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Abstract A simple kinetic model is developed to
describe the dynamic behavior of myeloma cell growth and
cell metabolism. Glucose, glutamine as well as lysine are
considered as growth limiting substrates. The cell growth
was restricted as soon as the extracellular lysine is
exhausted and then intracellular lysine becomes a growth
limiting substrate. In addition, a metabolic regulator model
together with the Monod model is used to deal with the
growth lag phase after inoculation or feeding. By using
these models, concentrations of substrates and metabolites,
as well as densities of viable and dead cells are quantita-
tively described. One batch cultivation and two fed-batch
cultivations with pulse feeding of nutrients are used to
validate the model.
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concentrations of glucose, glutamine,
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lysine (g L)

concentrations of glucose, gluta-
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maximum specific uptake rate of
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flow rate of sampling (L h™")
parameters in the regulator model
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lysine uptake for filling the
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Ky death rate model parameter (hfl)

Uy Umax actual and maximum specific
growth rate (h™h

UM UR specific growth rate obtained from
Monod model and regulator model
(™

Lmin minimum specific growth rate in
the regulator model (hfl)

Vo single cell volume (x 107! L)

\% culture volume (L)

X, viable cell density (x 10% cells L™1)

X4 dead cell density (x 10% cells L7

X total cell density (x 10% cells L™

Y1.ac/Gle lactate yield on glucose (g g_l)

cell number yields on glucose,
glutamine and extracellular lysine
(x10® cells g1

YxsGie» Yx/Gins Yx/Lys

Introduction

Mathematical models of mammalian cell culture found in the
literature vary widely in complexity and theoretical foun-
dation, from the Monod model, to more sophisticated
unstructured [1-3] and structured models [4-7]. Unstruc-
tured models are simple and therefore are attractive in
applications [8—10], but they are of limited use in situations
where significant changes in the cellular environment occur.
Structured models can be used over a broader range of
conditions and have better extrapolating capacity than
unstructured ones, however, they may become too complex
and computationally intensive for practical applications. The
objective of this study is to develop a simple kinetic model
which is the combination of the unstructured framework and
part of the inner structures of the biological system.
Growth limiting or inhibiting factors, such as glucose and
glutamine depletion, insufficient supply of other amino
acids, the toxic byproducts ammonium and lactate, and the
other probably not yet identified autocrine factors should be
taken into account in modeling mammalian cell growth [2, 9,
11-14]. In cell culture, amino acids are used for energy
production and protein synthesis. Importance of amino acids
for in vitro mammalian cell growth has been confirmed in a
number of publications [15-20]. Except for glutamine,
amino acids are usually assumed to be supplied in excess so
that they are not treated as limiting substrates in modeling.
However, Robert and Hsu [21] found the significant lysine
consumption (0.87 x 10~ ''mol/cell h™") in myeloma cell
culture. Martial-Gros et al. [19] revealed that lysine might be
at limiting concentration in their serum containing medium
for hybridoma cell culture. In our study, lysine was also
found to be a limiting amino acid in myeloma cell culture.
Therefore, the kinetic model proposed in this paper takes

@ Springer

lysine, glucose and glutamine as limiting substrates. In
addition, the specific growth rate in a conventional
unstructured model is usually formulated as Monod type
kinetics [13, 22, 23]. However, such a Monod model is not
able to describe the growth lag phase at the beginning of the
experiments and after strong environmental perturbation
during the cultivations [24, 25]. In order to deal with the
growth lag phase, a metabolic regulator model [24] com-
bined with the Monod model is used to describe the specific
growth rate in this study. The model is finally validated with
the experimental data of one batch culture and two fed-batch
cultures with pulse feeding of nutrients.

Materials and methods
Cell line and culture medium

The myeloma cell line X63-Ag8.653, a non-secretor, was
used in this study. The base medium used in flasks and
spinners was RPMI 1640 supplemented with 10% fetal calf
serum (FCS, Invitrogen, UK), 2 mM glutamine and
80 ug mL~" gentamicin. Two feeding mediums, FM1 and
FM2, have the following composition: FMI1 contains
18 g L™ " glucose and 3 g L' glutamine with 10xRPMI as
base medium; FM2 contains 17.9 ¢ L' glucose and
3.2 g L™! glutamine with 1xRPMI as base medium. The
composition of amino acids in RPMI 1640 medium is
given in Table 1.

Inoculation preparation

Cells stored in liquid nitrogen were thawed and then cultured
in the T-flasks. After subculturing in the T-flask with the area
of 25 and 75 cmz, cells were transfer to the spinners for
suspension culture with the culture volume of 50-500 mL.
The viable cell densities for inoculation of flasks and spin-
ners were 2.0 x 10° cells mL~" and 3.0 x 10> cells mL~",
respectively, and the final cell densities were 7.65 x 10° cells

Table 1 Amino acids concentrations in RPMI 1640

Amino acid uM Amino acid M
Asp 150.38 Tyr 160.22
Glu 136.05 Val 170.94
Asn 378.79 Met 100.67
Ser 285.71 Trp 2451
Gln 2,054.79 Phe 90.91
His 96.77 Iso 381.68
Gly 133.33 Leu 381.68
Thr 168.07 Lys 273.97
Arg 1,390
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mL~" and 9.9 x 10° cells mL_l, respectively, after the
cultivation. In the subculture, temperature was maintained at
37 °C, while CO, concentration and humidity were con-
trolled at 5 and 80%, respectively. Inocula were transferred
to three 250 mL spinners for further experiments with the
initial viable cell density of 1.5 x 10° cells mL ™",

Cultivation procedures

All experiments started with a working volume of 150 mL,
and the glucose and glutamine concentrations of 1.75 g L™
and 0.5 g L', respectively.

Experiment 1: Batch culture without feeding.

Experiment 2: Fed-batch culture with one time feeding.
FCS of 15 mL and 32 ml FM2 were added at 70 h to
achieve the final glucose concentration of 4.0 g L™".

Experiment 3: Fed-batch culture with three times feed-
ing. Three times medium feeding were carried out at 54.5,
73 and 113 h, respectively. Briefly, at 54.5 h, 2.5 mL FCS
and 3.5 mL FM2 were added to achieve the final glucose
concentration of 1.0 g L~' At 73 h, 8 ml FCS and 4 mL
FM2 was added to achieve the final glucose concentration
of 1.0 g L™'. At 113 h, 13.6 mL supernatant was removed
from the culture medium and then10 mL FCS and 3.6 mL
FMI1 was added.

All experiments were stopped at 134 h. During the
cultivation, the temperature was maintained at 37 °C, the
agitation speed of the spinner is 120 rpm, while CO,
concentration and humidity were controlled at 5 and 80%,
respectively.

Analysis method

Cell density was determined by microscopic counting with
a hemacytometer and the dead cells were evaluated by the
trypan blue exclusion method. Glucose and lactate were
measured with YSI2700 analyzer (Yellow Spring, OH,
USA). Ammonia was measured by commercially available
enzymatic kits (Boehringer Mannheim GmbH, FRG).
Amino acids analysis was performed by OPA-derivatiza-
tion followed by a reversed-phase HPLC column
(KONTRON, Germany). The derivatives were monitored
by fluorescence detector and output was recorded and
analyzed by computer with Kroma2000 software.

Model development
Cell growth model

The dynamic balance of viable cells may be described as:

dvXx,
dt

= uVX, — 13VXy — FoX, (1)

where, Xy is the viable cell density; u is the specific growth
rate; uq is the specific death rate; V is the culture volume;
F, is the sampling flow rate. Therefore:

dX, dav X,

- XV - Xv -\ 5. F N7 2
k= (R ) @)
Since:
dv
—=F-F, 3
5 (3)
with F; as the feeding flow rate, Eq. (2) becomes:
dx, F;

= uXy — Xy — —Xy 4
5 = M Xy = (4)
Similarly, the dynamic balance of dead cell density Xj is:
dXy F
— = ugXy — kiysXqg — =X 5
o e ysXa — 3 X (5)

where ki is the specific autolysis rate. Then, the total cell
density is

X, = X, + X4 (6)

As stated in the introduction, glucose and glutamine
limitation, ammonia and lactate accumulation and amino
acid depletion should be considered in modeling. In our
experiments, however, lactate and ammonia concentrations
were less than 20 and 0.7 mM, which are much lower than
the critical levels for cell growth inhibition, 40 mM for
lactate and 5 mM for ammonia, respectively [18, 26].
Accordingly, they are not accounted for in modeling.
Concentrations of amino acids during all experiments are
depicted in Figs. 1, 2, 3, from which several amino acids
were found exhausted during the cultivations. Among
them, lysine concentration hit zero many times in all
experiments. Therefore, lysine is modeled as a limiting
amino acid. As found by Simpson et al. [22], there existed
a short-term growth after deprivation of single amino acid.
The amino acid demand during such a short-term growth
period should be met with an intracellular amino acid pool
[27]. Accordingly, the intracellular lysine concentration
denoted by Cpys.in is finally used as a limiting substrate in
modeling. Together with other substrates, the specific
growth rate is firstly modeled with Monod kinetics:

=pu CGlc CGln CLys—int
M — Mmax
CG]C + KGlc CGln + KGln CLysfint + KLysfint

n

(7)

Using the specific growth rate described as Eq. (7), how-
ever, a much higher viable cell density is obtained than that
of the measurement after inoculation or feeding, see the
dash line in Fig. 4. Such a lag phase may result from the
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low activity of enzyme pool responsible for intrinsic
metabolism, such as glycolysis and glutaminolysis, shortly
after inoculation or pulse feeding, see the “lag phase” in
Figs. 7, 8, 9. To deal with the lag phase, a metabolic
regulator model, proposed by Bellgardt [14, 28] is applied.
The structure of the regulator model is illustrated in Fig. 5.
The dashed frame outlines a first order regulator with u as
input and uy as output, which represents the actual activity
of regulated pathway in analogy to enzyme levels of bio-
chemical structure models. py,, stands for the minimum
constitutive activity of the regulated pathway. k; and k,
determine the transients of the lag phase. K is a low pass
switch.

Figure 6 gives the transients of y, the output of the
regulator model (ug) and the output of the Monod type
model (uy) for Exp.2 (pulse feeding is performed at 70 h).
Shadow areas in Fig. 6, including part ‘A’, ‘B’, ‘C’ and
‘D’, indicate the difference between the output of Monod
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model and the regulator model. The regulator model is
structured to mimic the dynamics of the enzyme pool
induction after substrate perturbation, while the Monod
model can be thought as an indication of substrate level.
After inoculation or feeding, the specific growth rate is
limited by the low enzyme level, namely u = ug, see part
‘A’ and ‘C’ in Fig. 6. When the enzyme is saturated, the
specific growth rate is dependent on the substrate level,
namely u = py, see part ‘B’ and ‘D’.

Mathematically, the regulator model is depicted with
Eq. (8). The actual specific growth rate u is obtained
according to Eq. (9).
dug
dt

= min{py, pg}

(3)
©)

The specific death rate u4 is assumed to be determined by
the specific growth rate [29-31], which is expressed as:

=k (:u + Mmin) - kZMR
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Fig. 4 Viable cell density simulated with the Monod model (dash
line) and the combination of Monod model and regulator model (solid
line), the experimental data from of Exp.2 (symbols). Arrow indicates
the feeding

Fig. 5 Block diagram of the regulator model combined with the
Monod model for the specific growth rate

K4

e (10)

Ha = :ud,max

Mass balance model

Mass balance of glucose and glutamine are depicted with
Egs. (11) and (12), respectively, where the specific uptake
rates are followed the Pirt linear model [32].

dCgic F;

T —qcicXy + Vl (Caicr — Caic) (11)
% = —qemXy + % (Ceinr — Con) (12)
with
qcic = { 6’:701 + M, i,zllcc Z(()) (13)
qGm = {6):70,,, + MG, 22111:1 z(()) (14)

Lysine uptake is partitioned into two parts. One part is for
cell growth and energy maintenance. In case of the

(solid line), the regulator model (dashed line) and the combined
model (filled circle) of Exp.2 (with pulse feeding added at 70 h)

intracellular lysine pool being less than the saturated
value, another part of extracellular lysine is utilized to fill
the intracellular pool. Therefore, the specific uptake rate of
extracellular lysine can be described as:

gLys—ext

Crys—in0 —CLysin
N { E + MLys—ext + finax C - S CLys—ext >0

Yx/Lys Lys—int0 —CLys—int+K;’

07 CLys—ext S 0
(15)

where, Cy s inw 18 the saturated level of intracellular lysine;
Jfmax and Ky are model constants. The first two items on the
right hand of Eq. (15) represent the lysine uptake for the cell
growth and energy maintenance, respectively, while the
other term is for filling the intracellular lysine pool. The
uptake rate of extracellular lysine for filling the intracellular
pool is assumed to be dependent on the difference between
the saturated level and the actual intracellular lysine level.
The mass balance of extracellular lysine is

dCLys—ext _ Fi

dr - _QLysfexth +—= (CLysfext,F - CLysfexl>

y (16)

Intracellular lysine is used for cell growth and energy
maintenance. The mass balance of intracellular lysine can
be described as:

d(CLysfimVO) _ _
dr GLys—ext

+ mLysext) (17)

YX/Lys

where vy is the single-cell volume, and it is assumed to be
constant. The dynamics of the intracellular lysine
concentration finally is

1
dCLysfint _ { % (QLysfext - ﬁ - mLysfext)y CLysfint >0
dr 0, CLys—int < 0

(18)

Lactate is mainly produced by glucose metabolism. The
specific production rate of lactate g; .. is modeled as:
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qrac = YLac/GleqGlc (19)
The mass balance of lactate concentration is:

dCy, F;

TAC = GracXv — Vl Crac (20)

Results and discussion

Three sets of experimental data, including the densities of
total, viable and dead cells and concentrations of glucose,
glutamine, extracellular lysine and lactate, from myeloma
cell cultivations are used for model validation.

Nineteen parameters are involved in the model. Among
them, saturated level of intracellular lysine Ciyg jno iS
assumed to be 0.1 g L™', about four times of the extra-
cellular lysine level [21, 27, 33], and the specific autolysis
rate kyy is set to 0.0014 h™ ! Most of the model parameters,
including the maximum specific growth/death rate, the
saturated constants of the substrates, and the cell number
yields from the substrates, are calculated directly by the
batch experiment (Exp. 1). To minimizing the sum of
square errors between the densities of viable and dead cells
and the concentrations of glucose, glutamine, lysine and
lactate from measurements and that from simulation
results. The other parameters are identified by try and error.
All the parameters used for model simulation of Exp. 1 are
given in Table 2.

The sensitivity analysis of the model parameters is
performed by using the method of Claes and Van Impe [34]
and the data of Exp. 1. The objective function is the sum of
the square error between measured (Xf\,/[) and simulated
viable cell density (X3), see Eq. (21), except for the lactate
yield on glucose Yi..G1c, Whose objective function is the
sum of the square error between measured (Cﬂc) and
simulated lactate concentration (CP,.), see Eq. (22).
Perturbation of each parameter by +10% around the value
listed in Table 2 is tested and the relative change of SSE is
calculated. If the relative change of SSE caused by the
perturbation exceeds £5%, the corresponding parameter is

Table 3 Sensitive parameters for Exps. 1-3

Experiment Hmax ,ud,max YX/G]n MGin YLac/Glc
1 0.065 0.012 45.0 0.0004 0.80
2 0.063 0.010 50.8 0.0005 0.85
3 0.060 0.011 46.0 0.0003 0.82
Units are referred to the list of symbols
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Fig. 7 Time courses of Exp. 1. a Total, viable and dead cell
densities, b glucose, glutamine and lactate concentrations and ¢ extra
and intracellular lysine concentrations. Lines model simulations;
symbols measurements

regarded as a sensitive one. It was found that five para- 12 X3 (1) — XM(1) 2
meters are sensitive to perturbation and they are further SSEy = Z [—X\l\/’[ ) } (21)
i— 1
identified by using Simplex method for all experiments =1
while the other parameters take the fixed values in Table 2. 16 1cS (1) — M (£
. . . . SSE,c = Z Lac( l) Lac( l) (22)
The identified results are given in Table 3. cM (1)
i=1 ac
I’II‘:)ZI:I 2 Parameters used n the KGlc KGln KLys—im Hmax ,ud,max Kd Mmin kl k2 Vo
0.13 0.05 0.001 0.065 0.012 0.005 0.0001 0.18 0.15 43
Yx/Gic Yx/Gin YX/Lys YiaciGie mgGic MGin Mpys-ext Smax Ky
Umtg e referred to list of 105 450 7500  0.80 0.00016  0.0004  0.000015  0.00005  0.02
symbols
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Fig. 8 Time courses of Exp. 2. a Total, viable and dead cell densities
(arrow indicates the feeding), b glucose, glutamine and lactate
concentrations and ¢ extra and intracellular lysine concentrations.
Lines model simulations; symbols measurements

Comparison between the simulation results and measure-
ments are shown in Figs. 7, 8, 9. Figure 7 shows the time
courses of Exp. 1, a traditional batch culture without
feeding. According to model simulation, extracellular
lysine support cell growth for about 57 h until the intra-
cellular lysine consumption is triggered and lasts for
about another 24 h, as was found to be 15 h in Simpson’s
work [22]. The dynamics of intracellular lysine concen-
tration is qualitatively coincident with the observation of
Baydoun et al. [35]. Time courses of Exp. 2 are depicted
with Fig. 8. Cell growth and cell metabolism similar to
Exp. 1 are found before 70 h. Lysine was supplemented at
70 h by pulse feeding. However, it was soon exhausted at
about 80 h. Figure 9 shows the comparison between
simulation results and the experimental data of Exp. 3, in
which three times of feeding medium were added at 54.5,
73 and 113 h, respectively. Cells switched from utilizing
extracellular lysine to using lysine from an intracellular
pool at 81 and 123 h after the second and third feedings,
respectively.

Fig. 9 Time courses of Exp. 3. a Total, viable and dead cell densities
(arrows indicate the feeding), b glucose, glutamine and lactate
concentrations and ¢ extra and intracellular lysine concentrations.
Lines model simulations; symbols measurements

The regulator model works well for the specific growth
rate in these experiments. It operates at the beginning of the
experiments and the short-term period after pulse feeding,
as indicated with a “lag phase” in Figs. 7, 8, 9. In Exp. 1,
the regulator model keeps on working until 12.4 h, when
the specific growth rate is low with rich nutrients. After
that, the Monod model takes the work over. In Exp. 2, the
regulator model operates twice. The first one is similar to
that of Exp. 1, and the second one operates from 70 to 82 h.
In Exp. 3, the regulator model operates during the fol-
lowing periods, 0-12.5, 73-83 and 113-123.5 h,
respectively. There is no lag phase after the first feeding at
54.5 h because the enzyme level is high enough to supply
the maximum specific growth rate.

In the model presented above, only lysine is taken into
account as the sole growth limiting amino acid. In fact,
other essential amino acids, such as methionine, can be also
exhausted during the cultivations, see Figs. 1, 2, 3. How-
ever, lysine was exhausted much earlier than the other
amino acids. For simplicity, lysine limitation is regarded to
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represent the lumped effect of other possible amino acids
limitation.

Conclusions

A simple kinetic model has been developed for simulating
the growth of myeloma cell line. Metabolic regulator
model is used to describe the lag phase at the beginning of
the cultivation or after feeding. Lysine is taken into account
as a limiting substrate. Intracellular lysine acts as growth a
limiting substrate when extracellular lysine is depleted.
The dynamics of total, viable and dead cell densities and
concentrations of glucose, glutamine, extra and intracel-
lular lysine and lactate are described in this model. The
model is validated with one batch culture and two batch
cultures with pulse feeding.

It is noted that the simple kinetic model proposed in this
paper was only validated with the experimental data with
no expression of recombinant proteins. If the product
expression is accounted for, the model has to be extended
by incorporating the corresponding kinetics. The product
formation rate may be determined by specific growth rate,
death rate or substrate concentrations [3, 17]. Besides,
substrate, especially amino acids, uptake in accordance
with product formation should be modeled, which may
have more straightforward model forms [5, 36, 37]. In
summary, the simple kinetic model presented here provides
a framework for further modeling studies which is more
application oriented.
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