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Oxygen supply and inoculum age were found to affect the production of the heavy chain 
monoclonal antibody (HC MAb) from genetically modified tobacco suspension cultures. 
The increase of oxygen supply increased both cell growth and HC MAb production. 
Furthermore, the increased aeration and mixing improved the production of HC MAb 
based on the unit amount of cells or total soluble proteins. This indicated that the in- 
creased aeration improved the production and secretion of HC MAb more than other 
cell components. HC MAb production and cell growth also improved when batch cul- 
tures were inoculated with actively dividing cells (5-day old) rather than the fully- 
gn-own cells (7- or 10-day old cells) that are commonly used for subcultures. The addi- 
tion of glutamine to the medium also improved cell growth and HC M_Ab production. 
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INTRODUCTION 

There has been a continued interest in producing 
functional monoclonal antibodies from intact trans- 
genic plants [1-7] or plant cells [8-10]. There are sev- 
eral advantages to using plant cells rather than 
mammalian tissue for the production of large quan- 
tities of secreted proteins. Plant cell media are 
mainly composed of simple sugars and salts and are 
much tess expensive than complex mammalian me- 
dia. It is therefore much easier and more economical 
to purify secreted foreign proteins from plant cell 
media than from complex mammalian cell media. 
Additionally, owing to their rigid exterior walls, 
plant cells are more resistant than mammalian cells 
to the shear forces involved in large-scale suspension 
cultures. Furthermore, plant cell-derived transgenic 
proteins are likely to be safer for human use than 
those derived from mammalian cells, since plant cell 
contaminants and viruses are not pathogenic to hu- 
roans. Plant cell system is able to process the post- 
translational modification whereas prokaryotic sys- 
tern cannot. 

Magnuson et al. [10] reported the production of a 
heavy chain monoclonal antibody (HC MAb) from 
genetically modified plant suspension cultures. The 
produced HC MAb was secreted to the medium. 
However, the secreted protein was not stable due to 
degradation in the plant cell medium, which could be 
partially prevented with the addition of polyvi- 
nylpyrrolidone (PVP) [ 11]. 

In this paper, we examine the effects of various cul- 
ture conditions such as oxygen supply, inoculum age, 
and glutamine addition on the production of HC MAb. 
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MATERIALS AND METHODS 

Plant  Cell  Line and G r o w t h  Medium 

The plant cell line used in this research was a ge- 
netically modified tobacco cell, transformed Nico- 
tiana tabacurn 707 [10]. The transformed tobacco cell 
line carried the gene for a heavy chain antibody spe- 
cific to p-azophenylarsonate. This plant cell line also 
carried the kanamycin antibiotic resistance gene, 
which enabled the positive maintenance of the ge- 
netically transformed cell line and the prevention of 
bacterial contamination. 

The growth medium contained 4.3 g/L Murashige 
and Skoog (MS) mixture of inorganic nutrients [12] 
supplemented with 30 g/L sucrose, 0.18 g/L KH2PO4, 
0.1 g/L inositol, 1.0 mg/L thiamin hydrochloride, and 
0.2 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D). The 
pH of this solution was adjusted to 5.8 with 1.0 N 
KOH, prior to autoclaving. Prior to inoculation, cefo- 
taxime and kanamycin were filter sterilized and 
added to the established medium to achieve the con- 
centrations of 100 mg/L and 50 rag/L, respectively. 

Batch  Cultures  

Shake-flask experiments were performed in 250-mL 
Erlenmeyer flasks containing 60 mL MS medium 
(unless otherwise stated) on a gyratory orbital plat- 
form shaker operating at 120 rpm at 30~ Batch 
cultures were initiated with 5% (v/v) inoculum of 7- 
day-old cell suspension. 
A 5-L stirred tank bioreactor (Bioflo III, New 

Brunswick Scientific, New Brunswick, NJ) with a 
working volume of 3.5 L was used for fermenter 
batch studies. The fermenter was equipped with a 6- 
blade disk impeller (7.6 cm in diameter and 14.0 cm 
in width) developed by Hooker et al. [13]. The impel- 
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ler was positioned 3 cm above the bottom of the ves- 
sel. The aeration was supplied by a 4-hole ring spar- 
ger located directly below the impeller. The batch 
culture initiated with 5% (v/v) inoculum of 7-day-old 
cells. The impeller rotation speed was set at 150 rpm. 
The aeration rates were 0.1, 0.3, 0.6, or 0.9 w m  
(volume of air supply per unit volume of liquid per 
minute). 

The cell concentrations were determined using the 
method developed by Mills and Lee [14]. 
All experiments were repeated at least twice to con- 

firm the trends of the effects for various operating 
conditions tested. The error bars were not included 
in figures because number of experiments were too 
few to establish good error bars. Since a complete 
batch culture takes about 8 to 10 days, multiple re- 
peats to establish valid error bars were not practical. 

S t a b i l i z a t i o n  o f  E x t r a c e l l u l a r  HC MAb 

For all of the experiments in this study, filter steril- 
ized PVP was added to the cultures to make the final 
concentration of 0.75 g/L as suggested by LaCount et 
al. [11]. For both the shake flask and the stirred 
tank fermenter studies, PVP was added aseptically 
at the time of inoculation. 

O x y g e n  Mass  T r a n s f e r  Coe f f i c i en t  kLa 

The dynamic gassing out method [15] was used in 
measuring the initial kLa values by following the rate 
of resaturation of the deoxygenated medium. The 
medium in the fermenter or 250-mL Erlenmeyer 
flasks were deoxygenated to the level of 0.3 mg OJL 
by sparging the medium with nitrogen. Immediately 
after the deoxygenation, the air was introduced by 
sparging the air in the fermenter, or by shaking the 
aluminum foil covered flasks on a shaker table with 
the rotational speed of 120 rpm. During this time, 
the amount of dissolved oxygen in the medium was 
measured and recorded continuously by a polaro- 
graphic oxygen probe (YSI Model 58, YSI, Inc., Yel- 
low Springs, OH). 

The oxygen balance during the initial stage of oxy- 
genation in the absence cell respiration yields 

d C ~  - k L a ( C o o  - C o * )  (1) 
d t  - - 

where Co " is the equilibrium concentration of oxy- 
2 ~  . , . 

gen. The integration of Equahon (1) between hme to 
and t yields 

L -Co (t) / 
(2) 

Therefore, kLa can be estimated by the slope of 

lnI C~ **- C~ (to)- LEo  versus (t-to)plot. 

ELISA and  P r o t e i n  A s s a y s  

The concentration of HC MAb was determined by 
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Fig. 1. Effect of the filling (medium) volume of a 250-mL 
Erlenmeyer flask on the oxygen mass transfer coefficient 
(kLa). 

an enzyme-linked immunosorbent assay (ELISA) 
using the affinity purified goat antibody to mouse 
IgG (Organon Teknika Co., Durham, NC), alkaline 
phosphatase-labeled goat anti-mouse IgG that is 
heavy chain-specific (Southern Biotechnology Asso- 
ciates, Inc., Birmingham, AL), and p-nitrophenyl 
phosphate (Sigma, St. Louis, MO) [10]. 

The total soluble protein was determined by the 
Bradford Reagent (Bio-Rad Laboratories, Richmond, 
CA) using bovine serum albumin as a protein stan- 
dard. 

R E S U L T S  A N D  D I S C U S S I O N  

Effec t  o f  O x y g e n  S u p p l y  

Genetically modified tobacco cells (707) were cul- 
tured in 250-mL Erlenmeyer shake flasks with dif- 
ferent medium filling volumes. The decrease in me- 
dium volume not only increases the surface area per 
unit volume, but also enhances the mixing intensity. 
As shown in Fig. 1, the oxygen mass transfer coeffi- 
cient (kLa) increased from 4 to 14 hr -I as the filling 
volume decreased from 150 to 30 mL. 

Fig. 2 shows the change of cell concentration and 
the intracellular and extracellular HC MAb concert- 
trations during batch cultures with different filling 
volumes. When the filling volume was reduced to 60 
mL, the cell growth improved. Similarly, the produc- 
tion of intracellular and extracellular HC MAb im- 
proved with the increased aeration. The major rea- 
son for the increase of HC MAb production was the 
increased cell growth. However, no further im- 
provements in cell growth and HC MAb production 
were observed when the medium volume was further 
decreased to 30 mL. It may be because the decrease 
of the filling volume to 30 mL does not increase the 
kLa value significantly (see Fig. 1) and also because 
the decrease increases the mixing intensity that af- 
fects the cell growth and the foreign protein stability 
adversely. 
The increase of HC MAb production was even more 

than that expected from the better cell growth. As 
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Fig. 2. Effect of the filling volume of a 250-mL Erlen- 
meyer flask on cell ga-owth and HC MAb production. 
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Fig. 3. Effect of the filling volume of a 250-mL Erlen- 
meyer flask on the production of total HC MAb based on 
the total protein and the dry cell weight. 

shown in Fig. 3, the production of HC MAb based on 
the uni t  amoun t  of total protein or dry cell also ira- 
proved when the  filling volume was decreased up to 
60 mL. This indicated tha t  the increased aeration 
improved the product ion and secretion of HC MAb 
more  than other  cell components.  These results are 
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Fig. 4. Effect of aeration rate on the oxygen mass transfer 
coefficient (hLa) in a 5-L stirred tank fermenter (working 
volume 3.5 L). 
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Fig. 5. Effect of aeration rate on cell growth and HC MAb 
production in a 5-L stirred fermenter (working volume 3.5 L). 

in aga~eement with the results of Gao and Lee [16] 
for the production from {3-glucuronidase (GUS) from 
genetically modified plant  suspension culture. 

To fur ther  investigate the effect of oxygen supply, 
the genetically modified tobacco cells were cultured 
in a 5-L st irred tank  fermenter  with a working vol- 
ume of 3.5 L. The effect of  aeration rate on the oxy- 
gen mass t ransfer  coefficient (kLa) is shown in Fig. 4, 
which shows a wider range of kLa (3 to 19 hr -1) than 
that  obtained from the shaker  flasks (see Fig. 1). The 
oxygen t ransfer  in the MS medium with or without  
cells was slight]y bet ter  than  that  in deionized water. 
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Fig. 6. Effect of inoculum age on cell growth and HC MAb 
production in shaker flasks. 

This may be because the presence of various salts in 
the medium affects the oxygen solubility. 

Fig. 5 shows cell growth and HC MAb production in 
the s t i r red  t ank  fermenter .  As in the case of the  
shaker cultures, the increase in aeration rate (up to 
0.6 win) increased cell growth and HC MAb produc- 
tion. This result shows that the adequate aeration is 
very important to plant cell cultures even though the 
oxygen demand of plant cells is not as high as that of 
aerobic organisms. However, when the aeration rate 
was increased further to 0.9 wm,  cell growth and the 
HC MAb production decreased, which was due to 
excessive foaming at the empty space at the top of 
the fermenter. Cells carried up by the rising bubble 
and trapped in the foam layers die due to lack of nu- 
trition. Additionally, Hegarty et al. [17] indicated the 
importance of volatile compounds, such as carbon 
dioxide, for cell growth. 
A comparison of Fig. 2. and Fig. 5 shows that  the 

maximum extracellular HC MAb production in the 
stirred fermenter was lower than that in the shaker 
flasks. This is due to the fact that the high shear en- 
vironment (by agitation and aeration) of the stirred 
fermenter affects the stability of extracellular HC 
MAb adversely, which can be improved by the opti- 
mization of operating conditions and stabilizers. An- 
other potential cause for the decrease is variability of 
the foreign gene expression level as the cell line goes 
through numerous subcultures, which will be dis- 
cussed later when two batch runs with the same cul- 
ture conditions were compared in the next section. 
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Fig. 7. Effect of glutamine on cell growth and HC MAb 
production in shaker flasks. 

Effect  o f  Inocu lum Age 

As described in the "Materials and Methods" section, 
we inoculated the medium with 7-day-old cells to 
start batch cultures. However, Fig. 3 shows that the 
HC MAb production per unit cell weight reached its 
maximum value after only two days of cultures. This 
indicates that HC MAb production is most active in 
the early part of the exponential growth phase. This 
motivated us to study the effect of inoculum age on 
cell growth and HC MAb production. 
As shown in Fig. 6, the batch cultures with the 5- 

day old inoculum grew the fastest among tested. As 
the age of the inoculum increased, the growth rate 
decreased. This was expected because the length of 
the lag phase increases with the increased differ- 
ences of the stock culture (where the inoculum was 
taken) and the fresh culture medium [18]. When the 
12-day-old inoculum was used, active growth was 
delayed for almost 4 days. This shows the impor- 
tance of using young healthy cells less than 7 days 
old. The reduction of the inoculum age to 4 days did 
not further improve the growth. The production of 
HC MAb followed a trend similar to that of the cell 
growth by showing the highest value with a 5-day old 
inoculum. Therefore, subculturing every 5 days 
rather than every 7 days can provide maximum pro- 
duction of HC MAb in batch cultures. 
The comparison of the EC HC MAb production lev- 

els of the cultures with the same condition in Fig. 2 
and Fig. 6 (filling volume of 60 mL, inoculation age 
of 7 days) showed that the maximum EC HC MAb 
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concentration was decreased about 13% Dom 300 
pg/L (Fig. 2) to 260 ~Lg/L (Fig. 6). This is because the 
inoculation age experiment (Fig. 6) was performed 
about 6 months later than the experiments for Fig. 2, 
during which time the celt line was subcultured 
every 7 days. Though the foreign gene expression in 
plant cell system is very stable because foreign DNAs 
are integrated into nuclear chromosome, there is 
some variation of the production levels as a cell line 
goes through numerous subculturing [19]. 

E f f e c t  of  G l u t a m i n e  

Since the production of antibodies is growth related, 
the modification of cell growth can have a great of- 
fect on the level of production. Glutamine is known 
for enhancing plant cell growth rate [20]. Also, in the 
hybridoma technique, glutamine has been adopted to 
improve antibody secretion [21]. In order to examine 
the role of glutamine in genetically modified tobacco 
cell culture, batch shake flask cultures were initiated 
with various glutamine concentrations. 

Fig. 7 shows cell growth and HC MAb production in 
the presence of glutamine. The addition of glutamine 
did not affect cell growth significantly, though some 
improvement was noticed. However, both intracellu- 
lar and extracellular HC MAb productions increased 
with the increasing glutamine concentrations. When 
the glutamine concentration was 2 raM, the intraceI- 
lular and extracellular HC MAb were 20% and 10% 
higher than the maximum concentration of the con- 
trol, respectively. Fur ther  increases in glutamine 
concentration did not result in improved HC MAb 
levels. The increased production of HC M_Ab was 
likely due to a prolonged production period in a 
glutamine-enriched enviromnent. The improvement 
of secretion was another possibility for the increased 
extracellular HC MAb [21]. 
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