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Physiological changes of the murine hybridoma cell line S3H5/y2bA2 during adaptation to RPMI
1640 medium with 1%(v/v) fetal bovine serum were characterized in terms of cell growth, antibody
production, morphology, and metabolic quotients. Cells adapted to 1% serum medium in T-flasks
became sensitive to shear induced by mechanical agitation and required at least 5% serum in
the medium or spent medium for cell growth in spinner flasks, while cells adapted to 10% serum
medium in T-flasks could grow in 1% serum medium in spinner flasks. Consequently, long-term
adaptation to low serum media may not give the expected growth enhancement. After adaptation
to 1% serum medium, changes in cell morphology were observed. The cells in 10% serum medium
were uniform and circular, while cells in 1% medium were irregularly shaped. The DNA contents,
which were measured by flow cytometry, were almost constant among the cells in the range
of 1% to 10%. Further, no significant changes in energy metabolism and specific monoclonal

antibody production rate were observed among these cells.

Large-scale in vitro cultivation of hybridoma cells is
required to meet the increasing demands for monoclonal
antibodies (MAbs) (26, 34). One of the main economic
drawbacks in large-scale culture is the requirement for
expensive serum in the growth media {12, 27). Conse-
quently, it is desirable to grow the cells in low serum
media. To grow the cells in low serum media, cells from
10% serum media in which they are normally maintai-
ned, are usually adapted to low serum media by the
so-called weaning procedure (1,6, 21, 33, 38).

If hybridoma cells improve their cell growth and MAb
productivity by gradual adaptation to low serum media,
such adaptation is desirable for large-scale MAb produc-
tion. However, the requirements for adaptation appear
to depend on cell line and media. Some hybridoma
cells need adaptation for the growth in low serum or
serum-free media while some hybridoma cells do not
need adaptation (2, 14). Although adaptation is routinely
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performed, there are few data available which show in
detail the changes in hybridoma cells during adaptation
to low serum media (25). Furthermore, some hybridoma
cells fail to grow in low serum media or serum-free me-
dia despite careful adaptation over 2~3 weeks (12, 14,
15).

The goal of this work is to determine whether impro-
vements in growth and MAb production are possible
after long-term (ca. 8 months) adaptation for a cell line
that is unable to show growth improvement after a 2
week adaptation period. Here we will also characterize
the effects of the adaptation of hybridoma cells (S3H5/y
2bA2) to various serum levels in terms of cell morpho-
logy, intracellular MAb and DNA content, and metabolic
rates of major nutrients and waste products.

MATERIALS AND METHODS

Cell Line and Culture Maintenance
The murine hybridoma used was S3H5/y2bA2, provi-
ded by Dr. Mark Kaminski from the University of the
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Michigan Medical Center. The antibody produced by
this cell line is y2b anti-idiotype antibody, directed agai-
nst the isotype of the surface immunoglobulin of 38C13
mouse lymphoma cells. The fusion partner of hybridoma
used was P3/x63/Ag8.653. The cell culture medium
for stock cells was RPMI 1640 (Sigma, St. Louis, MO)
supplemented with 10%(v/v) fetal bovine serum (FBS,
Gibco Laboratories, Grand Island, NY) and 100 unit
of penicillin and 100 pg/ml of streptomycin (Sigma).
The cells were maintained in T-25 cm? cell culture flask
(Bellco Glass, Inc, Vineland, NJ) at 37T in a humidified
CO; incubator (VWR Scientific, San Fransisco, CA). The
cells were diluted 1:5 with fresh medium every other
day.

Adaptation to Reduced Serum Media
Cells were subjected to stepping-down procedure from
10% to 1% serum media over a 6 month period using

T-flasks for cultivation. Cells grown in 10% serum me-

dium for approximately 6 months (designated as 10
%-cells) were inoculated into 5% serum medium. These
cells were cultured for 2 months in 5% serum medium
(5%-cells), and then inoculated into 2.5% serum medium.
Likewise, these cells were cultured in 2.5% serum me-
dium for 2 months {2.5%-cells), and then inoculated into
1% serum medium, where they were cultured for another
2 months before the experiments were begun (1%-cells).

The cells in 10%, 5%, and 2.5% serum medium were
diluted 1:5 with fresh media every other day. The cells
in 1% serum medium were diluted 3:10 with fresh me-
dium every two or three days depending on cell growth.

Cell Cultures

Cells adapted to different serum concentration media
(10, 5, 2.5, and 1%) were used as inocula. Exponentially
growing cells were centrifuged at 1000 rpm for 10 min.
The cells were washed with fresh media, and then inocu-
lated into spinner flasks (Bellco) containing 50 m/ of
RPMI 1640 media with different serum concentrations
at initial cell density of 1X10° cells/ml. The agitation
speed used in the spinner flasks was 100 rpm. The cul-
tures were kept at 37C in a humindified CO; incubator
{(VWR Scientific, San Fransisco, CA).

Sample Analysis

Cell growth was monitored by counting viable cells
with a hemocytometer. The viable cell population was
distinguished form dead cells by the trypan blue dye
exclusion method. The cell culture suspension was cent-
rifuged and supernatant was aliquoted and kept frozen
at —80TC.

Glucose and lactate were measured using glucose/lac-
tate analyzer (Yellow Spring Instruments, Model 2000,
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Yellow Spring, Ohio); ammonia was measured using an
ammonia electrode {Orion Research Inc., Model 95-12,
Cambridge, MA). Glutamine was determined by reverse-
phase HPLC column (Rainin Instrument, Inc., Microsorb,
short-one C18, Wobum, MA) as described by Seaver
et al. (31).

The antibody concentration was quantified using an
enzyme linked immunosorbent assay (ELISA) as descri-
bed previously (17).

The intracellular antibody and DNA contents were
quantified simultaneously using flow cytometry. The pro-
cedures used were modified from those described pre-
viously (4, 5, 32). Cells were washed with phosphate-buf-
fered saline (PBS) twice and were fixed in 70% ethanol
for at least 18 hrs. After fixation, cells were incubated
at 4T with 04 ml of a 1:30 dilution of fluorescein-iso-
thiocyanate (FITC)-conjugated goat antimouse IgG2b
{Southern Biotechnology, Associates, Inc., Birmingham,
AL) for 30 min. After washing, cells were stained for
DNA with propidium iodide (Pl) over a concentration
range of 10 to 20 pg/ml in PBS containing RNase (Si-
gma). The cells were incubated for at least 20 min at
37%. After centrifugation, cells were resuspended in PBS.
Prior to flow cytometric (FCM) analysis, cell suspensions
were filtered through a 40-ym nylon-mesh filter. Green
and red fluorescence were simuitaneously monitored in
a Coulter EPICS 751 flow cytometer (Coulter corpora-
tion, Hialeah, FL).

For transmission electron microscopy, cells in late ex-
ponential phase were fixed with 2.5% glutaraldehyde
in cacodylate buffer at pH 7.4, postfixed with 1% osmium
tetroxide and buffered with s-collidine (7).

Determination of Specific Growth Rate and Me-
tabolic Quotients

The specific growth rate, u, was calculated using data
collected during the exponential growth phase and defi-
ned as follows:

__1 dX

where X, denotes the concentration of viable cells and
t denotes the cultivation time.

The specific metabolic quotient calculations for subst-
rate consumption and product formation (g, and gp, res-
pectively) were also based on data collected during the
exponential phase of the growth. They are defined as
follows:

_ 1 dS
dP

1
=R Tar ©
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where S and P are the substrate and product concentra-
tions, respectively.

Glutamine spontaneously decomposes following first
order kinetics to pyrrolidone-carboxylate and ammonia
(20, 35). The sepcific glutamine consumption and am-
monia production rates {qq. and gnwg, respectively) were
determined by accounting for degradation of glutamine
at 37C (10, 24):

~AOER). _yrGINT+ X, @
ANl i GLNI+amiX, ©)
where [GLN] is the glutamine concentration (mM); [NH,]
is the ammonium ion concentration (mM); k is the first-
order rate constant for glutamine decomposition (hr™!).
Since the first-order decomposition rate varies with se-
rum and media components (20, 22, 24), we measured
experimentally the values of k. The values of k were
0.0040~0.0043 hr~! in RPMI 1640 media at 37C and
pH 7.4 under 5% CO; atmosphere, in the different se-
rum concentrations used in this experiment. This value
is consistent with that obtained by Ozturk and Palsson
(24).

Assuming that the specific MAb production rate, quas,
is constant, one can calculate it from

1
=C —— 6
qmab = Cuant) f:) 0dt 6)

where Cuas(t) denotes the concentration of MAb over
time (28, 30).

~ RESULTS AND DISCUSSION

Cell Growth

Cells adapted to specific serum concentrations (10%,
5%, 2.5%, and 1%, respectively) in T-flasks were inoculat-
ed into spinner flasks containing media with different
serum concentrations (10%, 5%, 2.5%, and 1%). As
shown in Fig. 1(a), serum requirements for cell growth
did not decrease after the weaning of cells, and in fact,
increased. When 10%-cells and 5%-cells were used as
an inoculum, they grew well in a spinner flask containing
1% serum medium. However, when 2.5%-cells were
used, they required at least 25% serum concentration
in medium for cell growth. Furthermore, 1%-cells could
grow neither in 1% nor 2.5% serum medium. Cell growth
rate was not enhanced after the adaptation to low serum
media and in fact, deteriorated during the weaning pro-
cedure. Cells adapted to media with high serum concen-
trations showed higher maximum cell densities than cells
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Fig. 1. (a) Specific growth rate and (b) maximum cell
densities as functions of serum concentrations
using inocula that were adapted previously to four
different serum concentrations.
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adapted to media with low serum concentrations in all
growth conditions (Fig. 1(b)).

These observations indicate that the cells become me-
chanically weak and unhealthy during adaptation to low
serum media. These changes could be related to the
changes in the fatty acid composition in the cell mem-
brane after adaptation to low serum media (30). Changes
in cell morphology were also observed by transmission
electron microscopy (TEM). The 10%-cells were uniform
and circular, while the 1%-cells were irregularly shaped
(Fig. 2).

When 1%-cells were inoculated into spinner flasks con-
taining spent medium (the mixture of cell culture super-
natant of 1% serum medium from T-flask culture and
fresh 1% serum medium at the ratio of 3 to 7), they
grew as well as 10%-cells (Fig. 3). This improvement in
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Fig. 2. Transmission electron microscopy pictures of
(a) cells adapted to 10% serum medium and (b) cells
adapted to 1% serum medium.
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Fig. 3. Effect of spent medium for cell growth.
~[~ the growth of cells adapted to 1% serum medium
in spent medium; —O— the growth of cells adapted to
10% serum medium in 1% serum medium.
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cell growth may result from autocrine growth factors
which may present in the spent medium. These factors
may stimulate cell growth, especially when cells are
unhealthy. No effect of spent medium was observed
when the 10%-cells were used as an inoculum (data
not shown). The spent medium also may have stimulated
cell growth by binding toxic metals in the fresh medium,
Serum is known to detoxify the media by binding toxic
metals (3). Cells inoculated into fresh medium may be
expased to toxic levels of certain metals due to the low
amount of serum, and 1%-cells may be more sensitive
to this toxicity than 10%-cells. The addition of the condi-
tioned medium improved the growth of the 1%-cells
because it may contain the same detoxifying factors
found in serum.

Metabolite Concentrations

Glucose and glutamine, which are the major carbon
and energy sources in most cell culture media, and which
are required for cell growth, were measured during the
cultivation. The major byproducts, lactate and ammonia
were also measured. The glucose and lactate concentra-
tions during the cultivation are shown in Fig. 4. The glu-
cose level decreased markedly during the exponential
growth and glucose utilization was accompanied by a
corresponding accumulation of lactate. Glucose was not
a limiting nutrient for cell growth in all culture conditions
tested. The glucose consumption and the complemen-
tary production of lactate ceased shortly after maximum
cell densities were achieved. The ratio of lactate produ-
ced to glucose consumed was almost constant throu-
ghout the culture in all growth conditions, as shown in
Table 1.

When the cells adapted to the specific serum concent-
rations were inoculated into the media with different
serum levels, the cells grown in low serum media showed
higher glucose consumption rates than in high serum
media, even though their growth rates were lowest at
low serum media. Cells grown in high serum media ap-
pear to utilize glucose more efficiently than in low serum
media. Dalili and Ollis showed similar results for effect
of serum on specific glucose and glutamine uptake rates
{6). This relationship between glucose uptake and serum
concentration in the medium is the same regardiess of
inocula used, indicating that there was no significant ef-
fect of adaptation to low serum media on the glucose
uptake in the cells.

Glutamine, unlike glucose, was completely depleted
at maximum cell density, which suggests that glutamine
is a limiting nutrient in this medium {Fig. 5). The observa-
tion that cells adapted to low serum media showed lower
maximun cell density than cells adapted to high serum
media in all growth conditions can be explained by glu-
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Fig. 4. Glucose and lactate profiles using inocula that were adapted to four different seram concentrations.

(A) 10%, B) 5%, (C) 25%, (D) 1%. Serum concentration in culture media: —

1%.

Table 1. Metabolic quotients of cells adapted to various serum levels.

145

O— 10%, —e— 5%, —0O— 25%, —m—

The first number in column is the mean of 2-4 experiments and the number in parenthesis is standard deviation. Glutamine
and ammonia rates/yields have been corrected for the natural decomposition of glutamine.

Serum conc. which  Serum conc. Quoteints (mM/10° cells/hr) Yield {mM/mM)
cells are adapted to  in media glucose lactate glutamine ammonia  — Alactate/Aglucose — Aammonia/Aglutamine
{Blvv)) (Bv/v)

10 1 3.89(0.305) 6.92(0.409) 0.81(0.194) 0.73(0.246) 1.80(0.134) 0.88(0.136)

25 3.68(0.350) 6.46(0.394) 0.77(0.159) 0.54(0.085) 1.75(0.099) 0.70(0.043)

5 3.08(0.606) 6.02(0.914) 0.69(0.091) 043(0.071) 1.87(0418) 0.63(0.020)

10 262(0.370) 4.53(0.588) 0.52(0.034) 0.29(0.022) 1.72(0.078) 0.55(0.029)

5 1 462(1.814) 7.13(0.703) 0.82(0.030) 0.58(0.167) 1.64(0.491) 0.70(0.118)

25 3.30(0.203) 6.67(0.533) 0.75(0.003) 0.56(0.082) 1.88(0.046} 0.74{0.075)

5 284(0.184) 5.71(0.843) 0.82(0.033) 0.57(0.181) 1.85(0416) 0.69(0.154)

10 281(0.218) 4.90(0.623) 0.64(0.029) 0.34(0.078) 1.63(0.100) 053(0.110)

25 25 3.68(0.837) 6.30(0.993) 0.56(0.085) 0.57{0.120) 1.73(0.123) 1.04(0.371)

5 288(0.232) 6.29(0.320) 0.54(0.171) 0.32(0.080) 2.19(0.288) 0.60(0.045)

10 257(0.126) 4.60(0.008) 0.50(0.022) 0.33(0.084) 1.80(0.091) 0.66(0.139)

1 5 3.65(1432) 5.24(0916) 0.63(0.183) 041(0.128) 1.50(0.339) 0.71(0.313)

10 258(0.320) 4.68(0.638) 0.50(0.051) 0.35(0.104) 1.81(0.224) 0.70(0.072)
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Fig. 5. Glucose and lactate profiles using inocula that were adapted to four different serum concentrations.
(A) 10%, (B) 5%, (C) 25%, (D) 1%. Serum concentration in culture media: —O— 10%, —@— 5%, —O— 25%, —l—

1%.

tamine depletion. When cells adapted to low serum me-
dia were cultivated, they had a 2~3 day lag phase and
the growth rate was slower than that of cells adapted
to high serum media. By the start of their exponential
phase, 20~30% of the glutamine in the media was dep-
leted due to decomposition. Less glutamine was available
for cell growth, and consequently, a lower maximum
cell density was achieved compared to cells adapted
to high serum media. The effect of serum on glutamine
uptake rate was similar to that of glucose uptake rate
(Table 1). With high serum media, the uptake rate of
glutamine decreased, although the growth rate was hi-
gher, indicating that the cells utilize glutamine more effi-
ciently in high serum media. It has been reported that
glutamine uptake is proportional to glutamine concent-
ration at the glutamine concentration used here {13, 23).
The cells adapted to low serum media were exposed
to 20~30% less glutamine than cells adapted to high
serum media, at the start of their exponential phase,
as described above. This change in the initial concentra-

tions of glutamine will affect the glutamine uptake rates,
and make it difficult to determine the effect of adaptation
on glutamine metabolism.

The ratio of ammonia produced to glutamine consu-
med was almost constant throughout the culture at all
growth conditions. The vield coefficient of glutamine to
ammonia was lowest at high serum media. This result
suggests that at high growth rate, a large fraction of
glutamine is catabolized through the transamination pa-
thways, in order to provide amino acids for biosynthesis.
At low growth rate, the glutamine appears to be diverted
through glutamate dehydrogenase, which generates
NH4*, and which can result in energy formation.

At stationary and decline phases, the glucose uptake
rate is negligible and glutamine is completely depleted.
Since the cells are no longer growing, their needs for
energy and biomass source is greatly reduced, and they
may obtain their necessary nutrients from residual quan-
tities in the media, from the lysis products of dead cells,
or from stores of glycogen within the cells.
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MAb Production

1t has been frequently noted that hybridoma cells sec-
rete MAb throughout batch growth and a significant por-
tion of MAb is produced during stationary and decline
growth phases (16, 23, 28, 36). This production does not
seem to be due to the release of antibody from dying
cells but due to active secretion from viable cells throu-
ghout the growth cycle (37). As shown in Fig. 6, cells
produced MAb throughout batch growth. It is noteworthy
that cells in stationary and decline phases can produce
MAb without any glutamine left in the media. The maxi-
mum MAb concentration increased as the serum
concentration, either in the media or to which cells are
adapted, increased. However, cells adapted to different
serum levels showed similar specific antibody production
rates which are in the range of 0.15 to 0.23 pg/cell-hr.
The high titer of MAb obtained with high serum media
and inoculum prepared from high serum media was
due to the enhanced cell growth, resulting in elevated

integral of number of viable cells in those media (see
equation 6).

DNA and Intracellular MAb Contents

The DNA and intracellular MAb contents of cells ada-
pted to different serum media were measured. Cells in
the late exponential phase of the growth in T-flasks,
wuich were used as inocula for suspension culture in
spinner flasks, were prepared for flow cytometry. DNA
histograms, shown in Fig. 8, are plots of a relative DNA
content, as measured by fluorescence intensity versus
frequency (cell count). There are no significant differen-
ces in DNA contents among the cells adapted to different
serum levels, indicating that cells might not lose chromo-
somes during the adaptation to low serum media. Since
1%-cells had lower apparent growth rate than 10%-cells,
the percentage of the 1%-cells in GO-G1 phases was
higher than that of 10%-cells.

Fig. 9 shows the intracellular MAb content of the cells.
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There were no significant differences in the intracellular
MADb content of the cells adapted to 10%, 5%, and 2.5%
serum medium. However, the intracellular MAb content
in cells adapted to 1% serum medium was lower than
that in the other cells and showed a broad distribution.
Plots of intracellular MAb contents vs DNA content
are shown in Fig 10. It was found that the intracellular
MADb content appears to be almost constant throughout
the cell cycle These results suggest that cells produce
MAD at a consiant rate irrespective of cell cycle. Further,
wr. have shown data suggesting that the intracellular
MAD content is proportional to the specific MAb produc-
tion rate over a range of 0 to 04 pg/cell-hr (18).

CONCLUSIONS

Adaptation to low serum did not change the specific
MAD production rate, the DNA contents, and other me-
tabolic quotients of the cells (S3H5/y2bA2). However,
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Fig. 8. DNA histograms of cells adapted to four different serum concentrations.
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Fig. 9. Intracellar antibody contents of cel's adapted to four different serum conceatrations.
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the morphology of the cell changed during adaptation
as viewed by TEM. The growth rate of this cell line
was not improved by the weaning procedure. The 1%-
cells became shear sensitive, and for growth in a spinner
flask, they required media with serum more than 5%.
This high serum requirement may be due to the increa-
sed sensitivity of 1%-cells to growth factors or toxic com-
pounds in the media.

Some hybridoma cell lines showed improvement in
growth after an adaptation period of about 10 genera-
tions (14). Changes in cell membrane composition during
adaptation to serum-free media were also observed wi-
thin 10 generations (9). Accordingly, the adaptation pe-
riod appears to be about 10 generations, so that if a
cell line does not show an improvement in growth ability
during this time, it is unlikely that there would be signifi-
cant enhancement over a longer adaptation period, as
shown in this study. In fact, deterioration of cell growth
during the weaning procedure was observed in our ex-
periments. Another disadvantage of long-term adaptation
is the loss of MAb productivity in both high and low

serum media (8, 18,25). Consequently, adaptation to
low serum media over a long period (about 8 months)
is not recommended for efficient MAb production.
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