pressurized gel-filled electrodes installed in the cover
of the culture vessel (B. Braun International, Melsungen; Bioengineering AG, Wald,
CH). The temperature in the culture vessel is measured at all operation stages by
means of a PT 100 resistance thermometer of the reactor manufacturer installed in
the probe ring.

(F)  Mathematical methods

For cultivation and fermentation, parameters allowing the description of growth and
metabolic rates are determined by analytic methods. Cell densities are indicated in
animal cell culture in contrast to microbial systems. In general, dry biomass is not of
interest.

Viability describes the rate of viable cell density ZDL with respect to total cell density
ZDG:



5, - S1l t, -tiZDL (equation 3-15) The specific product formation rate is calculated analogously to the

substrate GRRsHRRIIPRgAte: SPR=gPRO IPRO2 PROI \ 1 t: -t1) ZDL (eqyiiap3sddierr= dPRO =

specific product formation rate, gh-1 PRO= produgt concentration, g L-1 Yield coefficient The
correlation between consumption and formation rates of substrates and products, respectively, is
indicated by the yield coefficient Y. gA B

ZDL
iabilitat = VA = ———- 100 %
Viabilitat DG 4

(equation 3-6)

All cell density dependant values determined in the present invention refer to the
viable cell number ZDL. It can be assumed that the contribution of non-viable cells to
metabolism is not substantial. Viability is a measuring value with respect to the state
of a culture. The growth rate WTR indicates the number of divisions taking place in
one time interval.

v=WTR = —>
-4 .
(equation 3-7)
WTR = cell division rate, h”’
n = number of division steps during period of time t; - {4
t = time, h

The cell number increase is calculated based on the number of division steps as

follows:

No = Ny - 27 (equation 3-8)
N = number of cells, total number of cells or number of viable ceills

n = pumber of division steps

Solved for n and substituted into equation 3-8, the equation for the growth rate readé:

{equation 3-9)

The specific growth rate u is calculated by correlating growth velocity with viable cell
density.

1 d(zDL)

P70 T @

(equation 3-10}



(equation 3-17) Y(A/B)=yield coefficient for A in correlation to B gA= cell-specific rate for substance A,
mol cell- h; = -specific rate for substance B, mol cell-1 h-1 WO ;
2009/1122%%‘3@%&%%%%9/001742 33 ChemostatFor a continuous procesls);c%fgpvzg lime 6w into the
reactor is equal to the volume flow from the reactor. In chemostat processes, the cell size distribution
in the volume flow extracted corresponds to the cell size distribution in the reactor. Culture volume is
constant. When calculating the rates, flow rate D has to be taken into consideration. (equation 3-18)
D= flow rate, 11-1 F= flow, L h-1 VR= culture volume, L

i = specific growth velocity, h™
ZDL = cell density, viable, cells mL™
t = time, h

For the increase in the number of viabie cells it is true that:
ZDL, = ZDL, .¢* (2 -t) (equation 3-11)

Thus, for p it is true that:

W= in ZDLE e 11} ZDL]
13— ' (equation 3-12)

Specific substrate consumption rates can easily be calculated for discontinuous
processes. For pulsed feed (bolus} in fed-batch processes, the same correlations can
be used since the duration of feeding (< 15s in the experiments of the present
invention) and, thus, substrate consumption by the cultured cells during this period of
time decreases towards zero. It is however necessary to inciude any modifications in
substrates, metabolites and fermentation volumes resuiting from feeding and to
adjust them mathematically. (Cell-}specific consumption and formation rates are
often the only factors allowing the comparison of different processes.

it is true that:

{equation 3-13)

qS = specific substrate consumption rate, mol cell'h™
S = substrate concentration, mo! L™

t = fime, h

ZDL = cell density, viable, cells/ml

The mean cell number in the period of time At (, ~ t1) is determined by the
logarithmic mean if the time interval between two sampling points is sufficiently long:



Mean retention time of a volume element in the reactor is defined as retention time T. (equation 3-19)
= retentionm%@ /'{%Ligo flow rate is the reciprocal of retention time. Conse(#JentIXé fo& chemostat, it
applies that, in"equilibrium, growth rate is adjustable via flow rate, it is true ¥ JYES 2o i it respect to
substrate consumption in continuous systems with constant culture volumes, it is true that: dS -dt = D
-S0)- Qs (equation 3-20) Si= substrate concentration in the culture, mol L-1 So= substrate
concentration in the feed, mol L-1 Os= volumetric consumption rate, mol L-1 and consequently:

or . ZDLy - ZDL
In ZDL, ~In ZDL,

(equation 3-14)
ZDL = mean of cell number, viable, ceils mL™

The integration of equation 3-13 under consideration of equation 3-14 results in:

Sy -5 1
gS = oy | o0 (equation 3-15)

The specific product formation rate is calculated analogously to the substrate
consumption rate: '

T

SPR=qpRO - | PRO2=PRO;) 1
ZDL

1 ~1
{equation 3-16)

SPR
PRO

qPRO = specific product formation rate, g cell”- h™'
product concentration, g L™

Yield coefficient
The correlation between consumption and formation rates of substrates and
products, respectively, is indicated by the yield coefficient Y.

V(A/B) =32
B

{(equation 3-17)

Y(A/B) = vyield coefficient for A in correlation to B
gA = cell-specific rate for substance A, mol cell*- h™
aB = cell-specific rate for substance B, mof cell- h™!



WO 2009/112250PCT/EP2009/001742 34 Qs =D (S s, - s, -ti  (equation 3-21) In order to calculate

the spemﬂw%ﬁ&&gnsumptlon rate, the number of cells in form of the Wﬁfﬁﬁ‘ﬂ odie@N is
additionally included in the calculation. qS= spegific substrate consumption rate, mol celr h-1 S1,2 =

substrate consumption for t1,2, mol L-1 SpeC|f|c productivity is calculated analogously to the substrate
consumption rate:

Chemostat

For a continuous process, the volume flow into the reactor is equal to the volume fiow
from the reactor. In chemostat processes, the cell size distribution in the volume flow
extracted corresponds to the cell size distribution in the reactor. Culture volume is
constant. When calculating the rates, fiow rate D has to be taken into consideration.

D= {(equation 3-18)
R
D = flow rate, h™*
F = flow, L h’
Vg = culture volume, L

Mean retention time of a volume element in the reactor is defined as retention time 1.

YR
F (equation 3-19)

T =

T = retention time, h
Thus, flow rate is the reciprocal of retention time.

Consequently, for chemostat, it applies that, in equilibrium, growth rate is adjustabie
via flow rate, it is true that: p = D.

With respect to substrate consumption in continuous systems with constant culiure
volumes, if is true that:

ds
=P (8 =S0)- Qs
(equation 3-20)
S; = substrate concentration in the culture, moi L™
Sy = substrate concentration in the feed, mol L
Qs = volumetric consumption rate, mol L™

and consequentty:



(equation 3-23) gPRO= specific product forming rate, g cell* h4 PR01,2= product concentration for
t1,2, g L-1.The,] eous space-time yield in continuous processes is L% lows: PRO
D RZA = %‘F@ﬁ(}e%%%ﬁon 3-24) RZA = space-tig)e yield , g1:1 d-1 Oxygel?}elﬂl%}éa @gé@% R Due to
the relatively low growth rates of animal cell cultures, the high volume flows used in the present
invention for gassing the culture and the high control performance of the developed PID controller for
dissolved oxygen, it is possible to assume equilibrium conditions for oxygen balancing (Frahm, Blank
et al., 2002). Thus, the oxy; ]n__uggjke OUR can be equalised to the oxygen transfer rate OTR for

Qs =D (S = So)-

{equation 3-21)

In order to caiculate the specific substrate consumption rate, the number of cells in
form of the logarithmic mean is additionally included in the caiculation.

L D5 —5y)+] 223
s =g | tsmsope {222

{equation 3-22)

specific substrate consumption rate, mol cell’*- h™
substrate consumption for ty 3, mol L™

h

asS
Siz

Specific productivity is calculated analogously o the substrate consumption rate:

qPRO = —_.D.PRO+ (PRO?- ~FRO,
ZDL Ty — 1
{eguation 3-23)

gPRO = specific product forming rate, g cell’’- ™
PRO1 2 = product concentration for ty, g L

The instantaneous space-time yield in continuous processes is calculated as follows:

PRO-D
Vg

RZA = 24

{equation 3-24)

RZA = space-time yield , gL d™!

Oxygen uptake rate QUR

Due to the relatively low growth rates of animal cell culiures, the high volume flows
used in the present invention for gassing the culture and the high control
performance of the developed PID controller for dissolved oxygen, it is possibie to
assume equilibrium conditions for oxygen balancing (Frahm, Blank et al., 2002).
Thus, the oxygen uptake OUR can be equaiised to the oxygen transfer rate OTR for




WO 2009/12250PCT/EP2009/001742 35 transfer from the gas phase into the liquid phase and results
from equation 3-25, klL2a 0, 0, C- = volume-related oxygen transfer coefficient, h-1 = oxygen
concentration iR’ ﬁ?@b"g@%lng mixture, mol = contr I%Ied concentration of dlsgsm%’)‘z?]@@’r?“ﬁ"lol 1:1
The concentration ot dissolved oxygen and dissolved carbon dioxide and the oxygen and carbon
dioxide concentrations of the gassing mixture are control and correcting variables, respectively, and
are registered by the process control system. The volume-related oxygen transfer coefficient was
determipngAaFlipe iOtHBLE MY P IRRS BFCRY Gt@‘%ﬂﬁagé SHIEFUBEIY freiPan imyd e eplution rate
CER Due to the controlled pCO2 values and simultaneous pH control in the culture medium, CO2 is
not accumulated in the culture medium. Thus, the balance can be established analogously to
dissolved oxygen balance (FrahmBlanksetjal., 2002).
BURS SERR O ST) (equation 3-25)

O -
ky 72 = volume-related oxygen transfer coefficient, h™
C . ) .
Ci? = oxygen concentration in the gassing mixture, mol - L™
5?2 = controlled concentration of dissolved oxygen, mol - L™

The concentration ot dissolved oxygen and dissoived carbon dioxide and the oxygen
and carbon dioxide concentrations of the gassing mixture are control and correcting
variables, respectlively, and are registered by the process control system. The
volume-related oxygen transfer coefficient was determined earlier for the relevant
process conditions by experiment.

Carbon dioxide evolution rate CER

Due to the controlled pCO; values and simultaneous pH control in the culture
medium, CO; is not accumulated in the culture medium. Thus, the balance can be
established analogously to dissolved oxygen balance (Frahm, Blank et al., 2002).

CER = CTR =0.89 -k, 202 -(c #C02 -cfoz)
{equation 3-26)

with
X Lacoz =0.89. kLaO_Z = yolume-related carbon dioxide transfer coefficient, h™
- *C02 _ = saturation concentration of carbon dioxide in the
medium, mol - L
(calculated on the basis of the
carbon dioxide concentration of exhaust air)
CEOZ = controlled dissolved carbon dioxide concentration,

mol - L’



(CER = CTR =0.89 kLa.*002 c-cCO01i.) (equation 3-26) with kLaCO2 = 0.89 .kLa2= volume-related
carbon dioyj d{ oefficient, h-1 co,= saturation concentration of carbgn dioxide in the medium,
mol - L-1 (ﬁf&@g‘% %{? he basis of the carbon dggxide concentration of eﬁ\%ﬂgﬁ?ﬂg BY5Htrolled
dissolved carbon dioxide concentration, mol L-1 WO 2009/112250PCT/EP2009/001742 36
Respiratory quotient RQ The correlation of cell-specific carbon dioxide evolution rate qCER with
cell-specific oxygen uptake rate qOUR is referred to as respiratory quotient RQ. RQ = q CER

Respiratory quotient RQ
The correlation of cell-specific carbon dioxide evolution rate gCER with cell-specific
oxygen uptake rate qOUR is referred to as respiratory quotient RQ.

RQ = 9CER _
qOUR {equation 3-27)
RQ = respiratory quotient
qCER = cell-specific carbon dioxide evolution rate, mol cell'h™
qOUR = cell-specific oxygen uptake rate, mol cel'h!

Example 2

Optimization of pCOz-associated process parameter

in industrial cell fermentation facilities there are hydrostatic pressures up to 350 mbar
in the bottom region (filing point/level 3.5 m) due to the different reactor heights of
stirred reactor. Due to reasons of sterility, the fermenters are additionally subjected to
pressure blanketing involving overpressures of up to 300 mbar so that in production
fermenters of 10 m® working volume total overpressures of up to 650 mbar could
occur in the bottom region. With this overpressure, the CO; which is produced by the
cells accumulates in the medium and can reach inhibiting levels with high density
fermentations if the dissolved carbon dioxide discharge has not been optimized via
gassing.

For the simulation of the production scale and for the unéoup!ed analysis of the
involved parameters pressure and content of the dissolved carbon dioxide —
synonymously referred to as pCO, — with bioprocesses involving animal cells, a
controller system has been established in analogy to the concentration of dissolved
oxygen pO,. In this context, the controf of the content of the dissolved carbon dioxide
in the medium should be possible under different pressure conditions, the correcting
variable of the pCO, control system being transferable to bioreactors. Thus, gassing
rates, stirring velocities and culture medium were based on industrial parameters.



gOUR (equation 3-27) RQ= respiratory quotient qCER= cell-specific carbon dioxide evolution rate,
mol cell— %0 '1’5_ cell-specific oxygen uptake rate, mol Example 2 %Q'lr% rh 742
pCO2-assoclated process parameter In mdustnaboell fermentation facilities 'here are hydrostatic
pressures up to 350 mbar in the bottom region (filling point/level 3.5 m) due to the different reactor
heights of stirred reactor. Due to reasons of sterility, the fermenters are additionally subjected to
pressure blanketing involving overpressures of up to 300 mbar so that in production fermenters of 10
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only with the 10 L stirred reactor an N, mass flow controller (Brooks 5850 TR Nz 0 —
15 L-h™") was installed in the gassing section so that the gassing volume flow rate for
pCO; saturation can be increased from 30 L:h™ to a maximum of 45 Lh'. The
measurement of the contro! variable pCQO; in the medium was carried out by means
of an in situ pCO; probe YSI 8500 (Yellow Springs Instruments) every 15 seconds
discontinuously (chapter 3.5.3.2).

The PID controllers implemented for the control variable in the process control
system (LabView, National Instruments, USA) pCO; work in a cascaded manner
(Figure 1). In the case of a positive deviation from the pCO; set value, the CO;
content in the ratio gassing is reduced correspondingly by the controlier PID 1
(Figure 1). if, despite the completely closed CO, MFC, the controller PID 1 does not
successfully control the pCQO; set value in the case of a positive deviation (e.g. by
produced CO; of the cells), the cascaded controller PID 2 actuates an additional Np
mass flow controller and appropriately increases the total volume flow rate of the
gassing by 15 L-h™" at the most (Figure 1).

Thus, the pCO; controlier described herein is suitable for control of a set value for the
concentration of dissolved carbon dioxide. By means of this pCO; controller it is now
possible to adjust defined pCO; values during the whole culture process and to
analyse their effect on the cultivated cells. According to Henry's Law, the solubility of
a gas in liquid is proportional to its partial pressure in the gas phase above. Due fo
the controller, accumulation of CO; in the medium is possible by increasing the CO:
ratio in the supply air. With the cultivation period progressing and the cell density in
the reactor increasing, the ratio of CO; produced by the cells increases in the
medium. Consequently, the controller reacts by reducing the CO; ratio in the supply
air by the controiler. If the volumetric carbon dioxide evolution rate (CER) of the
cultivated cells is so high that by a complete reduction of the CO; ratio in the supply
air down to naught the control variable of pCO; can no longer be reached, the



According to standard means, the reaction systems used were supplied with submersible ratio
gassing. F%é é),é ontrol their CO2 mass flow controllers (MFC, Typ W@&{/){E C02,0-5
Uh-1) were actuated by implemented PID controllgrs in the process contro system lew (Texas
Instruments). In addition, only with the 10 L stirred reactor an N2 mass flow controller (Brooks 5850 TR
N2 0 - 15 L.h-1) was installed in the gassing section so that the gassing volume flow rate for pCO2
saturation can be increased from 30 LW' to a maximum of 45 L.1-11. The measurement of the control
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cascadea%éﬂwa?éﬁglﬁiga%m% R Rl ﬁ§ HRLS O U II%F’&%&HBB%&M&E/ ftreases
the totahvplowes fiiachaegef did-gastihgbeiiect s a tieturbsniEg@sableTdusxygepGoteontroller

descr'b89 hﬁﬁ%l@ﬁfﬂg%@n@%p@mﬁ@ @éﬁ@ﬁw@lgﬁcﬁwghs fr%‘f%ﬂ'i& F@g ﬁféjléiﬁ%gﬁﬁ ForeR dr']0>l<lde
By me is cqptrolle passiple to adjust defin alu urin whole
cutture BRSTe S0 ( AR N S b T L Rl CRE AR I8 A B B e
solubilif}Oot ¥ ghna.ligbiel |Qt9f§96ﬁroﬁélth§i|@Q§&$ﬂ&$f?fé@§hr§1ﬁ it gentfiescushiy ol ifferend the
controligiratiestagdations fds@bidibermedium is possible by increasing the CO2 ratio in the supply
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CO2 produced by the cells increases in the medium. Consequently, the controller reacts by reducing
the CO2h&tiH hBaFmRiens kﬂftﬂlﬂcéﬂ%ﬂg?rI%@%hﬂ@fﬁc%ﬁ%@ﬂﬂ%ﬁ’é‘xﬂ@c@%mﬂo?ﬁé‘?@ (CER)
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control of the set values shown in the following, the suitability of the pCO2 control together with the
p02 control was analysed both in the 1 L and in the 10 L volume. The interaction of the controllers with
the pH TaleRsrResamirensdedieasncipiparamaieiBarsooingHe dieglenrnddticheishe
controller settings were determined accogdigeatsiliee fﬁgemmendatlons by Ziegler and Nichols (Rake,
1993). For this purpose, the PID controllers of both control systems were configurated as simple P
controllers (holdback time Tv = 0, reset time TN = 00). Variation of the proportional region Xp up to the
critical system enhancement-of-the respective control.system results in XP_cnt. The period of
controlling oscillation witfPKpratidt correspetigisgt@ difgstime Tuit. Table 2: Recommended controller
parameters according to Ziegler and Nichols at stability margin PID ratiosetting value Xp 1.7 Xp, crit

TN z's 0.5 Tent Tv 0. mmmwmmmS (Table 2) of both
control systems, the quallty%f control for ¥feubd ifMexinentations of animal cells was optimized. Both

control systems work indepkndently fromTayve @uiiothear with minimal initial oscillating time and control
deviation. It was possible tominimise th i q)ﬁtlfre increased volume flow on the control of the
dissolved oxygen with increased CO2 discharge (F|gure 4-2 and Figure 4-3).

By means of an appropriate control of the set values (Table 2) of both control
systemns, the quality of control for the use in fermentations of animal cells was
optimized. Both control systems work independently from one another with minimal
initial osciliating time and control deviation. it was possible to minimise the effect of
the increased volume flow on the control of the dissolved oxygen with increased CO;
discharge (Figure 4-2 and Figure 4-3).
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Table 3: Set value profile for the qualification of control
in Figure 2 and Figure 3

set value time

pCO:[%]  pO, [%] [h]

5 40
15 40
15 50
10 30
5 40 \#

The absolute control deviation for dissolved oxygen in the case of set value
variances (which do not occur in that manner under cultivation conditions) in
processes with low overpressure (50 mbar) is less than 2%. Analogously, the control
deviation for the dissolved carbon dioxide ratio is < 1% (absolute) with set value
variances of absolute 5-10%, which are unusual in fermentation processes
(Figure 2). Also in the case of a reactor involving pressure blanketing (750 mbar) for
the simulation of high filling levels in industrial production facilities and the thus
increased solubilities of CO; and O, in the fiquid phase, the quality of the
impiemented control is sufficient for animal cell culture processes (Figure 3).

With the set value control performed according to Table 3, the dissolved oxygen
value alone temporarily exceeded the set value (<4% absolute) if the total volume
flow is increased for discharge of the dissolved CO; (Figure 3). The control of pCO>
with deviations of < 1% absolute was very exact. Due to a time-pending contro! of the
set value of the pCO,, it was possible to reproduce the defined profiles from
production fermenters onto a small scale.

In the following the pCO; and pO- controllers described herein were optimized for the
decoupled control in combination with the implemented overpressure controller in
order to be able to reproduce large-scale fermenters with regard to these process
parameters.
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(1)  Set-up and functionality

At the non-sterile side of the exhaust air line of the fermenter a pressure control valve
(Brooks pressure controlfer, Model 5866 Series, 0 — 68 L-h™*) was installed. The
opening width was the actuating variable for the developed PID pressure controller in
the process control system (LabView). The control variable was measured on the
inside of the reactor lid by means of a gel filled pressure sensor and transferred to
the process control system. Due fo the rapid decrease in pressure even with small
opening widths of the pressure contro! valve in contrast to the slow increase in
pressure due to the low gassing rate with closed pressure control valve, it was not
possible to control the control process within the required tolerance. Thus, in
addition, a membrane valve was installed further down the exhaust air line in the
direction of the exhaust analyser, whose valve position could bé preset manually
(Figure 4).

The set-up developed in said manner, i.e. with an additional membrane valve, has
the following advantages:

o safety margin: Maintenance of an adjustable minimum pressure in case of
failure of the pressure control valve during operation
= sufficient inertia of the control process despite sub-optimum flow rate of the
pressure control vaive (maximum possible valve throughput 68 L.h,
maximum gassing rate 45 L-h™") ‘
Due to the variable gassing rates necessary for pCO- control, installation and manual
adjustment of the pressure by means of the membrane valve alone was not possible.

(2)  Quality control of overpressure control

Control optimization was carried out according to Ziegler and Nichols (Rake, 1993).
The operation capability of the overpressure control of a static set value with
simultaneous control of pCO; set value profiles was furthermore compiemented by an




(B)Overpressure controller There is a trend towards large-scale production facilities also in animal cell
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stirred reactor with a steal vessel used in the present invention (10 L working volume, B. Braun,
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valve (endjustenin possible valve throughput 68 L4-11, maximum gassing rate 45 L-1-11) Due to the
variable gassing rates necessary for pCO2 control, installation and manual adjustment of the pressure
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on the control of the set value of the dissolved carbon dioxide concentration (< 1%
absolute) (Figure 5). This is particuiarly important when considering the increasing
solubility of the CO; in the case of increase in pressure. Likewise, changes of the
pCO; set value do not show any changes of the quality of control of overpressure in
the course of the process (Figure 5) despite the fact that e.g. for decreasing the pCO;
ratio in the fermenter medium by increased nitrogen flow, the total gas volume flow
into the fermenter was increased by 50%. Set values between 1.5 - 25% pCO, with
up to 1000 mbar overpressure could be adjusted and corrected in this set-up.

It was shown that it is possible to control oxygen, pressure and pCO; independently
from one another and with high quality of control. Despite constant, low rotational
speed of the stirrer the oxygen entry for animal cell cultures is sufficient. Due fo
appropriate control of the set value, the simulation of the enrichment of CO; is .
possible during the course of the process. Also, a profile for the simulation of
changes in pressure due to hydrostatic effects in high production reactors can be
adjusted. Thus, in total, it is possible that the existing requirements for the industrial
process parameters considered can be implemented dynamically.

(C) pH adiustment agents

[n the excess metabolism cultivated cell lines produce significant amounts of lactate
and other organic acids which, together with the CO; discharged into the medium,
lower the pH value of the culture medium in the course of the process. The effect of
the pH value in the medium on the cell physiology and product quality (e.g. of
secreted glycoproteins) has been examined sufficiently. Thus, in optimized




-~ automated, process time dependent control of the set value. This allowed for the generation of defined
overpress%%@g}?}sﬁ%, e.g., the simulation of mixture profiles prevailing Iﬂblﬁ éﬁﬁg}mproduction
fermenters. Due to mixXing times of partly several ppinutes, the mixing profiles'in these reactors deviate
from the model of homogenously mixed reactors and according thereto different spatial positions of the
suspended cells in the hydrostatic pressure profile. Figure 5 shows an example of a time-dependent
pressure profile in the 10 L stirring vessel based on a pressure profile of a production fermenter. At the
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The CO; additionally entered by the Na,COj; causes reconcentration of the dissolved
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NaOH, theﬁggﬂﬁg Hg ency (8 11-1) is reduced. The tendency of reduced ba/se co(nsugné)tion with
use of Na2 |ns{ea ‘of NaOH is illustrated by means of the cumulative &%ngzg%fﬂ% t 2Figure 8.
For the pCO2 set value change described, the double amount of 1 M NaOH is required for pH control.
In total, 220 g 1 M NaOH (0.21 mol) in contrast to 110 g 1 M Na2CO3 (0.1 mol) were entered into the
reactor (Figure 8). Thus, the entry of sodium ions is identical with both titration agents. Thus, a
negative @ffegheatithe teeltissItyedy Batapiiadl diffetmpamalic efeats duatoriserny t'a%@&gés
describteg c&gnge gg%u?eg ‘ye\élér& CdO%ﬁ:gl%trol Since r}e final § nditions of bot .titrati%? r%%e s are
identical duie 1o % equ libHm conditions, ?r%j BasES §8|-‘|°§ 35 COTUIMRE W effect
on the MAGRedteRad @ daRFdadlisy ailschy mpassr of thes gy edyacteyagedpsafijesn
gisturgamc&tlﬁ@aea palanaset eatt%cel_ﬂai@g&d@@@ﬁp@d?fh@%@ﬁ!@b%cﬁ?fﬁéﬁhﬁ@wh@a%@% olf': pH
istur o [ 5 t res man,, Birch e . For
this puj3§1 cfsgg, t%@&%ggjﬁﬁ%@éﬁ?@%h %ﬁcorGe(ij;ksa '[C(!))\l %@g: ,‘sgéllvrer}gﬁf%gg gté(a]a Fﬁiéll s gs{[)hey also
occur U@ Neanlfin (! AnahgverBre Bt @shiRtehaA Esackmh (BB bf strong bases such as NaOH
and/or Na2CO3 (Langheinrich and Nienow 1999). They found that with increasing number of pH

deflectionsdorne Bidnerceliahiisndernestind mmeinipaiBAS e sy a'sdises

additionéo%H 9.0 de rgfse the cell V|abilitﬁ/ signif sman, Birch et at, ce with use of
NaOH S5 26JEn &Rl UM the PRAEBHRII Sifsie T onsmpliceHetsinlittolrosRaR e, play a
role (inbessese tedosbgd foaqubrcexriddadnwithopGéagesirsimBinhendyatfirabitecidivonsubtivated

-' Ce”st?‘@dghb@rﬁﬁ@ﬁ“ﬁ?&%ﬁf%%bﬁé@? @%Jt@ @@@@ﬂgﬂf?ﬁ;&@ﬁ%@&%ﬁﬁeﬁ?&ﬁgéjﬂpns
mentione ove,.jt has e assumed that the negative effect of NaOH is sigpificant]y stronger on
coll phy QN TR dRIG & AUTSIGHN, SEsh B ML HONAEA (1 e et SR e 02
balancéffedie cumkerridiaseepsiiitananty NAOsagesodipid rpemadiiitm &R ibalacompare
Figures:gteaskiilicaRalsedralrian effect on the cytosole of the cells present in the culture medium.
This hypothesis is supported by the findings presented with the development of the

pressure-controlled sampling apparatus and those shown in the following as to the effect of pH titration
agents@areameital axaiinedhereieshal sEhdistwnrpoes o e oracsemyelmroneei fingl the 1 L

scale TBS ab®0eiwiearvationssof@siestn, dBNaOEt and AERHOBBhpIdhe Rl atRY iBxggskaich
cultivaigasafithe, call ling, CHQMU G, ig § k-,gwgggg%ﬁgéxaﬁrg%&%h piko. A g ,small

fermenter described was operatecﬁﬁ ﬁwe Fe C membfane gassing and overpressure

to simUT4ROPTHIR SBIXIRGpe GRHEHRB SRR ¢t R ditiepREsslinger bvep@eeasy
Bioengite@tihgavaidce iNagifionibasiyreidritle madsiNenaw atifi@ded Teeywaibuby mieanswafra

o A B g F Dbl o Feah MRS sle il
ore- o AR A TP A0 S8R AL LEh o8 FBSrRRE AR GFILH D Chhulate
small fergifitanrilyf (Rismearal Biopaghibn 20pRe&gass phifialseanicbiaigh fan e mtustmeniume,
ianeaSé@&ﬂgﬂrDﬂﬁ%Slﬁ:fé&iﬂﬁﬂwﬂg?ﬁfoﬁﬂ%@ﬂ?f@?%é@@é%éﬁt%?%??@%ﬁ%% t.t“éq’. m%p,&%@;iog
roces W | means,ar reedin ium the giuco ratio was INfained apbove
O g Lo S B R B e o e ) S TRES el Abels &5
densiti€¥ HMatofisimiss 2ehit deituReeiRtsdrolprliaeicte shee inauliateshierrdringdes thand 10 for
differemcmacpmfﬁﬁ@alfc)tbeca%ﬁmgwwwnedT@@d@,umwysﬁai@oh&sEig@@t&arvqr% fﬁé%%ﬁdéNith 8;]
consta 0 - j ' xture. Far n .2, however, the
CO2 ra%ﬁ%%@i\g%{gﬁ% rsh tu%]r%éwa% %@g’sgs%e ygfgkﬁl&%igrqﬁipé‘ﬁ%ngkﬁé ﬁ%é{r)at%%e\lgf Figure

10. For both CO2 gassing modes, higher viable cell densities, prolonged cultivation periods and higher
produclt dentre itea tiaissiwat bib aic they atr o missimg Ata2C es e oy M@ (Righees Rtang 10).

1he lacHRgiGRNBEMERIGET WFAORTIBRIUAGRA 258, CUBIIILP IR0 LBR BEPLORARCGTOIN PH
adjustme tr?ﬁleﬁ%?—iu Therefore, the resilting cell-specific lactate, formation rates are
higher

ed (Figure 11 ,
?i sé&%% Bﬁsgﬁﬁ% WhhanaveeiasAlshe (el BieseitdmitesisiiHIewhen
NaOH isaffigmas abjastmarnthgeist, ismalgpitstedverithdhirefindidgs 4poaseddeatbl kgt ctiveelate with

a slowigevdmyyRirtedraivBreudiaR NaAGEIR 6 ssepinaayesrinesCalle GRBHBUSH IR AW the
exponggﬁlg\lll\xgo ggt%r tp%st éort]%r?;;?r[f) 1 rQl;cl)hase at ? Igtengﬁtnt i% me.éqFé?{urel 12). H|gh-0§[nolar
processes, as &StriBed nthe Tteratire a5 1o Thadeds |ﬂrb & ﬁ@f 2 <l gt ', 365525 can be
further%‘@iﬁaized by use of Na2CO3 instead of NaOH as pH adjustment agent, according to the results
shown herein. Particularly in combination with the pCO2 controller developed, processes of
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Pressure-controlled sampling for fermentation accompanying measurement of cell-physiological
parameters in pressure blanketing fermentations of animal cells As already described above, industrial
fermentations of animal cells are carried out on a large scale where, according to Henry's Law,
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sampling (see following Examples give results of studjies on ICh, in‘addition

below). T | !
to the éeauﬂzrpédyﬁ Yestngeafuiierdatine pis tnuale@a. oinpieasing|itieniessHen the
intracellfi@rmbavatel ofitige okl coaitaiferiarttetioredhedidine thevetenmentdiatiappataigssior
pressufamonyolpsssammliacd e arearsincio ARG gAY SIRE! fEdBLaCHUliar Rk value of
animal cells1t whic accom asnles_pu%%{or&%la%eaésca fermentation and/pr fermentatign with
pressufS HBAISTH FEE ot L Brte P S &hdia PR G194 AntacBdtruction and

development of a pressure-controlled sampling apparatus (1)Qualification by in situ and off-line p00,
measufaniigdtfollowing, the live cell densities and viabilities achieved in the course of the
 process are illustrated in the Figures 9 and 10 for different CO; profiles of the gassing
mixture. The results Hlustrated in Figure 9 were realised with a constant ratio of 5%
(viv) COz in the gassing mixture. For manual pH control at pH 7.2, however, the CO,
ratio in the gassing mixture was successively reduced for the fermentation illustrated
in Figure 10.

For both CO, gassing modes, higher viable cell densities, prolonged cuitivation
periods and higher product concentrations can be achieved when using Na,CO,
instead of NaOH (Figures 8 and 10). The lactate concentrations show a continuous
increase over the whole course of process for both pH adjustment agents used
(Figure 11).

Therefore, the resuiting cell-specific lactate formation rates are higher when NaOH is
used as base than when Na,COs is used (calculated data not shown). When NaOH
is used as adjustment agent, osmolalitites over the threshold of 400 mOsmol kg™
correlate with a slowing down of cell growth, when Na,COj; is used, however, the
cells continue to grow exponentially to enter the stationary growth phase at a later
point in time (Figure 12). High-osmolar processes, as described in the literature as to
increase in productivity (Kim, Kim et al., 2002), can be further optimized By use of
NazCOj3 instead of NaOH as pH adjustment agent, according to the results shown
herein. Particularly in combination with the pCO; controlier developed, processes of



In order to examine the effect of different sampling methods on the concentrations of dissolved gas in
the medium - according to the state of the art and using the apparatus developed - different
concentratiSns 0F dlé&&iled carbon dioxide and d&fjﬁerent pressures were &N & Hector Biostat
ES to simulate the different conditions in industrial large-scale fermenters. For this purpose, the
appropriate medium was gassed with defined carbon dioxide ratios in the gassing mixture under

standard fermentation conditions (ratio gassing 30 L.111, 37C, 200 rpm) and otherwise the parameters

indicatendn kivameis 2frablibibiseonimietherpblvpdide Wik nebadiustectby thesaddhiliemofaehase. For

the meagurements, the CO2 concentration pcreased by the jncreasing tota] pressure in the medium
was i BLUTIBIRA, S PG Uit o0 o A, S e A TED, B e showis
the parBxiysivalyeasortbindli Diraaenddab éhso expvatiemrdmiierPirsentdmveatéinn. The
measurements of the dissolved carbon dioxide ratio were carried out using in situ pCO2 probes
(Yellow Springs Instruments, USA) and/or, snégg&téq%#o sampling, off-line using a blood gas analyzer
(AVL Compact 3, Roche Diagnostics GmbH). Figure 14 indicates exemplary results for 0.15 M NacCl
as aquétigsaamantrelietheamelioa iR fergaptatianasspumpaning meas wameieturement
values and coogHriihgsiskypidaigpasinesie bednmpessicae(BlzbRetimp fernidetathatier loss of CO2
with use of the sealed syringe is to be attritygtgd. pri;magil)s to the lower degree of mixing with CO2-free
ambient air which inevitably occurs with conventional sampling. Sampling with the syringe is carried
out by means of a sterile adapter which could be connected directly to the sampling valve of the
reactorABiglre@dy desuripedl phesm)rénditicak fetmemia thefphimoed iostalladsircargastight manner

in the syAnge fixefb iNsA SdPROFAGAINRIAARRPRYICHERRpPYretaihe g RSaIaP (igsdifréndrd 8).
Comparative. results of.éjk{:s referred sam ling method with different reactor overpressuyres are shown
i Figul@ TOFRHRA, PR SlB SRS T AL SHa O KRR R U Fm SAHESR O GFFRE S RNRY Method. The
use of geseyrigyainsddrdaeardianeimgdischniguesdtiedksy, disweciuimiibiriizearkop siwfidessolved
gas conentisdanipBreO2e fE0Bha0Pé|éa 2850inkY @088 (1d 225 AREN P 2D aPSRkIMhatelysheuld

further pinimige e lpss ofdissgivad g8 Fr?réP'%’iigﬁHSP%B”e :8&;5%”@1&1%“ “éenaaﬁ‘d?'s‘? i
plezoelerarlc préssure receiver was'integrated into the sam;ﬂln ine Ad connecte {o_ a digital display
(Fig. 16)"¥Hglaterb a8 e ARYAKUFBRRIHR &S AReFBE iR PhHERWSCBU IR G HE SamBRi¢N SR from the
reactorbeeniiphidtidgarsplg pristilectnfivadiemeand plvetipstnemsemp st Bitue iSaric
Co”ec“%”é’%?ﬁ%i%'ﬂ}%?a‘?’%?o?ééﬂ?éj ﬂ%@ﬁ%%lllé! By ?Q\%éé%e%%%é%ﬁ%% EP%%P[fég%m the

I n t ).

pressure-blanketed fermenter into the sam[pl unit connected thereto (Fig. 16 e knurled screws
installeBdVES: AREURRGTBE AbrasRivie pPéfé’@rlé'%&-'b-QQ&E%?rt 18¥mMcoupling the unit from the reactor

(Fig. 16-18). The pressure-controlled sampling apparatus (DNP) developed in this way maintained the -

?li<s|.solvgrd NS QFEQ?éIHéEigfbiﬂgw 8§éﬁ]ﬁ%@§ef§m8|%ﬂhéaeﬁ]%flﬁ¥ﬁl @Y@@@WQB@%E@F@OWS
Inge . Flgures an SNOw a oto rap (0] SUp or ni r direrent, sampie

A s s o Sl G A o U 0 e
with inganeriiengle. sanmingageethedsddverspifenteataie s e wibrildtessurectiblankelitgpossible
to use andigagENotnaRgfivalivedmalarer RRNSwRsRR RgivP @SS e diangted érmengtions of

imal cells, Th ' lj lj ' ' binati ith th -sterjlisabl
Sl SRS (ot T HLE YT o BT U SO SULeL HaSA moc

(qualifivétinid REESRBIENINII QLR Habin ¥RESAl ol ke sripiar sHRAREIOMET ds calheespemsian
measuirdcdiine Acchitinddparafvientidegssdfitpitig methodhs cauppesepmithThe actual

" ) e b ch
e e S i S S o R g
significBRty BRFESRMEE affrbeninssdticienthimatliv Rl L niRR g APRI\ERTSe RRR-IF88di&olved

CO2 inghevemiverdl ez oy keg melthells decreases by 20% during the first 12 minutes already.
Thus, if conventional sampling techniques are applied, a representative measurement of dissolved

CO2i tati ith b ting is onl ihle with | iate th
means 1% BB B-EAATIES SHE JEB LR SURIS G mpR AL BetBIshet, ARAL i
reactorgp&asealivlandheages isrtipemadarts ieaddse onathmiefeciyef thecssamiingorapibadios

maintaips therkuealIaAEPr canceal ool slissabanted G ehreaiarRoT Re i eloprsdmwr(Figure
19). In this contexfggg concentration of dlﬁgalved oxmggen w stﬂot WO

2000/1T3288BTIEP 601601745 4gnreNied sampling” and the: necessity to apply it with

analysis of the intraceliular pH value of animal cells, which accompanies cultivation in
large-scale fermentation and/or fermentation with pressure blanketing, are presented.



limiting at any time (Klinger, 2006). Due to fact that the pressure and pCO2 concentrations of the
reactor are, a'nég)'?lez%%utside the reactor, the pressu_re-controlled sgmplir})%%% 58%% 1d](‘a/elop.ed
allows medium-term Sample treatment (< 1 h) ungler bioreactor conditions.”In"particular, the period of
time analysed in Figure 19 is suited in an optimum manner for the treatment of cell-containing sample
with a fluorescence dye as, for example, it is required for the measurement of the intracellular pH
value. The fundamental correlations between the p002 level in the culture medium and the intracellular
pH valyaiare ghawmirfoempiadbvibiepeseis sif P pledsepatipiieddrsmentainbiaaestusing the
sampling apparatus as described herein are given in Examples 5 to 7. In the following, exemplary
results of flow cytometric studies on cell physiological qualifications of the different sampling methods
are preenteduBificatimbyyheiHARE S iR B O BIR2SEGEIRBEents Maintaining the reactor
conditipns (tRmpeetaraind-ivel uffeco pipdiffenth b thapihegirmeitods eniraiio nanistisanived ofs,
Pressugd WRGEOISIdere A 'yn‘i%c?e‘&?iﬁe %886F&fﬁoBftﬁ%gy%”@fdﬁ%S@WéW@ 0lsing 'pacellular

pH value usmg%(‘:so ventlonaPprotoco s according t0’the state e art. Little attention was paid, in .

particuBPPRI eSSty RIRPREn st prancaatiatione nefidinsalve theaderidiaxgiey fcation of
the medifferemtdptiess efeecvwerehegbhpstol 0 df tieacklls Bustah &8incrematafdetHeralifféherfollowing

Examplesh di RO S RERIRR | YR IO IR ePURCC IR G ABUIBBIEN YRl S BROBAEC O2
show no detectable changes in éh ediym after sampling, the cells suspended in the medium can
o M AR R S e By T AIE S a5 RS TG, Sy g e
developtandanblifeyappiation icdhditonsmeatiodaeasimati@sLhid, p&&iBle B0Depstreantacellular
pH Va"dﬁﬁé’l_@!@@ i 95 dayrialesteal Mataaht R _.'“ﬁ\d&@'%&W'%@%Wrﬁéém'a”y
better than it is po%sm | &?e Fﬁte Oéfﬁ e art, ;I’he ollowing Fi %res 20 and 21 show results.from flow
cytome‘flr?cspplﬂng_aéﬁger#e t%i/?ct? e!lec_)%cﬁle e %ﬁ%‘oﬁ?&%ﬁoﬁ"‘%b\ﬁ%‘&@ SU{Q?CO élled
sampliggUFRNiratjoredpeterend |RthEhpatfiaraasnatitial? piesSU® tife Wshtoedismespastie Figure,
the ?nt@@iﬂmﬁ&h&hevt_trﬂrrmcg@&?@ﬂ@%ﬁwqeﬁﬁﬁu&;éﬁﬁ%&%nwmgm,eI)?@K&;ﬁi@ﬁ)%ﬁ _
againstthe [ P S t sulting.fro e ratios
of quorE 'eﬁesﬁnégﬁsi{?iﬁes %?ﬁk%ggﬁ?ﬁ ?aﬁénj)élé?rﬁﬁ!rﬁeg fh‘eﬂﬁﬁﬁearﬁe% a%ﬁc%rgﬁlg #g%%gﬁ éea %ration

values WRSNE"R GRIEERREH by the number of counts per detection channel. WO
2009/112250PCT/EP2009/001742 49 In order to determine the pH, value of a CHO cell population in

the pregureduaakeIftLigunsNiRE agRAling e dhs saloRidbeatio fliird SamBle WEs salgeipd in a
sterile m, nn(e:r under decF&m resssgon_to a?\gﬁghenc reg,éjé\%%n then incubated with the’

fluorestBHAE- KR RERAGEFYSHOW SRIRGR B¥ibe RE SYbSEFRSH AR5 MRIAGNt in the
flow cytdfrister ysiogeal thedigescenatyraediylraliomsizoiidinfighe Iiaghestic 8. Grkibire 20 Al

a doubfgpak ranrRrcakssneRembish isdaned o tvosrl Rarylalionsudh diffsentiomsaence
intensities (I%I 'Zth‘z dhA .Eespl%e he selectiqn, of syitable houngdaries for the individual peaks
(Fig, 201 JHRer et T RS T TS P T REAE T HIoBEMS T HieVAE pr:
value AMHCROMEHIRESRBPERAIBICIDOSS BBsergsdiaatbrfake=saRile after a period of 50

minutes (Fig. 2-20 C), the fluorescence of the cell population has completely shifted causing due to its

h SO the. il i tensity ratio (Eig. 20.CD). This sindl
peni 1S G L L E I L S SR SOPER (N SRR Tl Bl R,
temporARyONab 51856 Bfatiukita Vi 0b ST EREa3BRIGH APl AVItERY RetMiptWRvas to be
confirmethbgnimingitbempdteuréaonlindeditathelisgiiogdhis mwiogmmem@fiﬁmetﬁewhich .
was ohtaj Nan n - c - e ions wi
high flﬁégrg%rg%rﬁggg scaz-lgttesradr}\ﬁglr&tm?s %%%BAgh%y%%ﬁg‘ﬁ% Jgégﬁor??)?‘{t % E%?r%@éonding

(

ratio pé5i& (Fy. 205 NRIEAIBIRSRURAbHB TR JRANGH NS ISR SRHHANRY AP agARSs are
compatigihinitiatneseifrdheirsyulragiveth autpmgsoos sagaish ptonospheniio pat ssumelitng tfeeatter
diagraprisEistdp BARMDIANIIRIORRBK IV L AR ditstio fRIOWBEAER eaRgRiRghEGgerved.
Contrar .ﬁ) ﬁubat on w#hout pressureg%accorm%to the state of1t§e5ak§§}even aftgr 25 ‘:%Htes of
incubali, AR DL ACIS R GEPEREERR ST B TARI (1 54767 2 ) G ALEIRE R A single
ratio péesS(Figs PLUBUEEdyiaetiSerian ff tHussaamandagpretsascubated for further 25 minutes
without overpressure, the whole fluorescent cell population is shifted analogously to the one without

pressuke. (cf. Fig..21.E2 an . Fig. nd The final positions of the single peaks.are
o e b s aeha ol e A i A B R R R et o
of the 488 susuritibasalves igasepneaRilisEolaPrHhEhEen BaYedardRncubation without pressure

under expansion, cell populations from the reactor are subjected to a time-dependent pH, change

Which G31L0f SRR RGP B0 SISOV BRI R USP 5P Whrpling time




WO 2009/112250PCT/EP2009/001742 50 populations and the transient ratio double-peak. These

intracellul ARgRsSap be measured before extracellular parameter SUC%@E/}?H@%GQ%QZ may
cause significant changes of the measurement vghies and, thus, may falsify the measurenent of the

intracellular pH value of the cell population in pressure-blanketed fermenters considerably. Al-Rubeai
(Welsh and Al-Rubeai, 1996) attributed the time-dependent sub-peak (Fig. 20 Al, left peak) occurring
due to (intracellular) degasification to the non-viable cell population. Thus, according to their studies,

there i%ﬁ@wiﬂm@we’cﬂﬁmeb@tvg@m satifseiodad vialde Beﬂmﬁ@@lwlh@@@mwmh are
repres a syp- i jrm e resu r rein, In fact,
Ine coll oot B DA el e el VS SR I e
exponetRRYREVIND RRSCRABGIaReaasHe it RisRIBY $use $Rnals which coincide with an
acidification of the cytosol can be excluded as cause for the ratio double-peak shown herein (Fig. 20,
Al left . i I ' t L mpl r re
varatop SR e Cr e et e PSR ey TR B D SR

repetitiVPed b dRACHR RO AL IR RURIE RIFRRUE dBdERES AR iedciablprehaidas
observedsgireistiyanbiensahdrithusyllestionbefattrégathpley wesaozptieg amol omizaubiyidoywithout
pressugARY fERIHEIRdeAsiicRiRMaLINE6RITHE BrepsnRioRaNkiel i FRfRiBRSRidMantion,
ratio double-peaks were also observed with the use of.the pressure-controlled sa ing apparatus, but
only at OB R BRI AES R TR s o A B o 58 FMRa R LS El G ored
(data nGingHoWNG PhEke sainpleeVEss kiR Piaruethe agsiopingtich wndr & one dearezabioparallely
gﬁ)\lpl\iid(ﬁ@/y qfﬁtqrsl)ﬁtrvﬂa/ m@ag?tr@téaﬂ&ahw&@ﬁﬁﬂﬁdﬁ?&lﬁ@@k{w&iﬁaﬁwb : l@p@@aliyssmfri]ng
ragments). us r Wwn nerein s or e Cessiy, o1 1Isgbaric sampling wi
essul A P e R e e e e SR PO Rt e
reactor'B¥puRYRN 2 WEriegoof1 seysip dwrs2(0uraeL7 2966) EXovresE W et 8f shevortent of

the disgsHeesgeapbonatiehisle oppbe inHadeliudiffarintaderpienisiabeedswWidch smale usipriRigaolecule,
ohyscaldls S QR asur almiatolirn pleWlisp e’ BB ARG R sellapembrane

relatively u d without requiring specific transporters (Thomas, wever, within'the cell
and in he'8Rffacellular aqueous medium, it is in equilibrium with hydrogen carbonate for which active
transports systems are provided to the cell (Hu, Seth et al., 2007). Thus, a change in the concentration

of one g thaSREIRS WY HERLRSSAGRTABRORAING dianes bHRe-QlrBhsheRias IBYolBR iRthe
equilibrium and, con H(§/q§|)entlﬁé a gharﬂge of tt]eL‘ﬁ)H \é@k@a&ahar}f(_@s in the concentration of dcljssolved
co2 ardRANBRRYCAPFoRRRC BcalY T aE'amast o AR IEENY] RIS FEY G Qﬁé‘ete
time-ddpamestatednectobn andmatracallalar i valgsiphipopiingsel(Stinbimabwaizaniand) the
ItOhhySiI?"@giﬁBhﬁBﬂd}U Wﬂrﬂ‘%h?ﬁBﬁetéh%ﬂi!ﬁﬁ@élbgéfﬁ@ﬁﬂﬁm‘@t%ﬁ@&eﬂwé%i@k@@i@ﬁ'[tM@ @@ggk?tion of
ep S| 0 e cell membrane, in part..under energy-consumption conditions
s S S e s L R e TS0 of e
culture medium and the pHi of the cells cultured therein is studied. The CHO-MUCL1 cell line was
cultureé igitrecoBteditasspEQh vekeespmthaaanier, sistebOCbemasiattion) neesauiRlg waSipellected
under raAniEARCe Ol dBRVEARLpLACIHIRAthdMdbe HelRBRIRANER of iPiidnprbateduith the
pH-sensitive fludrescence dye according to the experiment in question. The concentrations of the

pco2 iftREUlgd emeliegdnsirt AsHaineqA vl Esmingtics) shRuRssardR iR sirdale-was
measutsatdiy métvetiohflaf GysoBety-MUC1 cell line. Even though the dissolved carbon

dioxide concentrations do not significantly differ in the different vessels immediately
after sampling, the concentration of dissolved CO; in the conventional sampling
methods decreases by 20% during the first 12 minutes already. Thus, if conventional
sampling technigues are applied, a representative measurement of dissolved COs in
fermentations with pressure blanketing is only possible with immediate measurement
by means of a blood gas analyzer.

The use of the sampling apparatus developed, while maintaining reactor pressure
and reactor temperature, is an essential advantage. The sampling apparatus
maintains the initial reactor concentration of dissolved CO» over a storage period of
one hour (Figure 19). In this context, the concentration of dissolved oxygen was not



(A)In vitro effects of pCO2 on pH; The pCO2 saturation to the corresponding pCO2 levels in the
medium wer 8 \{eg&)y gassing the stained cell suspension with air (AV, }_ﬁ; mediately
(<559) beforg)t% ﬁ)W cytometric pHi measuremeggt The effects on the mtri{a%ie; ularp e due to
different pCO2 saturations in the culture medium in vitro are shown in Figure 22. The parallel graphs of
the curves obtained from different reactor samples are indicative for a direct correlation between pCO2
concentrations in the medium enclosing the cells and the intracellular pH value of the cells. The higher

the Comﬁmtwgamnanyhﬁm@ltter@ﬁg@tumw@ highgewas taettermo ey gtk@é@@t@raﬂfdh gEipsol of
the cellé r%gﬁ\?%ﬁo' C'tﬂté'r? rg&o(l)lftm WO 2 %% 225(%P P2009/001742 52 The observed
phenomenon 0 term intracallufar afk |za loR with e%?etlon o?ecﬁg Iiveg?:(Bﬁe'f‘ls’ti’trcv?culture
med.un@%ﬁﬁ%@%ﬁ%me% RRRAHALSE ildaminprling/Iiwe cosdiuscierprsaeais deesmentin the
med|un(|<amd1§suncmrtbhtb|rgm@nttbhm®en carbonate and protons is removed, this will cause an
increase in the pH value since the binding of hydrogen carbonate to hydronium ions will increase to
replace the dlspersm‘%&COZ with elimination of water. This equilibrium shift takes place inthe cytosol

so that i asife et shtiarranaly st highien 1 this BEiRE AedERH ORI MEIERBBE as
shown forFigeec2dniethofaEiviagtdirsraheartiple viteca ifiuefegeshicoagyshemicaatiealef ithe

changes o ReNIRN B¢l TRBNEt eI B REELARLRL \stlp%aﬁ%therﬁ@'crtyﬁagaﬁ%gﬂtﬁ show, a
viable cell a elr¥ reacts to t sch%ﬁ #‘d}l 1env ronment. On a deflection from the physiolog]
equmbrﬁﬂﬁéﬁﬁg a fi%he %:% o d@E‘fFﬁnﬁrtﬁg’Emt@t‘édrﬁgﬁldPﬁ@ﬁ%M% 22, in
additiorvadLg @ghshaetmit Hexaiogl e fiecthie sesibits! O&te@élks@dmmwe@(lfwman‘MMmmmm of a
"physiolagicatieifesin (it 23b ArRiphagicesuainmeascn! hie RitrPdEhe Ahsssved, iy all

experiments (Fig. 23 and 24). In this context, the short-time alkalization of the cytosol due to CO2
depletion was always foIIowed by a phase of acidification of the cytosol, which is contrary to the shift of

the CcOMetpglifaiiawironigsermeaoynireids aiciawritcows ivepletizsirothealephyaiclogicalacellular
pH valuguafitie o stivr difepsd: kelawihg Misdomuadhise2anaad. 24). In this context, no

significant changes of the extracellular pH value are measured in the Cell culture medium used (Fig.
23), whereas the intracellular pH value shows the above described biphasic change, with the
extrace(lmlar Jeuaification bysnea LYEPIBEBdRSARKRBNBRLSdeflection could be observed
with diffdeentainiireg pGe 2reaktos (Etgtcﬁtlﬁ:mhetmmm&mm@@2;gmd.:ehjéqetumspdhenmtlajfcqmgentratlon

inihe syl edbant e it i gler 682 Braleinn dpissries edieda ol g fracelar

alkalization via the "chemical effect" ? er-compensation an acl |f|cat| n below the

initial VEIIET oY iffE cHRYaPKI IR \533 owRbe u?fhg‘?eéﬂha‘iﬁt%‘éf R pelisréiatee with
active eanysotigiracesstactisoaghatting orib state . of < reatlyLdiSe ustiedtaroves g heael aia several

relevarrsamamrtam@%l@m HaHe @@s@@@@ﬁméerfeméﬁmtmngmqﬂw%fs%&tat@fe"U'ar
pH val%ee neans of #gw e Jllbrlum |ort soI d C02 di turb tﬁ%phenomenon will
be furthergésc’l?ssieé‘l g B I?x% %r\/ﬁﬁl&% \ﬁﬁesﬁu \ﬁf@ tﬁ%@tﬂ"}’?ﬂte

cultu re*ﬁw&mtﬁammetﬁ%me Yuing ﬁmm@&mtmow&m@erlmwwmlmz 53
(B)In Si@xﬁﬁ@@ﬁl@fnﬁ@%@l’eﬁﬁnﬁ%@@emoﬂﬁwm’gﬁm ﬁé@é@lﬁa@@ﬂﬂﬁﬁ@é&?uﬁ gpBONSe on
CO2 de,q | H]lnath&cggm im @" Qge% were tg,,%e mulated.in SItL1 in the %o trolled
small-sca ermentatlon S ste ( pI?( % or this purpose, t e SerVARIe pro? Ef P was

raised ﬁi%‘ﬂl'dﬁw ity 4ensaride %rﬂm%@tmlmtmﬁg ths birreastMing pH, values are

plotted for the viable cell density in relation to process time. As can be seen from Fig. 25, the above, in

vitro ol@erﬁgtﬁgeﬁeé;ta%\;égepr%goga 3 mgﬁﬂn@%% tﬁS\tP%ngm%tﬁié'ddfé‘iéﬂﬂﬂng 8?-?50)/‘(“?%0' after a

decreasé of thé pCO2 le the cu ur S0.0occur in’situ In contrast, an éscalated

enrichrRBREYEHE &ﬁﬁ?é’?ﬁéa HRRSHHIRL B ARLesvBiRierRRIeRRHithe RV ClegieabS Rl g
short-tithe exgitficatiboelisdridhg-tinecalkidizassant@ibbatheetvad dsyeastidrie of the stdittodhe

escalat%irﬁeaﬁeeinfetmw dFg @wr&tﬁti@ﬁ Ehtkw e ftme%Q? BoiGhdiat th %'Ong -time
alkallzatlons of the ctells the (if‘f % ej (F% emaln at this lev @g +0.1 pH,
units per sﬁ EHSHS. §‘5 (‘)@o ﬁ\/@ﬁf‘fheﬂ%’%r ol ). Thus,
the mtreemlrag;iﬁlga&b) sé@sﬁew\tﬁwﬁecm;ed@aréeitdtuzwm@r@pa@we|tofm dghticd thedium,
snrr]tce a@@;ﬁb&mtm@wawﬁetethtlmeméavaﬁqnécmm llﬁ&w@ﬁtﬁtegé%éhbee?mq&wmeess
Thus 0 e H cells the descri consequences
regardtltﬁﬁé"3 /SI0 5%3‘/& jvn%vrh/éfeb%ll#ﬁrggvéﬁr%t E%ép concentrﬁﬂ%rﬁ3 %rtf e&@ % tiOI’t dlur%nq
ow the ratio peak resuttmg from the ratios of fluorescence mtensnttes FL3/FL2.
Thls ratio determines the pH; value according to the calibration values. its value is
determined by the number of counts per detection channel.




To date, only incomplete studies on this subject matter have been described in the literature. These
examined rpcesses regarding the influence of pCO2 on anim gr they were
based on rﬁg)e{?#c%{g%%% cell retention which coulg not ensure a constant @ﬁ%%u %\{Xosn%s&lze
distribution, cell cycle phase distribution, metabolic consumption and formation rates). Phenomena
which can be generally observed are the alkalization of the cytosol with accelerated cell growth and
generally intensified metabolism and/or a more acidic pH, with resting cells (Engasser, Marc et al.,
1996; Welsh and Al-Rubeai, 1996). In combination with the p002 controller developed, the chemostat
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This supports the theory that, during incubation without pressure under expansion,
cell populations from the reactor are subjected to a time-dependent pH; change which
can be measured by means of the inhomogeneous shift of the fluorescence



Figure 26 shows growth behaviour and viabilities for the different pCO2 control profiles. From this, the
following tendency becomes apparent. In general, the cultures in the bioreactor grew more rapidly at
lower pcoﬁ"%u%gé iFhdse were adjusted to congfant set values. At 5% pé’@?st?ﬁg KA Am density
of viable cell achieved is highest (1.3 x 107 m1: 1) and in minimum time (150 h). In this case, viability
decreases comparatively early so that the duration of cultivation is significantly shortened (<200 h).
Cultivation with a pCO2 profile simulating the course of growth in an industrial fermenter on production
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Thus, the results shown herein support the necessity of isobaric sampling with
pressure-blanketed fermentations in order to correctly determine the intracelluiar pH
values of the reactor population.



beginning of cultivation (Fig. 27) which is reflected by the slow growth behaviour. Throughout the
whole fermentation process, the GOG1 phase fraction is within a small range (50-60% GOGL1 fraction).

Since intra®efii4t?EriZ3tie activities also show pH dependencies, influenciR§ TP A4 8ITdkar pH by

means of pCO2 and the corresponding control stt%tegy is an important process parameter which is to
be optimized Bresnahan and Dittmer correlated, for example, increased specific antibody productivities
with increased intracellular pH and cell cycle arrestation, respectively, in the late G1 phase
(Bresnahan, Boldogh et al., 1996; Dittmer a% ‘:‘#I 1997) The controller developed in this
invention %r the figst time, aIIows to stu the decoup Ing of the pCO2 level from the pH value of the
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produciggnsndéioasaydnsetyconditions as possible, (e.g. energy transfer, overpressure,
temperature, pH value) by increasing the pCO2 profile. With regard to different industry-related issues,
the pCQO2 conrol ?s Vél” rpress'lzlre control developed were simultaneously and successfully
used in'the 16 tbioteac ea-patchprotesses. The results obtained by pCO2 control show high
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due to different pCO; saturations in the culture medium in vitro are shown in Figure
22. The parallel graphs of the curves obtained from different reactor samples are
indicative for a direct correlation between pCQO. concentrations in the medium
enclosing the cells and the intracellular pH value of the cells. The higher the CO;
saturation in the culture medium, the higher was the temporary alkalization of the
cytosol of the cells contained in the culiure medium.




Example 6 Chemostat culture of cell line CHO-MUC1-1gG: pCO2 set value control with glucose
limitation and."metabolic shift" WO 2009/112250PCT/EP2009/001742 59 In the 1 L bioreactor
described md%%%{r'%pilenf?E) the recombinant CHQ:K1 cell line CHO-MUC1- |88’%5% UtV &ted in the
chemostat process. For this purpose, gassing was carried out by means of an L-shaped gassing tube
(Applikon) which introduced the gassing mixture with constant volume flow into the medium below the
propeller stirrer (2.4 Lh-1). In this context, the cell suspension was removed from the near bottom
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following Q50 thed ntracilitdaripdiu@thalee decreases (Fig. 36). At this position of the gradients between
internal and external pH value, on the basis of the findings of the present invention, it is possible to

influen nd, thus, d rectl influence, lactate transport and m abolr m vi optimized pCO2
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2009/ 1%@%@@1‘%%@%%@ e to CO; depletion was always followed by a phase of
acidification of the cytosol, which is contrary to the shift of the CO; equilibrium. Only
30 to 40 minutes after in vitro CO; depletion in the medium, the intracellular pH value
of the population dropped below the initial value (Fig. 23 and 24). In this context, no
significant changes of the extraceliular pH value are measured in the celi culture
medium used (Fig. 23), whereas the intracellular pH value shows the above-
described biphasic change, with the extraceliular pH value being constant.

This super-compensation of pH, deflection could be observed with different initial
pCO; values (Fig. 24), wherein the pCO; gradient between the initial concentration in
the culture medium and the final value after CO, depletion determines the degree of
the intracellular alkalization via the “chemical effect” (Fig. 24). |

The super-compensation with an acidification below the initial value if the intraceliular
pH, which was observed in the second phase, can be correlated with active transport
processes through the cell membrane. As already discussed above, there are
several relevant transporters in CHO cells which are responsible for pH; control. They
adjust the intraceliular pH value by means of a flow equilibrium prior to a dissolved
CO: disturbance. This phenomenon will be further discussed in the foliowing
Example where the in situ effects of CO» enrichment in the culture medium on the
- cytosolic pH value will be examined.



60 increase in productlwty in recombinant cell lines, high process robustness desirable for industrial
processes. ‘J§%r%%(]) the experiments described herein, the combination of the §C027process
engineering deve ope erein should be carried Qut using a CHO cell line WhidkGee %ﬂ%z“éd via
metabolic engineering and pCO2- sensitive at the same time. Consequently, a sensitive alignment of
the control strategies in the fermenter with the desired cell metabolism is required. In this context, the
energy transfer must also be taken into account. In this study, the parameter of the empty tube velocity
of gas was selected for pCO2 control and regulation. However, if the stirrer interferes also with the
controI@scae folr i%anézl : the ef 2ct of energy transfer has to be studied in an analogous
approach’accotdgto-the set-up shown herein. In studies of this kind, the procedural
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62 (B) Viable cell densities and viability Viable cell densities and viabilities are shown in Fig. 39. In this
context, the following tendencies can be observed. All cultures reach the stationary growth phase after
approxmaf@@ A& time span (170 h; 7 days), For the different pCO2KSr&HELGHRM Akimum
viable cell densities do not differ significantly (9- 1‘1 x 106 mC). The later entry into the stationary
phase with controlled pCO2 of 15% may be caused by the initially lower viability of the culture
subsequent to inoculation of the stirring vessel. Possibly, the transition of the cells from the
pre-culthvatiomnat b3 Q2 1HHRJRE culture medium equilibrated at 15% CO2 in the reactor first has a
negative effect on the viability. Effects of these pCO2 surges on the cells were studied in Example 4. It
proved that, in comparison with the process according to the state of the art in which pCO2 is not
controlligditieeecnhtrd S0 COR ctinabraleiady tregagHounhiek winokirfgleneellatiasge aorvp hies a
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respectivelye Eig-camitrobisd tadep bdtacioltiva honvef cdltfime DHG-Mbbliedi D5egu@i@2 process.
Its cell-specific lactate formation rate is in the positive range over the entire course of cultivation (Fig.

42), hoxliveve the Iac acc mulzf_ﬁn in this ocess is the Io s&%g ), Th bserv tions allow
in

for the Ha Qgﬁc ua%%vl% A ﬁﬁ)c%%s C2
used sld@‘ﬁeéanbméraﬂmtﬂmﬁtla@atémhee'ﬁmﬂons wﬁttheontreneﬂmcpﬁ\mws t(metﬂaunﬁ)by 30%

with 158% pro2ReMmpased @ﬂoewéogsmam&%;ﬂ@ﬁ%?ﬁét%hedem@taﬁmwi@ﬂﬂfégr@@tfoebserved
with entrédhto th]e stationar

has mare distinct wi ctate trations. This.change in

metabdligmashot co%@r%g eIl%I 5ot ¢ ué%%e\gr glm%?n Ouilh}gc etlhﬁePaLHBf@% tﬁ?hls case
lactate TormndliBFE36H0ESRIgHAtekampias c&ﬁ%u\éﬂﬁé theuanedel sedoting | eHS&MRI G thigder
recombiranitell systermonth iespliesye/ateCarboxdanss araearease piaoesaelic gffigigncy can
be aCh@"BQé?gJ%}&' et%s%é(}spa%&)&hgh”]ﬂ g hﬁe?“?%éﬁ#@ (RF?Jefﬁ‘BéﬁRﬁﬂ'Wa%“%%@%t%ﬂp"ﬂpgate
control and r ation, as shown herein rm

working volume of up to 1 lifre a 5% CO; in the mcubator Subsequent to inoculation,

the viable cell density in the 10 L reactor was 1.5x 10° celis mL*. All further

fermentations in 10 L-scale were carried out under standard fermentation conditions

as described in Example 1(E) with constant energy fransfer. Foaming was

counteracted by manually adding an anti-foaming agent (Dow Medical Grade C). The

overpressure in the fermenter was adjusted to 750 mbar, the pCO, values to

constant 5%, 15%, 25% and/or a profile of 5-15% pCO,, respectively. The dynamic



The specific product formation rate differs with different, controlled pCO2 values significantly (Fig. 43).
In compari ith ncontrolled pCO2 process, the specific product formation rates are strongly
increased v%?% %%Qﬁ%?o%sly controlled pCO2: for ng controlled 15% pcozpﬁ%@&%"%%ﬁ%’r’red to the
controlled 5% pCO2 process by 15 % on average (Fig. 43). Thus, by control of pCO2 up to constant
15% pCO2, the increased specific product formation rate and the extended process duration result in a
maximisation of the hGM-CSF product titre by 100% in the case of the cell line CHO-hGM-CSF-PYC2
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constant pCO; values (Fig. 26).

(B) Cell cycle phase distribution

In the following, the cell cycle curves of the GOG1 phase fractions of cultivations with
different pCO; set value profiles are studied (Fig. 27). In this context, the relatively
high GOG1 fraction at 15% pCO; is to be noted which increases from 150 h onward
untit cultivation is stopped and, thus, reflects a progressing cell arrestation.

The curve of the GOG1 phase fractions for cultivation with a pCO, profile of 5-15% is,
up to 150 h, analogous to the curve for cultivation that is pCO.-controlled at constant



The increase in the specific productivity by arrestation of cells in the GO/G1 phase is described in the
literature. A three-fold higher specific production formation rate was observed e.g. with use of AMP
(adenosineYRoti8phEsRate), since the cells durlng the exponential growth’SHAZEHEf® Bt sted and,
thus, transferred into a long stationary phase. Th&process strategy of pCO2 control as pursued herein
results for CHO-hGM-CSFPYC2 in a product concentration which is 10-fold higher (at controlled 15%
pCO2) than with the strategy based on temperature decrease by Bollati et al. (Bollati Fogolin, 2003).
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in this context, the cell is exposed to a constant pCO; value in its environment
throughout the whole cultivation process. The pH; value increases continuously unti it
reaches a value of 7.35 and, at the turning point of the GOG1 phase fraction curve,
continuously decreases until it reaches pH 7.0. A short-time alkalization prior to the
decrease of viability and termination of cultivation can also be observed.

in general, at a pCO2 of this high level, the GOG1 fraction is _simiiariy high af the



control in industrial high cell density processes via pCO2 and, consequently, via purposeful adjustment

of pH, withdhe abgyesmentioned optimization potentials. The product formg&q}chgg&}éﬁoﬁaentially in
the GOG1 phase of the cell line studied. The highgr the controlled pCO2, the higher’is the number of

cells remaining in this phase. Thus, the higher viability of cells at a higher controlled pCO2 implies that
cells remain longer in the GOGL1 phase with an increased p002. (H) Apoptosis It was studied whether
a higher controlled pCO2 level has an anti-apoptotic effect on the cell culture. The 5-phase pH, curve
is a comeynnihgratetikiatiball(Eidivarprstiescibeasiiabtae byhtbe isiceag feanthFig:HEviout 7. It is
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Abbrev{aﬁm@pbreviaﬂon Explanation ATCC American Type Culture Collection BA

(DY  Glutamine and giutamate metabolism

With increasing pCO,, the glutamine uptake rate is slightly increased, this becomes
particularty manifest at 25% pCO; (Fig. 30). Similar starting curves for specific
glutamine uptake rates can be observed for 5% pCO; and 5-15% pCO; as aiready
observed with the GOG1 phase fraction (Fig. 27).

Based on the yield coefficients for glutamate versus glutamine illustrated in Fig. 31, it
is possible to assume that, in processes with high values of constant controlled
pCO,, the increased glutamine uptake contributes to the formation of glutamate to a
lower degree. Y(GLT/GLN) which indicate the correlation between formed glutamate
GLT with consumed glutamine GLN are, on average, lower with the constant pCO;
control value increasing and, furthermore, show different progression curves. With
progressing process, a continuous increase of the yield coefficient at a high level can
be observed at 5% pCO;, whereas, at 25% pCO,, only a siight increase can be
observed at a similarly low level. At 15% pCO,, the process shows a more constant
yield coefficient with a slight tendency to decrease throughout the process. With an
increasing pCO; set value profile (5-15%), however, the curve of the corresponding
vield coefficient is irregular. The local maximum of the yield coefficient at 170 h
coincides with the turning point identified before for the G0G1 phase fraction
(compare Fig. 31 and Fig. 28).



butyric acid BGA blood gas analyzer BHK baby hamster kidney BSA bovine serum albumin CA

carboanhydrase CD chemically defined CER CO2 evolution rate CHO Chinese hamster ovary
WO 2009/112250 PCT/EPZ009/001742
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(E) Lactate metabolism ‘

The cell-specific lactate formation rates show the characteristics as depicted in
Fig. 32 resulting in cumulative lactate concentration curves as depicted in Fig. 33. In
this context, the celi-specific curve at 25% pCO; has to be noticed which shows an
increase in the exponential growth phase (70 h - 120 h) and again at the end of
cultivation (> 200 h). The other fermentations examined, in general, show a decrease
with respect to the cell-specific lactate formation rate with progressing cultivation.
The fermentation at 15% pCO; shows the highest specific lactate formation in the
stationary growth phase.

(F)  Product formation

The product formations for the processes which are regulated to controlled constant
pCO:; values of 5% and 25% pCO; do not show any differences in their progression
except with respect to the final antibody concentration MUC1-l1gG, which is caused
by the varying process durations. The substantially higher productivity of the process
which was regulated to an increasing pCO; set value profile (Fig. 34), is significant.

(G)  Consequences for process development

Thus, in general, with pCO, adjustment to controlled constant pCO; levels, it is
possible to enhance process robustness under the conditions as shown herein.
According to the results as shown herein, the adjusted pCO;.set value profiles, in
particuiar, have potential for cell line specific optimization. Thus, it was possible to
increase productivity, under as constant conditions as possible, (e.g. energy transfer,
overpressure, temperature, pH value) by increasing the pCO; profile. With regard to
different industry-related issues, the pCO; control as well as the overpressure control
developed were simultaneously and successfully used in the 10 L bioreactor in fed-
batch processes. The results obtained by pCO; control show high potential for the
optimization of industrial cell cultivation processes by controlling the following
parameters: intracellular pH value, cell cycle distribution, central metabolism (e.g.
glucose, lactate, glutamine, glutamate), apoptosis/duration of cultivation.

Example 6
Chemostat culture of ceil line CHO-MUC1-lgG: pCO; set value control with
giucose limitation and “metabolic shift”

The differences recognized in the central carbon metabolism caused by the different
pCO; set vaiue profiles were studied in greater detail in the chemostat process (1 L).
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in the 1 L bioreactor described in Example 1(E), the recombinant CHO-K1 cell line
CHO-MUC1-igG was cultivated in the chemostat process. For this purpose, gassing
was carried out by means of an L-shaped gassing tube (Applikon) which introduced
the gassing mixture with constant volume flow into the medium below the propelier
stirrer (2.4 Lh™). In this context, the cell suspension was removed from the near
bottom region by means of an immersion nozzle in order to continuously add fresh
medium via the head region so that the reactor volume was maintained constant. The
corresponding flow rates D and growth rates p are shown in Fig. 35, viable cell
density was within flow equifibrium at 7.5 (1) x 10° mL™,

in the batch phase (< 120 h) the substrate glucose is consumed and the culture is
delivered to the metabolic switch in order to initiate lactate remetabolisation. In this
phase, glutamine is sufficiently available as an alternative carbon source, there were
no amino acid limitations. Subsequent {o a gradual increase in flow rate D with an
increasing number of viable cells, pH control was started at 230 h (from pH 6.6 to
pH 7.0 using 1M NaxCO0g3). Thus, the lactate remetabolisation prevailing up to then
was stopped and an increased lactate formation occurred.

In the glucose-limited chemostat process, the cell-specific lactate formation rates
decreased during the process. However, the growth rate remained equal to the flow
rate (Fig. 35). If there is a set value surge from controlied 10% pCO:2 to 20% pCO:
(420 h) in this flow equilibrium, the cell-specific lactate formation rate triples during
the following 150 h and the glutamine uptake decreases (Fig. 36). At this position of
the gradients between internal and external pH value, on the basis of the findings of
the present invention, it is possible to influence the pH; and, thus, directly influence
lactate transport and metabolism via an optimized pCO; control (also in combination
with pH set value contro! in the culture medium).

Example 7
pCO; controlled fed-batch cultivations of cell line CHO-hGM-CSF-PYC2
on a1 L-scale

As proven in the present invention so far, apart from the pH value of the culture
medium, also pCO; and pCO; set value control affect the ceniral metabolism
significantly, even under glucose-limited conditions. Furthermore, exact knowledge of
the intracellular pH value is essential for a metabolically and energetically optimized
cell culture process. Since in particular the mefabolic switch for lactate
remetabolisation may enable efficient metabolic pathways with an associated
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increase in productivity in recombinant cell lines, high process robustness desirable
for industrial processes. Therefore, in the experiments described herein, the
combination of the pCO; process engineering developed herein should be carried out
using @ CHO cell fine which is optimized via metabolic engineering and pCO,-
sensitive at the same time. Consequently, a sensitive alignment of the control
strategies in the fermenter with the desired cell metabolism is required. in this
context, the energy transfer must alsc be taken into account. In this study, the
parameter of the empty tube velocity of gas was selected for pCO, control and
regulation. However, if the stirrer interferes also with the control cascade for pO, and
pCO;, the effect of energy transfer has to be studied in an analogous approach
according to the experimental set-up shown herein. In studies of this kind, the
procedural parameter always have to be considered separately from the effect of the
composition of the culture media. :

Since direct effects of pCO; control on lactate metabolism could be identified, a cell
line optimized with regard to lactate metabolism by means of metabolic engineering
is used herein. The cell line CHO-hGM-CSF-PYC2 has a pyruvate carboxilase with
cytosolic activity affecting also the central metabolism (Wagner, 1998; Irani, 1999:
Bollati Fogolin, 2001; Boliati Fogolin, 2003) (Fig. 37). pCO; control should allow, for.
the first time, to purposefully change the hydrogen carbonate concentration in the cell
and, thus, the concentration of a substrate of pyruvate carboxylase via the pCO, level
in the medium and thus influence the central metabolism.

Subsequently, the effect of different controlled pCO; concentrations on parameters
such as cell physiology and cell metabolism as well as on intracellular pH and
productivity was to be studied on a 1 L-scale using the fed-batch fermentation of cell
line CHO-hGM-CSF-PYC2 which secretes the growth factor hGM-CSF into the
medium. Constant cultivation conditions which are analogous to the 10 L-scale allow
to compare the results with the results obtained for the antibody producing cell line
CHO-MUC1. The pyruvate carboxylase from S. cerevisiae which exhibits cytosolic
activity in this recombinant cell line and which catalyses the anaplerotic reaction of
pyruvate with hydrogen carbonate into oxalacetate allows the metabolic exploitation
of hydrogen carbonate, which is present in the cytosol, by the cell via the citric acid
cycle (Fig. 37b).

According to the analysis of the metabolic flows in BHK-PYC cells expressing the
recombinant cytosolic pyruvate carboxilase (Paul, 2008), the flow of the recombinant
cytolsolic pyruvate carboxylase was very low under the process conditions examined
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in this context. Consequently, a dependency on pCO, concentration and a pH;
dependency of this metabolic pathway caused by said concentration dependency
were o be studied. This approach was considered purposeful since the hydrogen
carbonate concentration is an important parameter for the reaction of cytosolic
pyruvate into oxalacetate and since, according to the results obtained herein, it
should be possible to influence hydrogen carbonate concentration via the (controlled)
pCO; level in the culture medium (and, thus, also in the cytosol). It is also
conceivable to influence the newly introduced metabolic pathway in the model cell
line CHO-hGM-CSF-PYC2 via the secondary parameter pH; - which, also according
to the results shown herein, can be influenced by the pCO; level -, for example, via
the pH dependency of pyruvate carboxylase activity and lactate dehydrogenase
activity.

(A}  Process conditions

Dependency of the cellular parameters on the controlled pCO; leve! was studied. The
inoculum was cultivated at 5% COs; in the incubator as described above. All inoculum
cultures used had viabilities higher than 95%. In the 1 L stirred reactor, standard
fermentation conditions were used (Example 1(E)). Glucose concentration was
maintained in the range of 2-5gL™ by adding a sterile bolus (maximum 5% v/v;
1-2d") of .a concentrated feed solution. This allowed to prevent both, glucose
limitation and the Crabtree effect (also: negative Pasteur effect) which occurs with a
glucose concentration of approximately 10gL™ and higher. Accordingly, the
glutamine concentration was maintained between 0.5-1.0gL" and amino acid
limitations were avoided. Throughout the entire cultivation process, pCO, values
were controlled to be constant 5% pCO2 and 15% pCOs,, respectively. A cultivation
with uncontrolled pCO; concentration was run as reference (Fig. 38). Here, pH set
value deflections of the culture medium were counteracted by adjusted admixture of
CO:; in the gassing air as well as by controiled addition of sodium carbonate solution
(1 M}). With this COz-based pH control, the increased formation of acidic metabolites
(e.g. lactate) during the cultivation process results in a reduction of the CO5 ratio in
the supply air but it may cause a decrease of the pCO; concentration in the medium
below physiological concentrations (< 5%). This reduction can already be observed
with the set-up with constant gassing rate as used herein (Fig. 38) and is probably
further increased upon successive increase in the gassing rate which is used in order
to increase the oxygen transfer into the culture medium.
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{B) Viable cell densities and viability

Viable cell densities and viabilities are shown in Fig. 39. in this context, the following
tendencies can be observed. All cultures reach the stationary growth phase after
approximately the same time span (170 h; 7 days). For the different pCO, profiles,
the maximum viable cell densities do not differ significantly (9 - 11 x 10° mL™). The
later entry into the stationary phase with controlled pCO; of 15% may be caused by
the initially lower viability of the cuiture subsequent to inoculation of the stirring
vessel. Possibly, the transition of the cells from the pre-cultivation at 5% COs into the
culture medium equilibrated at 15% CO; in the reactor first has a negative effect on
the viability. Effects of these pCO; surges on the cells were studied in Example 4. It
proved that, in comparison with the process according to the state of the art in which
pCO; is not controlled, the control of pCO; concentrations throughout the whole
fermentation process has a positive effect on the viability of the cultures and allows
an extended stationary phase of high cell density. The higher the controlled pCO-
value, the longer the culture is viable. The optimum for the recombinant CHO-K1 celi
line studied is closer to 15% pCO; than to 5% pCO..

(C) Addition of base and osmolalities _

The adjustment of the initial controlled pCO; value upon inoculation was carried out
with simuitaneous control of the pH value. Thus, the pH value decrease due to the
CO; added for high pCO, values was counteracted by the addition of sodium
carbonate solution. This caused a higher initial addition of base into the fermenter at
15% pCO, as can be seen in Fig. 40. However, the process without pCO, control
initially does not require any base since the acidification of the medium can first be’
counteracted by a reduction of the CO; ratio in the supply air (Fig. 40). Whereas the
addition of base at controlled 5% pCO; and controlled 15% pCO; is identical for the
intervals of the process time 80 - 180 h (parallel curves), the addition of base in
processes with unconirolled pCO; is greatly increased during this time. Thus, only
the process at 15% pCO; requires a base until the process is terminated (Fig. 40),
implying that the metabolism of the cultivated cells is still active. The final osmolalities
of all described processes are, however, identical and show an analogous curve
throughout the process period (Fig. 40). The extended process duration due to higher
viabilities s, thus, not coupled to osmolality, but has to be primarily attributed to the
controiled pCO; level.

(D) Lactate metabolism
Also with the lactate formation of the different processes, graduation can be
observed (Fig. 41). The non-controlled pCO; process forms more lactate from the
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start of the process already and achieves, compared to the other processes, a higher
concentration maximum. Subsequently, there is the controlled 5% pCO; process
involving decreasing lactate accumulation, followed by the controlled 15% pCO;
process.

independently from the controlled glucose and glutamine concentrations,
respectively, which were all maintained between 2.0 to 5.0 gL™ and 0.5 to 1.0 gL,
respectively, over the entire fed-batch process (data not shown), in the processes
with uncontrolied pCO, and with controlied 5% pCO, a lactate metabolisation with
entry into the stationary phase can be observed (from 180 h and 220 h, respectively,
Fig. 42). This diauxy behaviour is not very distinct in the controlled 15% pCO-
process. Its cell-specific lactate formation rate is in the positive range over the entire
course of cultivation (Fig. 42), however, the lactate accumulation in this process is
the lowest (Fig. 41).

These observations allow for the following conclusions: In the studied fed-batch
process, the celi line CHO-hGM-CSF-PYC2 used showed jower maximum lactate
concentrations with controlled pCO, values (reduction by 30% with 15% pCOQO»
compared to non-controlied pCO; process). The remetabolisation of lactate observed
with entry into the stationary phase is more distinct with higher lactate
concentrations. This change in metabolism is not coupled to a limitation of glucose or
giutamine. The central metabolism, in this case lactate formation serves as an
example, can thus be influenced by control of pCO; _in this recombinant cell system
with cylosolic pyruvate carboxylase, an increase in metabolic efficiency can be
achieved by increase in pCO; in the culture medium (preferably carried out by an
appropriate control and regulation, as shown herein).

(E) Product formation
The specific product formation rate differs with different, controlled pCO. values
significantly (Fig. 43). In comparison with the uncontrolled pCQO, process, the specific
product formation rates are strongly increased with continuously controlled pCQO,: for
the controlled 15% pCO; process compared to the controlled 5% pCO; process by 15
" % on average (Fig. 43). Thus, by confrol of pCO; up to constant 15% pCOs,, the
increased specific product formation rate and the extended process duration result in
a maximisation of the hGM-CSF product titre by 100% in the case of the cell line
CHO-hGM-CSF-PYC2 used (Fig. 44).
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(F) pH; cell cycle phase distribution and specific productivity

In the following, the cause of the increased productivity with increased controlled
pCO, concentrations was to be analysed. For this purpose, the intracellular pH
curves, specific productivities and selected celi cycle phase distributions of the
individual fermentations with different pCO; profiles were contrasted.

In Example 4 it was clearly shown which effects pCO; has on pH;. Thus, pCO; jumps
in the culture medium of the processes always cause a biphasic change of the
intracellular pH value. In the following figures (Fig. 45-47), the curves of the
intracellular pH value (before pulsed feed), the specific productivities and the ratios of
the percentages of cells in the S-phase and cells in the GOG1 phase (S/G0G1) are
shown.

In the fed-batch cultivation with uncontrolied pCO. (Fig. 45), the first feeding
coincides with the decrease of the pH; by 0.3 units. With entry into the stationary
growth phase, the pH; increases again. In comparison with the controlled pCO;
processes, the SPR remains extremely low. The pH; also remains on an extremely
low level (pH; < 7.1) during the entire cultivation.

With the 5% controlled pCO; culture (Fig. 46), the pH; decreases, independently from
the entry into the stationary growth phase, due to the first feeding by approximately
0.3 units. The entry into the stationary growth phase coincides with an increase in the
pH; by 0.5 units. The SPR also strongly increases in the stationary growth phase. In
total, the pH; is on a higher level than with the uncontrolied pCO; culture (Fig. 45),
however, it fluctuates more than with the 15% controlled pCO, process (Fig. 47).
Furthermore, the increase in the S/(G0G1) ratio at the end of the stationary growth
phase shows an incomplete arrestation of the cell cycle.

With the controlled 15% pCO; culture (Fig. 47), after the first feeding, the pH; does
not decrease — contrary to the cultivations with uncontrolled and controlled 5% pCOs,
respectively. Even after entry into the stationary growth phase, the pH; only
decreases slightly and for a short period. On the whole, with controlied 15% pCO,,
this cultivation shows the lowest variations of the pH; values and, moreover, the
highest pH; level in the course of cultivation. Furthermore, in this context, a constant
low cell cycle phase fraction S/(G0G1) can be observed from approximately 200 h,
which corresponds o a successful arrestation of the cell cycle (Fig. 47). The thus
extended viable culture period in combination with the increasing SPR during the
stationary growth phase results in the highest end product titre in this cultivation
series (Fig. 44).
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in summary, the cell-specific productivities with the cell cycle phase fractions of the
cells in the GOG1 phase are shown for the processes with different pCO, profiles in
Fig. 48.

Accordingly, the foliowing results can be summarised for the described fermentations
with different pCO; profiles for the cell line CHO-hGM-CSF-PYC2 analysed: An
increasing pH; correlates with the increased GOG1 phase fraction of cultivated cells.
An increased GOG1 phase fraction correlates with an increase in the cell-specific
productivity. The higher the controlled pCO; set value during the course of the
process, the higher is the phase fraction GOG1 in the stationary growth phase.

The increase in the specific productivity by arrestation of cells in the GO/G1 phase is
described in the literature. A three-fold higher specific production formation rate was
observed e.g. with use of AMP (adenosine monophosphate), since the cells during
the exponential growth phase were arrested and, thus, transferred into a long
stationary phase.

The process strategy of pCO; control as pursued herein results for CHO-hGM-CSF-
PYC2 in a product concentration which is 10-fold higher (at controlled 15% pCO,)
than with the strategy based on temperature decrease by Bollati et al. (Bollati
Fogolin, 2003). According to the findings obtained therein, it can be assumed that
also in the latter case solubility of CO; in the culture medium was increased due to
the temperature decrease and, thus, may have played a role in the increased
productivity via an extended process duration and an extended G0/G1 phase. Similar
effects due to temperature decrease have already been described (Bloemkolk, 1992;
Moore, 1997; Kaufmann, 1999). Even tough, contrary to the batch method, in the fed-
batch method used, limitations of the substrate can of course be avoided and an
extended process duration can be achieved, increased, controlled pCO, is a basic
factor for higher specific product formation rates. This increase is probably related to
the increased solubility of CO; in the culture medium.

(G) Cell respiration

In combination with pH control, measurement and conirol of pCQO, in the culture
medium developed in the present invention an enrichment of CO; in the liquid phase
was counteracted (Example 2). Thus, it became possible to balance CO; by means
of supply and exhaust air. The correlation of the oxygen uptake rate (OUR) with the
carbon dioxide evolution rate (CER) results in the respiratory quotient (RQ). A
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complete respiration of giucose into CO; would result in RQ = 1. An RQ value > 1
would only occur with fermentation, lipid or protein anabolism, whereas an RQ value
<1 is an indicator for incomplete oxidation of amino acids and for protein and lipid
catabolism (Hauser and Wagner, 1997; Alberts, 2002).

As described in Example 1, the oxygen transfer rate OTR can be calculated based
on the k.a value. This value was determined celi-free under standard pressure in
culture medium using the reconcentration method under standard fermentation
conditions in both reactors. For the 1 L reactor used under atmospheric pressure,
kiaoz = 3.55 h™. Using the diffusivities of the gases oxygen and carbon dioxide via
the proportionality factor 0.89 (Frahm, Blank et al., 2002), the value for this reactor is
kideoz = 3.16 nt

The OUR was calculated using the flow volume of oxygen in the supply air. The
partial pressure of oxygen in the reactor was measured onfine by means of an
oxygen sensor. Based on the pO; value, the concentration of oxygen dissolved was
calculated using the Hehry constant for oxygen at 37°C. Based on the oxygen
concentration in the supply air, the theoretical saturation concentration ¢* was
calculated. This allowed to calculate the OTR value. In a stationary controlled state,
OTR is equal to OUR and CTR is equal to CER, respectively.

in analogy to OUR, CER can be calculated on the basis of the measurement of the
exhaust air. Figures 49 and 50 show the OUR, CER and RQ values for the pCO,
controlled processes. After reaching a maximum value, the RQ value shows a
substantially more rapid decrease at 5% pCO; than in the controlled 15% pCO;
process. After a process time of 300 h, the RQ value of the process at 5% pCO; is
merely a third of the RQ value at 15% pCO;. The metabolism of this comparatively
more productive process with controlled 15% pCO, is more oxidative throughout the
whole process duration than the metabolism of the process with controlled 5% pCO..

Due to the comparatively high gas volume flows, the low cell consumption and
production rates allow no balancing with respect to the differences in concentrations
in supply and exhaust air. In this respect, the RQ calculations presented herein have
some disadvantages in comparison with calculations described for microbial
cultivations. Nonetheless, the RQ calculations demonstrate the potential of pCO2
control to determine the parameter RQ in real time during fermentations also in
animal cell cultivation processes. This would allow RQ parameter based process
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Apoptosis

It was studied whether a higher controlled pCO; level has an anti-apoptotic effect on
the cell culture. The 5-phase pH; curve is a common characteristic of all cultivations
described above, which is clear from Fig. 45 to 47. It is highly probably that, in all
cultivations, the last turning point of the pH; curve marks the beginning apoptosis. In
this context, the cell alkalinizes intracellularly before viabilities decrease below 80%,
which was the criterion for stopping all cultivations. In the flow cytometric
measurements of cell cycle which accompanied cultivation, a higher number of DNA
fragments was also detected as sub-G1-peak after this late pH; turning point (data
not shown) which in general can be observed in late phases of apoptosis (budding).

(h Consequences for process deveiopment

With uncontrolled pCO, or pCO; controlled at a low level (5%), pulsed feeds can
have unfavourable effects on the intracellular pH value (Fig. 45-47). Apart from this
feed technigue, the pharmaceutical industry uses continuous feed throughout the
whole fed-batch process in analogous processes. If pCO; is not controlied to
maintain a relatively constant and/or high level, respectively (see above), this is a
possibility not to provoke uncontrolied pH; oscillations based on the results shown
herein to begin with. It would, however, be possible to purposefully achieve the same
effect on the pHi of cells and, thus, on their physiology and metabolism by combining
pulsed and continuous feed, which would have to optimized, preferably in
combination with pCOz-controlled cultivation. A strategy adapted to the process
phases of growth and production might be rationally optimized on the basis of the
findings of the present invention. Due to the high intracellular buffer capacity by
HCOs3", a high (controlled) pCO2 content in the medium causes lower environment-
dependent pH; oscillations.
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CLAIMS

A method for the recombinant production of a polypeptide in a CHO host
cell modified in the citrate cycle to express a cytosolic pyruvate

carboxylase, the method comprising the following steps:

(a) cuitivating said CHO host cell in a suitable medium under conditions
which allow the expression of the polypeptide, wherein the content of
dissolved CO, (pCQOs,) in the medium is maintained at a constant
value in the range of 12.5% to 17.5%; and

(b} recovering the polypeptide from the cell or from .the medium.
The method of claim 1, wherein the cell is CHO-hGM-CSF-PYC2.

The method of claim 1 or 2, wherein the polypeptide is a fusion protein, an

antibody or a fragment thereof, an interferon, cytokine or growth factor.

The method of any one of claims 1 to 3, characterized in that it is carried

out as fed-batch method.

The method of any one of claims 1 to 4, wherein the content of dissolved
CO; (pCOy) in the medium is maintained constant by means of a control

system with a cascaded pCO,-controiler via mass flow controllers (MFC).

The method of claim 5, wherein the CO; ratio in the supply air is increased

by



WO 2009/112250 PCT/EP2009/001742
74

an overcut of the set value of pCO; in the medium, and the CO; ratio in the
supply air is decreased by an exceedance of the set vaiue of pCQO, in the
medium, and the cascaded controller opens an additional MFC for the delivery
of N; if the set value exceedance cannot be sufficiently compensated by a
decrease of the CO; ratio in the supply air.



