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Abstract

Batch and fed-batch cultures of a murine hybridoma cell line (AFP-27) were performed in a stirred tank reactor
to estimate the effect of feed rate on growth rate, macromolecular metabolism and antibody production. Macro-
molecular composition was found to change dynamically during batch culture of hybridoma cells possibly due
to active production of DNA, RNA and protein during the exponential phase. Antibody synthesis is expected to
compete with the production of cellular proteins from the amino acid pool. Therefore, it is necessary to examine the
relationship between cell growth in terms of cellular macromolecules and antibody production. In this study, we
searched for an optimum feeding strategy by changing the target specific growth rate in fed-batch culture to give
higher antibody productivity while examining the macromolecular composition. Concentrated glucose (60 mM)
and glutamine (20 mM) in DR medium (1:1 mixture of DMEM and RPMI) with additional amino acids were
fed continuously to the culture and the feed rate was updated after every sampling to ensure exponential feeding
(or approximately constant specific growth rate). Specific antibody production rate was found to be significantly
increased in the fed-batch cultures at the near-zero specific growth rate in which the productions of cellular DNA,
RNA, protein and polysaccharide were strictly limited by slow feeding of glucose, glutamine and other nutrients.
Possible implications of these results are discussed.

Nomenclature

Ny Viable cell concentration celrft
Ny Dead cell concentration celt}
N; Total cell concentration celt
Vv Culture volume I

Wi Target specific growth rate ht
tapp  Apparent specific growth rate t
F; Feed rate | bl
F, Harvest rate | bl
Glc Glucose concentration mM
Gln Glutamine concentration mM
Lac Lactate concentration mM

Amm  Ammonia concentration mM
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Gle; Glucose concentration in the feed mM

Gln, Glutamine concentration in the feed mM

Yelc Cell yield on glucose cell mmot

Yiac,gle Lactate yield on glucose mmol mnd

Yamm,gtn ~ Ammonia yield on glutamine mmol mmot

Ab Antibody concentration in the medium motl

Xm Concentration of cellular macromolecules in the medium g |
(m=dna, rna, prt, Ipd, psd)

X Cell mass (sum of cellular macromolecules) my |

k Rate constant for the spontaneous decomposition of glutamine® hr

oh Specific metabolic rate of metabolités<(glc, gin, lac,amm)  mmol cetlt hr1

Qab Specific antibody production rate pg (g cethrt

Om Specific production rate of macromolecules g (g célpr?
(m=dna, rna, prt, Ipd, psd)

A(y) Absolute error of a parameter

Re(y) Relative error of a parameter

Subscripts

glc Glucose

gln Glutamine

lac Lactate

amm Ammonia

ab Monoclonal antibody

dna Deoxyribonucleic acid (DNA)

rna Ribonucleic acid (RNA)

prt Protein

Ipd Lipid

psd Polysaccharide

Introduction

Monoclonal antibodies (MAbs) have become one of ~ Monoclonal antibody production has been repor-
the most important biological products gaining wide- ted to be non-growth associated in many cases (e.g.
Spread usage in immunodiagnosis, tumor imaging, Miller et al., 1988; Ray et al., 1989) while it was re-
affinity chromatography, drug delivery system and Ported to be growth associated in SP2/0O myeloma cell
cancer treatment. Since Kéhler and Milstein first made culture by Robinson and Memmert (1991). The pro-
hybridoma cells producing antibodies in 1975, hy- duction rate of monoclonal antibodies was reported to
bridoma cell culture has been used widely to pro- be higher (Hayter et al., 1992; Miller et al., 1988; Ray
duce monoclonal antibodies. Therefore, attention has €tal., 1989) at lower growth rates or unchanged (Bora-
been focused on the mass production of monoclonal Ston et al., 1984; Takazawa et al., 1988) in response
antibodies. However, to achieve higher productivity to lowering growth rates. The validity of growth and
of monoclonal antibody, a better understanding on non-growth associated concepts for antibody produc-
the relationship between animal cell metabolism and tion has been challenged (Phillips et al., 1991; Barford
antibody production is needed. etal., 1996).
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Antibody synthesis by hybridoma cells requires all networks to study metabolic flux. However, the effect
the cellular machinery for protein synthesis including of macromolecular metabolism on the production of
transcription, translation, posttranslational modifica- antibody during hybridoma cell culture has not been
tion, and secretion because antibodies are proteins. Onextensively studied previously.
the other hand, antibody is not an essential product  The present study investigated the relationship
for hybridoma cell growth, thus its production might between the metabolic activity of cellular macro-
be expected to be less favored by fast-growing cell molecules and antibody production while examining
when compared to the production of cellular proteins. specific metabolic rate of metabolites such as glucose,
Therefore antibody productivity might be expected to glutamine, lactate and ammonia as a function of the
increase by strictly limiting cell growth in fed-batch specific growth rate in the fed-batch cultures.
or continuous culture. Antibody productivity has been
reported by several researchers to be higher in the G1 )
phase of the cell division cycle (Garatun-Tjeldstg et Materials and methods
al., 1976; Golding et al., 1988; Ramirez and Muthar-
asan, 1990; Suzuki and Ollis, 1989). Linardos et al.

(1992) suggested that the fraction of cells arrested in The cell line used in this study was a murine hy-
the G1 phase should be higher at lower dilution rates pridoma AFP-27, producing an IgG1 antibody which
of continuous culture. Though cell death rate was also reacts with human-fetoprotein. The medium used
shown to be a function of the cell fraction arrested in in this study was based on DR medium (1:1 mixture
the G1 phase of the cell cycle (Linardos et al., 1992), it of Dulbecco’s Modified Eagle’s Medium (DMEM)
is not yet clear whether this can be the major reasonfor and RPMI) or eDR medium (DR with additional
the increase of antibody production at lower specific amino acids) with various concentrations of glucose
growth rate. and glutamine. 20 mM glucose and 4 mM glutam-

On the other hand, animal cells produce waste jne in DR medium was used for batch culture on
products such as ammonia and lactate which havethe 4 | scale. The inoculum for the fed-batch cul-
been reported to be inhibitory to cell growth and/or tyre was prepared by serial subcultures, in which the
antibody production. Excess supply of glucose and culture volume was doubled daily from 30 ml up to
glutamine in the medium may cause accumulation 1 | with eDR medium of 5 mM glucose and 2 mM
of intracellular pyruvate which accumulates on both glutamine. The concentrations of amino acid in the
sides of the mitochondrial membrane. The excess eDR5/2 medium are as follows: 0.100 mM L-Ala,
pyruvate exceeding the mitochondrial capacity for ox- 1,550 mM L-Arg, 0.760 mM L-Asn, 0.300 mM L-
idation is excreted as lactate and alanine while ammo- Asp, 1.651 mM L-Cys, 0.068 mM L-Glu, 2.000 mM
nia is produced in the initial steps of glutaminolysis | -GIn, 0.266 mM Gly, 0.500 mM L-His, 1.769 mM
(Ljunggren and Haggstrom, 1994). This substrate- | -|le, 1.769 mM L-Leu, 1.528 mM L-Lys, 0.503 mM
concentration-dependent overflow metabolism can be | -Met, 1.126 mM L-Phe, 0.087 mM L-Pro, 0.782 mM
reduced or prevented by using slow feeding of gluc- | -Ser, 0.794 mM L-Thr, 0.257 mM L-Trp, 0.784 mM
ose and glutamine in fed-batch or continuous culture, | -Tyr, and 1.460 mM L-Val. Fetal calf serum (2%,
since high specific growth rates favour this type of v/v) was added to the main culture medium and feed
metabolism (Ljunggren and Haggstréom, 1994). medium.

Fed-batch culture has been used eXtenSively in Hybridoma growth was controlled during the fed-
animal cell culture to extend maintenance of viable patch operation by setting a target specific growth rate
cell population (Bushell et al., 1994) and to avoid at start of feeding. Target specific growth rate was used
depletion of glucose and/or glutamine (Glacken et to calculate feed rate of feed medium with concen-
al., 1986), as well as being able to operate at lower trated glucose and glutamine for exponential feeding
specific growth rates. Macromolecular composition in accordance with increased cell mass. Feed medium
of hybridoma cell has been studied previously by consists of concentrated glucose (60 mM) and glutam-
other researchers (Bonarius et al., 1996; Savinell andine (20 mM) as well as enhanced amino acids in 1:1
Palsson, 1992; Xie and Wang, 1994a; Zupke and mixture of DMEM and RPMI. Glutamine and gluc-
Stephanopoulos, 1995). Biosynthetic rates for cellular ose concentration in the feed medium was designed
macromolecules of hybridoma cells were calculated to give a 1:3 ratio. This ratio was based on the pro-

by Savinell and Palsson (1992) as part of metabolic files of typical batch growth of hybridoma cells in

Cell line and medium
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Figure 1. Atypical batch culture profile of AFP-27 in 4 | medium of
DR25/4 (1:1 mixture of DMEM and RPMI with 25 mM glucose and

4 mM glutamine). Total (empty square) and viable (filled square)
cell concentration, monoclonal antibody (asterisk), and major meta-
bolites including glucose (filled circle), glutamine (filled triangle),
lactate (empty circle), and ammonia (empty triangle) are shown.

which 3—4 mM glutamine and 8—-12 mM glucose were
consumed during batch cultures of AFP-27 (Figure 1).

ature. The bottom plate incorporated a cooling loop
through which tap water was circulated under control
of a solenoid valve. A PT 130 resistance thermometer
incorporated in the bottom plate was used to monitor
the culture temperature. The top plate had a number of
ports for feed, base/acid addition, sampling, and air in-
let and outlet. An impeller shaft was incorporated with
2 marine type impellers in place. The impeller was
driven by a removable variable speed motor (Baldor
AP7427, Baldor, Fort Smith, AK, USA). The glass
vessel was modified so that pH and oxygen probes
could be side-mounted. The whole reactor set-up was
mounted onto a movable trolley which could be moved
to a services panel that supplied water, control gases
and power.

Monitoring and control of the fermentation was
performed using FC4 data logger and controller (Real
Time Engineering, Sydney, Australia) interfaced with
a 486 personal computer. Another computer unit was
used to control feed rate using analogue output to peri-
staltic pumps (Watson-Marlow, MHRE2) by GENIE
program (Advantech, MA, USA). pH was automatic-

Though both glucose and glutamine are expected &lly controlled to 7.1 by adding 0.5 N NaOH and 0.5 N

to be limited in fed-batch cultures in this strategy,

HCI and temperature was controlled to 3¢ auto-

feed rate was calculated using only glucose concentra-matically by the FC4 controller. DO was controlled

tion in the culture to minimize the complexity of the
operation.

Cultivation conditions

Working cell banks were made by freezing vials down
in the presence of 20% fetal calf serum (FCS) and
10% dimethyl sulphoxide (DMSO). Cells were rapidly

thawed at 37C, washed once in medium and incub-

ated at 37°C, in a 25 cm T-flask. Cells recovered

from the frozen state were weaned from the high con-

tent of serum by a series of subculture with lower
content of serum. All the subcultures were performed
in the T-flasks with area of 25 chror 75 cnf and
spinner flask with culture volume of 200-500 ml. In
the subculture, temperature was maintained at@7
and agitation rate was set to 30 rpm.

Batch and fed-batch cultures in 2—4 | running

automatically to be maintained between 10 and 50%
by direct sparging of compressed air.

In fed-batch operation, an exponential feeding
method was used to control the specific growth rate
by feeding the concentrated feed medium previously
described. In the calculation of the feed rate, cell yield
from glucose was assumed to be constant and remain-
ing glucose concentration in the reactor was assumed
to be much lower than that of feed medium. Feed
rate (F;, | hr~1) was calculated from target specific
growth rate ft;, hrY), viable cell concentration\,,
cell L=1), running volume V¥, liter), cell yield from
glucose consumedr;., cell mmot1), and glucose
concentration in feed mediung{c s, mM) according
to following equation (Pirt, 1957):

weNyV

= — 1
Yo1cGley (@)

i

volume were performed in a stirred tank reactor. |n this equationy,;. andGlc s were set to 2.1k 10°
The reactor consisted of a glass cylinder section (PS cells mmot-! and 60 mM, respectively. Feed rate was

300 Crown Corning, Sydney, Australia) sandwiched

between two stainless steel plates with Teflon seals.
Silicon tubing was wrapped around the glass cylinder

as heating loop through which water was circulated
using a thermocirculator (Grant LC10, Grant Instru-
ments, Cambridge, UK) to control the culture temper-

recalculated after every sampling with updated cell
numbers and running volume.

Analytical methods

Samples of more than 100 ml were withdrawn from
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the culture about every 12 hrs for the assays of cell was dried in a weighing pan at £4C in a vacuum
number, concentrations of nutrients and metabolites, desiccator until a constant weight. Dry cell weight
and concentration of cellular macromolecules. Each was estimated by filtration of a known number of cell
culture sample was distributed into centrifuge tubes onto pre-weighed, 0.22m filter papers, followed by
placed in cold ice (4°C). Three of 10 ml culture = washing with PBS. A zero reading was recorded by
samples were prepared for the assays of cellular DNA, washing duplicate filter papers with PBS alone. The
RNA, and protein. Another 10—20 ml culture sample filter papers were dried at 10@ for more than 1 hr
was prepared for the determination of dry cell weight. and subsequently weighed.
The remainder of the sample (50-60 ml) was prepared
for the assay of cellular lipid. Cell pellets were har- Data analysis
vested by centrifugation (1500 rpm, 10 min). The cell
pellets were resuspended with a cold PBS (phosphate-Experimental data from the batch and fed-batch cul-
buffered saline, £C) solution then centrifuged again  tures were analyzed by fitting to appropriate functions
to wash the pellets for 10 min at 1500 rpm. The using the least-squares method. In the batch culture,
washed cell pellets were stored in — 40D freezer un- time course data were divided into two phases —
til assayed. This methodology reduces any subsequentgrowth and death phase. In the fed-batch cultures, data
macromolecular degradation in the samples. were divided into three phases — batch, quasi-steady
Viable and dead cell number were counted on a state, and death phase. Data from the growth phase
hemocytometer (Neubauer, Germany) after diluting of batch culture and the quasi-steady state of the fed-
the sample 1:1 with 0.16% trypan blue in normal sa- batch cultures were used to obtain specific rates for
line. Glucose, lactate, and ammonia were assayedcell growth, toxic product formation, and monoclonal
using an enzymatic technique, in which the change antibody production. A quasi-steady state was defined
in NADH concentration was monitored at 340 nm in this study as the state in which the rate of the net
using a spectrophotometer (UNICAM SP1800 ultravi- increase in glucose concentration in the culture is ap-
olet spectrophotometer). Total amount of antibody was proximately zero, assuming that cell growth is limited
measured using enzyme-linked immunosorbent assayby glucose during the period.
(ELISA). Samples were diluted so that they fell into The equations used to calculate specific rates are
this approximate range. Normally, three dilutions of described in Equations (2)—(12). Harvest ratg)(
the sample were used in each plate. If only one read- was included in the equations to include the changes
ing was obtained for a particular sample (i.e. only one in the total amount of cell mass and metabolites in-
falling into the linear portion of the standard curve), troduced by sampling. Specific rates best fitting the
the assay was repeated. Pre-column derivatization experimental data were searched for using the ‘solver’
technique using FDNDEA (N,N-diethyl-2,4-dinitro-5-  function of Microsoff® Excel to minimise the differ-
fluoro-aniline, Fluka, Buchs, Switzerland) was used ence between the actual and calculated data. Apparent
to assay the concentration of amino acids in the cell specific growth rateyq,,) in this study was derived
culture supernatant (Fermo et al.,, 1988; Fermo and from the profile of viable cell concentration during the
Vecchi, 1990). culture using Equation (2). At least 10 experimental
DNA and RNA were purified from the cell lys-  points were used to estimate the average apparent
ate using the method of Halliburton and Thompson specific growth rate.
(1965). DNA concentration in the sample was determ-
ined by the diphenylamine method (Dische, 1955). dN V) _
. . = Mapp(Nv V) — FyNy (2)
RNA concentration was assayed by the orcinol method dr
(Brown, 1946). Total cellular protein was assayed
by using Coomasie Blue (Bradford, 1976) after ex-
traction with sodium hydroxide. Total cellular car- M =-0Q : _
= —Qu1c(NyV) + F;Gley — F,Glc (3)
bohydrates were determined by the phenol-sulfuric dr
method (Dubois et al., 1956) after lysis of cell pellets
with lysis buffer (0.5% Triton X-100, 1 mM EDTA, d(GInV)
0.2 mM PMSF). The extraction of total cellular lip- o
ids was carried out using the methods of Folch and
Sloane (1957). The final lower phase contained lipids —Qein(NyV) —kGInV + F;Glny — F,Gln  (4)
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Table 1. Relative errors, Re(y) for measured and
calculated parameters in batch and fed-batch cul-

W = Qie(N,V) - FoLac  (5)
d(AmmV) _
dr

Qumm(NyV) +kGInV — F,Amm (6)
% = Quna(XV) = FoXana  (7)
%%ﬁﬁzgmam—&&m (8)
W) 0 xv) = FXpn (@)
%%?Qszmﬂﬁ—&&m (10)
%fgﬂﬁizgmﬂxvy—nxmd (11)

mﬁW)=Qwawy—&Ab (12)

Errors for measured and calculated parameters are

shown in Table 1. Some of these are compared with

those of Portner and Schafer (1996) and are consistent

with their findings. Absolute errorg (y) for the para-
meters which were derived by addition or subtraction
of measured ones were calculated using Equation (13).
Relative errors, Rg{ for the parameters which were
derived by multiplication or division of measured ones
were calculated using Equation (14) (Pentz and Shott,

1989).
Ay) = /Y A2 (13)
Ayi\?
Ren =2 (5) (14)

wherei =1, 2. .., n (number of parameters used in the
equation).
Results and discussion

Culture performance

Hybridoma cell growth was successfully controlled
during fed-batch operation by controlled feeding of

ture

Measured  Re(y) Calculated  Re(y)
parameter (%) parameter (%)
Ny 6[7F N 8 6]
Ny 6 [7] m 11 [10]
Gle 31[2] Qgle 7[10]
Gin 7 [5] Qgln 12 [10]
Lac 42] Olac 9[10]
Amm 6[5] Qamm 11[10]
Ab 12[10] OQap 21[12]
Xdna 7 Qdna 16
Xrl’l(l 3 er’l(l 14
Xpri 7 Opri 16
Xipd 8 Oipd 17
Xpsd 3 std 14

X 13

Ylac,g/c 5

yamm,gln 9

@ Numbers in the brackets are errors reported by

Portner and Schafer (1996) for continuous culture.
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Figure 2. Relationship between target specific growth rate and
apparent specific growth rate in the fed-batch cultures of AFP-27.

feed medium (eDR60/20). Maximum viable and total
cell density were increased about 3-fold in the fed-
batch at a target specific growth rate of 0.025%r
compared to the batch level. Maximum antibody titer
in the fed-batch at a target growth rate of 0.0t%hr
was 5-fold that of batch case (Table 2). As seen in
Figure 2, the apparent specific growth rate in fed-batch
cultures increased with target specific growth rate to
some extent. The apparent specific growth rates have
some deviation from the targeted ones both in higher
and lower ranges, possibly because the yield value



235

Table 2. Culture performance in batch and fed-batch cultures of AFP-27

wi (hrL) 0.01 0.0175 0.025 0.035 0.06 Batch
Max. viable cells ~ 82.95.0  207.2:12.4 312.8:18.8 244.8147 97.859 104.46.3
(107 cells 1)

Max. total cells 1934154 351.228.1 382.8:30.6 280.222.4 118.395 113.29.1
(107 cells 1)

Max. MAbtitre  180.0:21.6  56.5:6.8 73.3:8.8 84.7£10.2  43.9%53  34.2t4.1
(mg 1)

0.008 -
<. 0.006 4
£
]
S 0.004 -
o
2
2
S 0.002-
0.000 4 : . .

0.004 0.01 0.03 0.037 0.042

Apparent specific growth rate (hr'1)

Figure 3. Specific antibody production rate as a function of the
apparent specific growth rate in the fed-batch cultures of AFP-27.

(Yqic), used in the calculation of feed rate, was as-
sumed to be constant, while actual yield could vary
with different feed rates in the fed-batch cultures. The
apparent specific growth rate could not be increased
further above ca. 0.04 ht in this fed-batch cultures
possibly due to the accumulation of ammonia and/or
lactate (The apparent specific growth rate of the batch
culture in the same reactor with 4 | running volume
was 0.043%0.0045 hrl). Fed-batch culture which

was fed by concentrated glucose and glutamine at a

high rate (as the case with target specific growth rate of
0.06 hrt in this study) was expected to be inefficient
in terms of cell yield and antibody production, be-
cause high level of glucose and glutamine in medium
would increase toxic product level without significant
increase in cell growth or antibody production.

Antibody production

The specific production rate of antibody in this study

showed significant increase in the near-zero apparent
specific growth rate in the fed-batch cultures while
showing lower specific production rate with little vari-
ation above 0.01 hrt (Figure 3). This trend of sharp
increase in the near-zero specific growth rate is con-
sistent with result of Leno et al. (1992) reporting that
the maximal antibody production rate occurred at the
low dilution rate in continuous culture of hybridoma
under adverse environmental conditions such as low
nutrient supply. This also agrees with the findings
that hybridoma cells might increase the production
of antibody when subjected to stress such as nutrient
limitation (Al-Rubeai et al., 1990). The issue of an-
tibody productivity and its relationship with growth
rate is one which remains contentious. The issues of
experimental errors (Phillips et al., 1991) and the re-
lationship between antibody productivity and cellular
metabolism (Barford et al., 1996) still have not been
fully resolved and require further study.

Hybridoma cells can be arrested in the G1 phase
by means of isoleucine deprivation, serum depletion,
stationary state reached after exponential phase, inhib-
ition by drugs and oxygen supply limitation (Suzuki
and Ollis, 1989). They proposed, from the study of
their cell cycle model, that hybridoma cells in the G1
phase might often produce antibody at a rate consid-
erably higher than that in the other cell cycle phases.
And this was supported by the report of Ramirez and
Mutharasan (1990). Therefore, the increase of the G1-
arrested cell fraction could be another possibility for
the increase of antibody productivity at the near-zero
specific growth rate, though this assumption requires
further study for verification.

Metabolism of glucose, lactate, glutamine and
ammonia

Glucose has been limited during the quasi-steady state
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Figure 4. Specific consumption rate of (a) glucose (filled square) Figure 5. Profiles of (a) lactate yield from glucose (b) ammonia
and glutamine (empty square), and specific production rate of yield from glutamine as a function of the apparent specific growth
(b) lactate (filled circle) and ammonia (empty circle) as a function rate in the fed-batch cultures of AFP-27.

of the apparent specific growth rate in the fed-batch cultures of

AFP-27.

creasing specific growth rate during fed-batch cultures

as shown in Figure 3a. In the figure, the specific
of fed-batch culture by an exponential feeding strategy glutamine consumption rate was extrapolated to near
determined by a target specific growth rate and vi- zero at zero specific growth rate — different to that
able cell mass in real culture time. Specific glucose of glucose in which the specific rate was extrapol-
consumption rate decreased with decreasing appar-ated to a value greater than zero. This implies that the
ent specific growth rate (Figure 4a) as reported by requirement of glutamine for the maintenance activ-
Frame and Hu (1991, from the continuous cultures ity might be negligible in calculating apparent spe-
of AFP-27-NP, non-producing murine hybridoma) and cific consumption rate of glutamine in this hybridoma
Robinson and Memmert (1991, from the continuous strain.
cultures of SP2/0 myeloma cell line). The specific rate Lactate was accumulated through all the fed-batch
of glucose consumption increases with steeper slope in cultures with all target specific growth rate except the
the higher specific growth rate range. lowest one of 0.01 hr! in which lactate was not ac-

Glutamine has been maintained at low concentra- cumulated during quasi- steady state while glucose

tions of less than 1.5 mM but was not exhausted during was consumed. Specific lactate production rate was
fed-batch operations. The specific rate of glutamine decreased with decreasing target specific growth rate
consumption was proportionally increased with in- (Figure 4b). This implies that by limiting glucose



in the hybridoma cell culture, pyruvate in glycolysis
pool has been more efficiently metabolized to secrete
less lactate, which otherwise will be accumulated in
the culture medium by overflow metabolism (Ljung-
gren and Haggstrom, 1994). The yield of lactate from
glucose consumed in the batch and fed-batch culture
of AFP-27 was plotted as a function of the specific
growth rate (Figure 5a). In most ranges of the spe-
cific growth rate, the lactate yield from glucose was
nearly constant but it was decreased significantly in
the near-zero specific growth rate. This suggests that
in near-zero specific growth rate the metabolism of
glucose is more efficient.

Ammonia was accumulated during batch and fed-
batch cultures with final concentration ranging from
1.5 mM to 4.5 mM. Ammonia was accumulated up to
4.5 mM in the fed-batch cultures with target specific
growth rate of 0.025 and 0.035H, which is higher
than in the batch case in which the final ammonia
level was 3.8 mM. The ability of the hybridoma cells
to grow at higher ammonium concentrations could be
explained by either or both of the slow increase of am-
monia concentration and the adaptation of hybridoma
cells to higher ammonia level in slow increase rate
(Nielsen et al., 1992; Newland et al., 1994). The
higher concentration of ammonia may also indicate
a change in the metabolism of the of C/N sources.
Specific ammonia production rate (Figure 4b) and
the yield of ammonia from glutamine (Figure 5b),
as a function of specific growth rate, showed the
parabolic figures having minimum level around the
specific growth rate of 0.02 ht. At specific growth
rates higher than 0.02 ht, both specific ammonia
production rate and ammonia yield from glutamine
increased as the specific growth rate increased. This
implies that, by slow feeding of glutamine, glutam-
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Figure 6. Macromolecular composition of the cells as a function of
the apparent specific growth rate in the fed-batch cultures of AFP-27
(DNA, RNA, protein, lipid, polysaccharide from the bottom of each
column).

Macromolecular composition

The composition of cellular macromolecules during
batch and fed-batch cultures in this study was found to
have similar range as others reported (Xie and Wang,
1994b; Bonarius et al., 1996), as shown in Table 3.

In the batch culture, cellular content of DNA, pro-
tein, and lipid per cell were observed to increase
during the culture time, while RNA content exhibited
a peak at the late exponential phase and then decreased
possibly due to the extensive degradation (data not
shown). The polysaccharide content in the batch cul-
ture was initially fairly high and decreased during the
cell growth (data not shown). The initial high level of
cellular polysaccharide content may be caused by high
initial glucose concentration (25 mM) in the batch
culture medium.

In the fed-batch cultures, cellular content of DNA,

ine has been metabolized more efficiently to give less protein, and po|ysaccharide have been maintained
ammonia production with less spontaneous degrada-nearly constant through all the fed-batch cultures,
tion because of the shorter residence time of glutamine while RNA proportion was dynamically changed in re-
in the culture medium (SChneider et a.l., 1996) The sponse to the Specific growth rate (Figure 6) RNA pro-
reasons for the increase of the specific production portion was highest in the fed-batch with the apparent
rate of ammonia and the increase of ammonia yield specific growth rate of 0.037 ht. Lipid proportion
from glutamine at the near-zero specific growth rate of \yas slightly increased with decreasing target specific
0.01 hr* are not so clear yet. More amino acids might growth rate. Two possibilities could be suspected for
have been used for carbon source instead of glucosethe increase of lipid content at lower specific growth
which was extremely limiting in such culture condi- rates. Firstly, the preferential breakdown of cellular
tion. Thus more ammonium might have been liberated macromolecules during Samp|e preparation and assay
by the deamination of the amino acids. might be suspected for the cause of the increase of
lipid content at those specific growth rates. Secondly,
the preferential leakage of macromolecules except
lipid from non-viable cells during the culture could be



Table 3. Comparison of macromolecular composition (as percentage of dry cell mass)

Macromolecule Bonarius et 81(1996)  Xie and Wanj(1994b)  This study
DNA 15 1.4 1.0-7.0
RNA 5.3 3.8 5.0-19.0
Protein 67.1 68.3 56.0-65.0
Lipid 10.0 135 12.0-24.0
Total carbohydrate 7.0 35 5.0-10.0

@ Data for murine hybridoma cells grown in serum-free low-protein lipid-free medium with
Primatone (animal tissue lysate).

b Data for animal cells, estimated for their model development.

¢ Data for murine hybridoma, AFP-27 in batch and fed-batch cultures at different specific

growth rates.

suspected. Since cellular membrane of non-viable cell
may be more unstable than that of viable one, cellular
macromolecules such as DNA, RNA, polysaccharide
and protein may leak from non-viable cell. Therefore
higher fraction of non-viable cells in the lower specific
growth rates may result in higher lipid contents.

Macromolecular metabolism

The specific production rate profiles of cellular mac-
romolecules in the batch culture as a function of time
are shown in Figure 7. In batch culture, the specific
production rate of DNA, RNA and lipid has been
maintained relatively constant, while the specific pro-
duction rate of protein and polysaccharide decreased
during the growth phase. The specific production rate
of cellular polysaccharide in the batch culture is negat-
ive for much of the batch after recording an initial high
specific production rate. This negative values after the
initial high specific production rate in the batch cul-
ture, possibly implies that hybridoma cells, in high
glucose level (20 mM in this study), may uptake and
store the excess glucose in the form of polysaccharide
within the cell and then utilize it later.

In the fed-batch culture, specific production rates
of cellular macromolecules were also changed dy-
namically as the specific growth rate was changed.
From the comparison of the specific production rate
of cellular macromolecules in the fed-batch cultures
with apparent specific growth rate of 0.037 hrand
0.004 hrl, it is apparent that the production rates
of whole cellular macromolecules except lipid were
lower in the lower specific growth rate (Figure 8).
Since DNA synthesis is closely related to the cell
growth which include DNA replication in a cell cycle,
the specific production rate of DNA is expected to be
proportional to the specific growth rate. In addition,
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Figure 7. Specific production rate of cellular macromolecules dur-
ing the time course of the batch culture of AFP-27 (DNA: filled
circle, RNA: empty triangle, protein: filled triangle, lipid: empty

circle, polysaccharide: asterisk).
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Figure 8. Specific production rate of cellular macromolecules in
two fed-batch cultures of AFP-27 with different apparent specific
growth rates of 0.037 hi! (black bar) and 0.004 htt (white bar).
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since RNA and protein are made from the transcription
of template DNA and from the transcription of mMRNA,
respectively, the production rate of these macromolec-
ules are expected to be interlinked. Specific RNA
production rate (Qrna) is plotted against specific DNA
production rate (Qdna) in Figure 9a, in which Qrna
is nearly proportional to Qdna. However the specific
protein production rate was shown to give a saturation
curve as increasing the specific RNA production rate
(Figure 9Db).

The apparent specific growth rate in the fed-batch
culture appeared to have positive correlation with the
specific production rate of the cellular macromolec-
ules of DNA, RNA, protein, and polysaccharide but
not with lipid (Figure 10). When the specific produc-
tion rates of cellular macromolecules were compared
with the specific antibody production rate, it was
found that the maximum specific antibody production
rate occurred with low specific production rates of
DNA, RNA, and protein at near-zero apparent spe-
cific cell growth rate (Figure 10). In addition, either
high specific production rate or high cellular content
of cellular lipid was observed to be positively related
to the high antibody production rate in hybridoma cell
culture (Figures 6 and 10).

Summarizing these results, the following implica-
tions could be drawn:

1) In fed-batch culture in conditions promoting high
production rate of cellular macromolecules, the
specific antibody production rate is low.

2) Low specific production rate of cellular protein
may be required to divert resources of protein
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Figure 9. Relationships between the specific production rates of
the cellular macromolecules in the fed-batch cultures of AFP-27.
(a) Specific production rate of cellular RNA as a function of the
specific production rate of cellular DNA, (b) specific production rate
of cellular protein as a function of the specific production rate of
cellular RNA.

synthesis from the synthesis of cellular macro-
molecules to antibody synthesis.

3) Near-zero specific growth rate may be required to
increase the proportion of cells with higher specific
antibody production rate.

Conclusions

A set of fed-batch and batch cultures of murine hy-
bridoma were performed to investigate how the cell
growth in terms of macromolecular composition was
associated with the antibody production as a function
of the specific growth rate. From the average data of
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0.025 rates. This agrees with others’ reports (Bonarius

~ = et al., 1996; Glacken et al., 1986; Ljunggren and
£ 0020 | 4 0.006 = Haggstrom, 1994; Miller et al., 1988; Schneider et
= = al., 1996).
i 0.015 | 0.004 i 3. The specific production rate of RNA was propor-
e 1™ = tional to that of DNA over all the ranges obtained
£ 0.010 L E from the experiments, while the specific produc-
& 1 0002 & tion rate of prgtein was proportigna! to that of
< 0.005 | g RNA to a certain level beyond which it showed a
G a saturated profile.

0.000 : ! ! 0 4. Antibody productivity was not strictly associated

0 0.01 0.02 0.03 0.04 0.05 with cell growth in fed-batch cultures with con-
(a) Apparent specific growth rate (hr*) centrated feed medium. The maximum specific

antibody production rate was obtained in the fed-
batch culture at near-zero apparent specific growth
rate.

[=]
[=]
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= . The specific production rates of cellular macro-
r molecules such as DNA, RNA, protein, and poly-
S 0.006 | saccharides, were found to be proportional to the
> specific growth rate, while the maximum specific
5 antibody production rate and specific production
o 0.004 | rate of lipids were obtained when the production
& of cellular protein was strictly limited at near-
g 0.002 L zero apparent specific growth rate. The increase of
a specific production rate of cellular lipid could be
g related to the preferential leakage of other mac-
S 0.000 - : L - romolecules such as DNA, RNA, protein, and
0 001 002 003 0.04 0.05 polysaccharides from non-viable cells.
(b) Apparent specific growth rate (hr)

Figure 10. Specific production rate of (a) cellular DNA (filled In conclusion, thl? WOI.’k Sque,S,tS tha_lt the SpeCIfIC
circle), RNA (empty triangle), and protein (filled triangle), (b) lipid ~ growth rates favoring high specific antibody produc-
(empty circle) and polysaccharide (asterisk) together with spe- tion rate and high antibody concentration were differ-
cific antibody production rate‘(empty square) as a function of the ant from those which favored high viable cell concen-
apparent specific growth rate in the fed-batch cultures of AFP-27. tration. For the large-scale production of antibodies,
fed-batch culture may provide some advantages such

the quasi-steady state of the fed-batch cultures at dif- as operational simplicity, reliability, and flexibility for

o : implementation in multipurpose facilities (Bibila and
ferent specific growth rates, some conclusions could . . .
be drawn: Robinson, 1995). Fed-batch culture is a compromise

with high specific antibody production rate and high

) ) ~antibody concentration at high but not maximal viable

1.The maximum viable and tota! cell concentration el concentration.
was obtained at the near-maximum apparent spe-
cific growth rate (0.037 hrt) in the fed-batch
culture. The maximum cell concentration was de-
creased below this specific growth rate.

2. The efficiency of the metabolism of glucose and  a.rupeai M, Oh Skw, Musaheb R & Emery AN (1990) Modified
glutamine was greatly improved during fed-batch  cellular metabolism in hybridomas subjected to hydrodynamic
cultures which reduced lactate and ammonia sig-  and other stresses. Biotechnol Lett 12: 323-328. .
nificantly by feeding nutrient containing concen- Barord JP, Phillips PJ, Marquis CP & Harbour C (1996) Bio-

. . synthesis of protein products by animal cells. Are growth and

_trated glucose a_nd glUtamme accordlng_ 'FO afeed-  on growth associated concepts valid or useful? Cytotechnology

ing strategy designed to give lower specific growth  21: 133-148.
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