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Abstract A high cell density culture system for the anchorage dependent CHO cells was de-
veloped based on the combination of in situ removal of ammoenium 1on and microcarrier cul-
ture system, and semi-fed-batch feeding of glucose and glutamine was employed to the de-
veloped culture system. The glass bead was selected as an optimum microcarnier in terms of
cell grawth. An ammeonium 1on selective zeolte, Phullipsite-Gismondine, was packed in a di-
alysis membrane and equipped on the agitator of spinner reactor for in situ removal of am-
monium ion. The semi-fed-batch operation was employed to the novel culture system for the
high density cell culture, and the results showed the cell growth was 1improved by 32% and

tPA productivity by 250%.
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INTRODUCTION

Tissue-type plasminogen activator (tPA} 15 a glyco-
protemn with a molecular weight of 56 to 83 kDa and
consists of single chain that is converted into two
chains during fibrinolysis [1]. It activates plasminogen
into piasmin, and this activation rate is remarkably in-
creased 1n the presence of fibrin clot [2-4] Tissue-type
plasminogen activator 1s free of immune side effects
and has short half-life These properties make tPA an
excellent thrombolytic agent for medical use Nowa-
days tPA 1s commercially produced by using recombi-
nant CHO cells. But market share of tPA is relatively
low because selling price of tPA is higher than that of
strepteokinase or urokinase. Therefore, development of
high density culture systems and searching for an opti-
mum operational strategy for high tPA productivity 1s
essential to reduce production cost.

The nutrient depletion and cellular waste product
accumulation, which are two major factors limiting cell
growth and protemn production, should be overcome in
order to achieve high density culture. Glucose and
glutamine are the major carbon and energy sources for
mammalian cells and easily depleted during culture,
Semi-fed batch feeding of glucose and glutamine is usu-
ally practiced to make up their depletions.

Ammoniurmn jon and lactate are the major inhibitory
waste products in mammalian cell cultures. In animal
cell culture, glutamine 15 essential amino acid used as a
source of energy and precursors of other amino acids,
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antibodies, nucleotides, purine or pyrnmidine [5-10].
The accumulation of ammonium ion 1n arumal cell cul-
ture media is inevitable because ammonium jon is ex-
creted as a byproduct of glutamine metabolism [11].
Ammoenium 1070 is also generated in cell culture medium
during storage by spontaneous decomposition of gluta-
mine to pyrrelidone carboxylic acid. Ammonium 1on
has been shown to inhibit cell growth and product
formation. The inhibitory effects have been observed at
the ammonium ion concentration of 0.5 mM in mouse
Leell [12], 1 mM 1n 3T38 cell and BHK cell [13], 2-3 mM
in mouse hybnidoma cell [14], and 4 mM in MDCK cell
(15,16]. Ammeonium 10n has been also reported to in-
hibit virus production such as influenza virus, New
Castle disease virus, Columbia SK virus [17-19]. There-
fore, it is impertant to reduce inhibitory effects of am-
monium ion n order to enhance cell growth and prod-
uct formation.

There have been two ways of reducing the accumula-
tion of ammonium ion. One approach was the reduc-
tion of production rate of ammonium 10n and the other
was to remove ammonum 1on continuously from the
system as it 15 formed durning cultivation of cells {in situ
removal). Ammonium ion production rate could be re-
duced by decreasing glutamuine concentration in the
medium [20] or by culturing in glutamine-free medium
after adaptation [21-23]. However, the stimulation of
cell growth was not achieved through these trials al-
though ammonium ion production rate was signifi-
cantly reduced. Recently, a biological approach was re-
ported by Bebbington et al. [24]. Myeloma cells were
transfected with a glutamine synthetase (GS) contain-
ing vector and the transfectants were shown to grow in
glutamune-free medium due to the formation of gluta-
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mune from ammonium 1on and glutamate by glutamine
synthetase. An ammonium 1on resistant cells were also
tried by adapting cells to high concentration of amme-
nium ion [25].

In situ removal of ammonium ion has been attemp-
ted by several groups. Tio et all [26] tried to apply syn-
thetic zeolite ZCP-50 to the human hybridoma culture
in serum free media. Jeong and Wang applied another
synthetic zeohte Phullipsite-Gismondine, which has a
high selectivity and high capacity of ammomum 1on
adsorption, to the serum supplemented culture of mouse
hybridoma celis and demonstrated the enhancement 1n
both cell growth and antibody production (271, They
alsc immobilized zeclite nto calcium alimate bead or
dialysis membrane in order to resolve the problem of
powder form and applied to the culture of hybndoma
cells [28,29] and TGE-B1 producing CHO cells [30,31].
Matsumura et al. [32] also integrated zeolite packed bed
into perfusion culture of hybrnidoma cells and resulted
in the sigruficant enhancement of both growth and an-
titbody production of cells. Ancther approach utilizing
electrophoretic mechanism was tried by Chang et al to
remove ammonium ion and lactate in situ from suspen-
sion hybnidoma culture in order to enhance cell growth
and productivity [33].

In the present work, a high cell density culture sys-
tem for the anchorage dependent CHO cells was devel-
oped based on the combination of in situ removal of
ammonium lon and microcarrier culture system, and
semi-fed-batch feeding of glucose and glutamine was
employed to the developed culture system The integra-
tion of semi-fed-batch operation and novel culture sys-
tem developed 1n this work was intended to overcome
both nutnient limitation and inhibitory ammonium 1cn
accumulation The performance of semi-fed-batch op-
eraticn of the novel culture system was evaluated in
terms of cell growth, viability, tPA preductivity, and
degree of reduction of ammonium 1cn concentration.

MATERIALS AND METHODS
Cell and Culture Media

Anchorage dependent CHO cell preducing tPA (ATCC
CRL 9606) was used as a model system. For cell culture,
basal medium of DMEM/F-12 (Sigma, 1:1 v/v) was
supplemented with 10% FBS {GibcoBRL), 2 5 g/L sodium
bicarbonate {Sigma), 10 mM HEPES (Sigma), 10,000
umts/L penicillin (Sigma), 100 mg/L streptomycin (Sigmay),
6.5 g/L glucose (Sigma), 4 mM glutamine (Sigma). Me-
dium for cell culture was sterilized by membrane filtra-
tion (pore size, 0.22 um)

Cell Line Maintenance and Microcarrier Culture

The anchorage dependent CHO cells were main-
tained 1n T-flask (25 cm? Corning). Cells were inocu-
lated at 5 x 10 cells/mL and maintamned at 37°C n a
humidified CO, incubator (5% CO.,}. For microcarrier
culture, anchorage dependent CHO cells were immobi-
lized on the several mucrocarriers, such as glass beads
{Sigma), gelatin-coated micrecarrier {Sigmaj, Biosilon
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{(Nunc), and Cytodex 3 (Sigma). Microcarrier culture
was performed at the microcarrier concentration of 10
g/L and inoculation level of 3 x 10° cells/ml. Microcar-
ner culture was maintaned in the spinner reactor lo-
cated in a humidified CO, incubator (5% CO,).

Analysis of Cell Concentration, Viability, Ammo-
nium lon Concentration and tPA Concentration

Cells were detached from the sampled microcarriers
by treating with trypsin solution {200 unit/mL, 1 mM
EDTA, Sigma) and cell concentration was measured by
hemocytometer The cell viability was measured by
trypan blue exclusion method Ammonium ion concen-
tration was measured by ammonium ion electrode
{Crion). The 200 mL of pH adjusting ISA solution
{Cnon) was added to 5 mL sample and the electroma-
tive force was measured in mV unit, Calibration curve
of standard ammaonium chloride solution was prepared,
and mV unit of sample was converted into mM unit
[34) For the measurement of tPA concentration, a
chromogenic enzymatic method was used [35] Samples
containing tPA were incubated with plasminogen
{Sigma) and chromogenic peptide (5-2251, D-Val-Leu-
Lys-p-nitroanilide, Sigma) for one hour, and the absorb-
ance of generated para-nitroanilide was measured by
using ELISA Reader (Bio-RAD) at 405 nm.

A High Density Culture System and Semi-fed-batch
Operation

Phillipsite-Gismondine I'W-85 synthetic zeclite (UOP)
was used for the in situ removal of ammonium ion by
adsorption [26-32]. Park et al. already developed various
types of immobilized adsorbent and apphed tc ancho-
ra%e dependent CHO cells for tPA production [30]. They
selected membrane type immobilized adsorbent as an
optimum form and successfully appled to anchorage
independent CHO cells for TCGE-B1 production [31).
Therefore, the membrane type immobilized adsorbent
was explared to apply to the microcarrier culture of
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Fig. 1. Effect of ammoenium ion on the cell growth kinetics of
tPA praducing CHO cells.
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Fig. 2. Effect of ammonium ton on the tPA productivity of
CHO cells.
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anchorage dependent CHO cells for high density cul-
ture system in the present work. The membrane type
immobilized adsorbent could be easily prepared by
packing Phillipsite-Gismondine zeolite powder into di-
alysis membrane. For the pretreatment of dialysis mem-
brane, the membrane was flushed with water for 3-4 h,
treated with 0.3% {(w/v) sodium sulfide solution at
80°C for one hour, acidified with sulfuric acid {0.2%),
and washed to remove residual acid. Then, a high den-
sity culture system was assembled by attaching the
packed membrane to the impeller of spinner reactor In
sity removal of ammonium ion was started after 48 h
by replacing the normal impeller into the membrane
attached impeller, At the same time, semi-fed batch was
also operated. For semi-fed batch, 1.5 g/L/day of glucose
and 300 mg/10° cells/day of glutamine were added to
the system

RESULTS AND DISCUSSION

Effect of Ammonium lon on Cell Growth and tPA
Productivity

Fig 1 shows the effect of initial ammonium ion con-
centration on the live cell growth kinetics of CHO cells.
The ammonium 1on inhibited cell growth by retarding
initial cell growth rate and reducing maximum attain-
able cell density Fig, 2 shows the effect of mital am-
monium 100 concentration on the tPA productivity of
CHO cells. It could be observed that the inhibition pat-
tern of tPA production was almost simular to that of cell
%rowth. Therefore, 1t is belleved that the inhibitory ef-
ects of ammonium lon on tPA production is due to
mainly growth inhibitory effects of ammonium ion.
Several mechanisms have been proposed to explain the
inhtbitory effect of ammonium 1on. However, the fol-
lowing three mechanisms are generally accepted be-
cause of the existence of sufficient experimental evi-
dences. The First mechanism involves the uptake of

125
30
—C— Glass Microcarrier
—— (elaon WMicrocarmier

~ 251 —o— Biesilon
'g —— Cytodex 3
=
]
o 20 1
aQ
=]
215 A
=
e
[ ]
o 104
el
=
=

5

ol S —

0 20 40 60 a0 100 120
Titme (k)

Fig. 3. Companscn of cell growth kinetics of tPA preducing
CHQ cells cultured on several types of microcarriers

weak base NH,; into lysosomes causing increase :n intra-
lysosomal pH [36]. Second mechanism invaolves the up-
take of weak acid NH,* into the cytoplasm causing cy-
toplasmic acidification [36]. Recently, Ryll et al re-
ported that UPD-CNAc {(sum of undine diphosphate-N-
acetylglucosamine and uridine diphosphateN-acetyl-
galactoseamine) mediates the growth inhibitory action
of ammonium ion [37]. Ammonium ion is incorporated
into fructose-6-phosphate to synthesize glucosamine-6-
phosphate which is a direct precursor of the UDP-GNAc.
No matter which mechanism involves ammonium ion
toxicity of animal cells, 1n situ removal of ammonium
ion from cell culture media by immobilized adsorbents
15 a promising strategy to obtain high cell density and
high tPA productivity because ammonium ion obvi-
ously inhibits both cell growth and tPA productivity as
shewn in Fig 1 and Fig. 2.

Establishment of High Density Culture System and
Fed-batch Operation

The membrane type immobilized adsorbent was ex-
plored to apply to mucrocarrier culture of anchorage
dependent CHC cells for the establishment high den-
sity culture system through i situ remaval of ammo-
mum ion in the present work. The optimurm macrocar-
rier was selected prior to the development of novel sys-
tern because microcartier culture 1s basic culture system
for the large scale application of anchorage dependent
animal cells. For the selection of optimal microcarner,
CHQ cells were immobilized on several microcarriers,
such as glass bead, gelatin-coated mucrocarrier, Biosilon,
Cytedex 3, and cultured in spinner reactors with micro-
carrier concentration of 10 g/L. Fig 3 shows the cell
growth kinetics of tPA producing cells cultured on sev-
eral types of microcarriers The glass bead was selected
as an optimum microcarrier and used for following ex-
periments because the cells on glass beads showed best
cell growth among the microcarriers tested.

Then the ammonium ion removal efficiency of mem-
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Fig. 4 Remaval efhaency of ammonium on by membrane
evpe adsorbent attached in the spinner flask (agitation speed,
60 rpm).

brane type immobilized adsorbent was examined before
application to microcarrier culture system. Two grams
of Phillipsite-Gismondine zeclite powder was packed in
dialysis membrane and the membrane was attached on
the agitator of spinner by string. The 100 mL of 10 mM
ammenium 1on solution was then added to the spinner
and ammonium ion concentration was measured ac-
cording to time. Fig. 4 shows the removal kinetics of
ammonium 1on by membrane type adsorbent attached
an the agitator of spinner reactor. It shows relatively
quick equilibrium 1 three hours and removal efficiency
of 70% It 1s therefore concluded that membrane type
adsorbent could be successfully applied to in situ re-
moval of ammonium ion in order to keep ammonium
1on concentration below toxic level. The time required
to reach equilibrium was also relatvely short as com-
pared with culture period of one weelk.

Since the nutrient depletion and cellular waste pro-
duct accumulation are two major factors himating cell
growth and protein production, both in situ removal of
ammontum ion and semi-fed-batch feeding of glucose
and glutamine were finally integrated together in this
study 1n order to sigmficantly enhance the tPA produc-
tivity through high density cell culture, By periodically
providing mexpensive key nutrients such as glucose and
glutamine into the microcarrier culture system with 1n
situ removal of ammonium 100, a sigrficant increase of
cell growth and tPA productivity could be obtained
without further providing expensive serum components

To explote the applcability of proposed system, four
spinner reactors were run. Fig 5 shows the live cell
growth kinetics of various modes of operations. ‘Con-
trol’ is just a regular batch microcarrier culture using
glass bead. ‘Membrane’ is a batch microcarrier system
with in situ removal of ammenium ion. In situ removal
of ammonium 1on was started after 48 h by replacing
the normal impeller of spinner reactor with the mem-
brane attached impeller, because Park et al. [30] sugges-
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Fig. 5. Cell growth kinetics of tPA producing CHO cells cul-
tured 1n 100 mL spinner flask with vanous operation modes.

ted that the optimum additicn time for membrane type
adsorbent was 48 h after inoculation. ‘Control-fed’ 1s
the system operated in batch mode at exponential
phase and afterwards 1n semi-fed-batch of glucose and
glutamine feeding to make up for consumed nutrients
Semi-fed-batch operation was also started 48 h after
moculation. ‘Membrane-fed’ 15 the combined system of
‘Membrane’ and ‘Control-fed” This system is the inte-
grated culture method of semi-fed-batch operation and
novel culture system with i situ removal of ammo-
nium ion and nmucrocarrier culture. Cell growth of com-
bined system showed about 32% increase of maximum
attainable cell density as compared with sumple batch
operation. This result demonstrated the improved per-
formance of combined system. Also Fig 5 shows that
the cell growth of culture with adsorbent or semi-fed-
batch culture was better than simple batch culture
Therefore it 15 concluded that either removal of ammo-
num ion or supply of depleted nutrient is necessary to
enhance cell growth, and the combination of these two
approaches could maximize the cell growth. It is no-
ticeable that the cell growth of culture with adsorbent
was better than that of semi-fed-batch culture. Thus
means that removal of ammonium ion was more effec-
tive than supplement of depleted nutrients. This was
because ammonium lon accumulation became more
serious 1n case of semu-fed-batch culture due to increase
af glutamine concentration by continucus feeding. The
high accumulation of ammonium lon 1n case of culture
with only semi-fed-batch can be confirmed by Fig. 6.
This high concentration of ammonium 1on inhibited
cell growth and stimulated cell death in case of semi-
fed-batch culture. This means that fed-batch culture
alone could not support further cell growth because of
high ammonium 1cn accumulation caused by continu-
ous feeding of glutamnine. Consequently fed-batch mode
should be Incorporated with any means of ammonium
ion removal methed in order to get high cell density.

Fig. 6 shows ammonium ion concentration change in
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Fig 6 Ammonum ion production kinetics of CHO cells cul-
tured 1n 100 mL spinner flask with varnous operation modes.

the same run. It shows that ammonium ion concentra-
tions of culture with adsorbent and combined system
were kept even lower than simple batch culture. This
represents that in situ removal of ammonium ion was
successfully accomplished by membrane type immobi-
hized adsorbent As mentioned before, the accumulation
of ammonium ion was most serious in case of semi-fed-
batch culture due to the addition of glutamine. It is
well known that high glutamine concentration causes
increase of ammonium lon production rate as well as
glutamine consumption rate [38]. Therefore, ammo-
nium jon concentration was continuously increased in
the semi-fed-batch culture due to supply of glutamine,
so cell growth could not continue unless ammonium
101 was removed from the system,

Fig 7 shows cell viability changes in the same run.
Both systems with adsorbent (‘Membrane’ and ‘Mem-
brane-fed’) showed higher viabilities than those of two
systems without adsorbent (‘Control’ and ‘Control-
fed). This was because ammonium ion concentrations
of systems with adsorbent were much lower than those
of two systems without adsorbent as shown in Fig. 6
due to i sty removal of ammonium ion by immobi-
lized adsorbent. This means that high accumulation of
ammonium 10on not only inhibits cell growth but alsc
accelerates cell death. In other words, ammonium on is
a major factor to reduce cell viability, Consequently, it
1s necessary to remove ammonium ion for enhancing
cell mability as well as cell density.

Fig. 8 shows the tPA production kinetics 1n the same
run. The combined system showed 250% increase mn
tPA production as comnpared with simple batch opera-
tion. Simply combining additional feeding of small
amount of glucose and glutamune with a small pack of
immabilized adsorbent resulted in 250% increase of
valuable tPA, which was impossible to be accomplished
in a simple batch operation no matter how much serum
and other nutrients were provided into the system. It 1s
noticeable that tPA productivity was enhanced in the
combined system much more ntensively than cell
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growth. Like live cell growth kinetics, the tPA produc-
tivity of culture with adscrbent was better than that of
semi-fed-batch culture. This means that removal of
ammonium 1on was more effective in enhancing tPA
productivity than supplement of depleted nutrients. In
other words, tPA productivity was more sensitive to
ammonium ion accurnulation than nutrients depletion,
Therefore, tPA production could not be stimulated by
only feeding additional glucose and glutamine unless
ammonium ion was removed from the system. Eventu-
ally it 15 concluded the combined system of semi-fed-
batch and removal of ammonium 1on could stimulate
not only cell growth but also tPA production.

CONCLUSION

Ammonium ion showed inhibitory effect on both cell
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growth and tPA productivity. The application of mem-
brane type immobilized adsorbent was successful in
reducing ammonium ion concentration in culture me-
dia A novel culture system combining in s:tu removal
of ammonium ion in microcarrier culture system and a
semi-fed-batch operation was developed and explored as
a high cell density culture system for high tPA produc-
avity It showed more than 32% increase in maximum
cell density and 250% increase in final tPA concentra-
tion as compared with batch microcarrier culture sys-
tem The proposed system is economical because 1t can
accomplish considerably high cell density and high tPA.
productivity with employing inexpensive adsorbents,
glucose, and glutamine,
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