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Figure 4.1.6: Population growth dynamics of CHO1-5sp cells of dispersed suspension batch culture using serum-free medium,
from an inoculum grown in serum containing medium. The population initially accumulates in G1/GO and then traverses the cell
cycle in semi-synchrony.

solid squares: viable population; solid triangles: S phase; open triangles: G2/M; solid circles: G1/G0; open circles: A phase.
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corresponds to a doubling time of approximately 60 h, so that daily sampling results in 2 to 3 sampling points per
complete cell cycle period. Hence, it can be seen that the population exits the lag phase in partial synchrony with
peaks in the subpopulations corresponding to traverse through the S phase, G2/M phases, ar.' G1 phase.

After three population doublings, the cells enter the decline phase. Under the conditions of this experiment, the viable
cell concentration decreases smoothly, at a constant rate of 0.01 h™' , throughout most of the decline phase. By the
late decline phase, most of the viable population is senescing through apoptosis, and the rate of decline diminishes.

A population of cells in culture does not contain the housekeeping phagocytes which engulf and destroy apoptotic
bodies in vivo. Thus, as the individual cells complete the phystological process of apoptosis, they enter secondary
necrosis, in which membrane integrity is lost and cytomplasmic contents leak out into the medium. Eventually cell and
organelle membranes lyse and the contents are released en masse. Any cells which may undergo primary necrosis
(accidental or traumatic cell death) lose membrane integrity and lyse to release cellular contents relatively quickly.

The appearance of the cytoplasmic enzyme lactate dehydrogenase (LDH) in the culture medium is indicative of the
leaky membranes and lysis associated with cellular death (Wagner e al., 1992). Extracellular LDH concentration has
been used as a measure of cell death, lysis, and release of cellular contents (Chevalot er al., 1994). In this experiment,
it was found that extracellular LDH activity increased as population viability decreased (Figure 4.1.7a), more than
doubling during the early decline phase during which time the wviability fell from 75% to less than 40%. The
extracellular LDH activity is proportional to the concentration of dead, but intact, cells until the end of the early
decline phase, yielding 0.244 U/c (Figure 4.1.7b and c). Very little cellular debris was observed up to this time,
suggesting that cell lysis was insignificant through to the end of the early decline phase.

As the population moves into the late decline phase, the concentration of dead cells begins to decrease, presumably
due to the combination of declining viable cell concentration and increasing lysis of dead cells (input and output to the
dead cell compartment). This is the point at which the extracellular LDH activity jumps from about 150 U/L to about
350 U/L (between 275 and 350 hours of culture time, Figure 4.1.7b). This pattern of sudden .LDH release from cells
into the culture medium can be explained as a consequence of the partial synchrony of this culture, in that a significant
proportion of the population enters apoptosis at the same time. Since apoptosis (as a physiological process) is likely of
a fixed length, this proportion of the population should commence secondary necrosis, culminating in cell lysis at
approximately the same time. Thereafter, the release of LDH becomes inversely proportional to the dead cell
concentration. This can be interpreted as release of LDH from the lysed cell compartment. Hence, the appearance of
LDH in the culture medium should be considered to have two distinct sources: leakage through the membranes of
intact dead cells, and release from lysed cells. The latter source is also indicative of the lysis of subcellular organelles,
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Figure 4.1.7: LDH as an indicator of ‘leaky’ membranes (and therefore, cell death).

a) The extracellular LDH concentration increases as the viability of the population decreases.

b) The accumulating extracellular LDH concentration is proportional to the accumulating dead cell concentration umtil the onset of
significant cell lysis (300 hours), after which extracellular LDH continues to accumulate at a rate proportional to the rate of cell
death, but is no longer proportional to the dead cell concentration because cells are leaving this subpopulation as a result of cell lysis.
c) The extracellular LDH concentration can be expressed as a yield of LDH from dead cells until the point of significant cell lysis.
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including lysosomes which would involve the concomitant release of proteases. Visual evidence of significant cell
lysis (cellular debris) was not observed prior to the onset of the late decline phase.

The semi-synchronous growth pattern is more clearly depicted in Figure 4.1.8. In these plots, the accumulation of
cells in the G1 phase during the lag phase of the population is seen during the first three days of the culture. The re-
entry of the G1 arrested subpopulation into the cycling fraction appears to be consistent with the probabilistic model
proposed by Smith and Martin (1973). This random re-entry into the cycling fraction is coupled with a portion of the
population that was not arrested in G1, thereby preventing complete synchrony of the population. Peaks in the S
phase at approximately 125 hours, 200 hours, and 290 hours, followed by peaks in the G2/M phase support the
interpretation of semi-synchronous traverse of the viable population through the cell cycle.

In Figure 4.1.8a, the size of each of the four subpopulations is depicted as a fraction of the whole viable population.
At 300 hours, well into the decline phase, cells are accumulating in the G1 phase. At approximately 340 hours there is
a sharp decrease of cells in all of the cycling phases and a cormresponding increase in the size of the A phase
subpopulation. The fact that cells are accumulating in the G1 phase just prior to the increase in the A phase
subpopulation suggests that cells enter apoptotic senescence from the Gl (or GO) phase. This is substantiated by
considering the subpopulations of only the cycling fraction of the viable cells (Figure 4.1.8b). Here, it can be clearly
seen that almost all of the cycling fraction resides in the G1 (or GO) phase by the end of the batch culture.

Further verification of the semi-synchrony of this population is found in the percentages residing in each of the cell
cycle phases during the exponential growth phase. In asynchronous growth, 70 to 80% of the viable population
resides in the S cell cycle phase during the early exponential growth phase (Lakhotia er al., 1992). The proportion in
S phase decreases through the remainder of the exponential growth phase, as the proportion in G1/GO phase
increases, presumably as cells arrest in G1/GO in response to diminishing nutrient pools (Lakhotia et al., 1992). The
proportion of the population in G2/M remains relatively constant at 8 to 10 % until the late exponential growth phase,
when it begins to increase. In contrast, in this culture the proportion of the viable population in S phase never rises
above 60%, while the proportion in G1/GO remains high during early exponential growth phase, only falling to
approximately 20% in mid and late exponential growth phase (Figure 4.1.8a).
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Figure 4.1.8: The semi-synchrony of CHO1-5500 dispersed suspension batch culture is indicated by peaks in the subpopulations
segregated by cell cycle phase.  solid circles: G1/GO; open circles: A phase; solid triangles: S phase; open triangles: G2/M

a) entire viable population. The population accurmulates in the apoptotic sub-compartment during the late decline phase.

b) the cycling fraction of the viable population (A phase excluded) The cycling fraction accumulates in G1/GO during the lag phase
and again during the late decline phase.
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Population Segregation on the Basis of DNA Content

The above interpretation of the population growth dynamics is verified by considering the relative DNA profiles of the
population over the course of the batch culture. In Figure 4.1.9, DNA population profiles are presented for four batch
cultures cultivated under the conditions described previously. The batch cultures differed in terms of the initial
concentrations of lactate, glucose, glutamine and serum. Nevertheless, the DNA population profiles all follow a
remarkably similar trend. Again, it is seen that true asynchrony is only achieved for about 24 hours during the early
exponential phase. The population accumulates in the G1/GO phase during the first 3 days of culture, and the
population resides primarily in the A phase by the end of the batch culture. The samples were gated based on a cell
size between 8 and 20 um in diameter, which is considered to be the range for intact dead CHO cells through to
mitotic viable CHO cells in dispersed suspension, and which was verified microscopically (see Section 4.2). Greater
than 99% of the particles in the samples fell within this gate through mid- exponential phase in all of these cuitures.
Thereafter the gated percentage of samples fell to approximately 95%, with the majority of the excluded particles
having a diameter greater than 20 um, and most likely representing 2 to S cell aggregates which were microscopically
visualized from the mid exponential phase until the late decline phase. It was only in the late decline phase that the
gated sample portions fell below 90%, and that the cellular debris indicative of lysis was microscopically visualized.

Necrotic cells, having ruptured or leaky cell membranes, would appear in DNA to RNA graphs as having a2 normal
complement of DNA but a very low complement of RNA. In Figure 4.1.9, by virtue of this criterion, it can be seen
that very few cells appear to leave the viable population through primary necrotic senescence. Swollen necrotic cells
would also have a large size, corresponding to a large forward scatter (FS), but a low density, corresponding to a low
side scatter (SS). Inspection of Figure 4.1.9a and Figure 4.1.9d substantiates the insignificant role of primary necrosis
in these cultures. Cell death is discussed further in Section 4.2.



page

DNA (FLL)

b DA . -~
- A A -
R "2 e
[
-
8 GeGt s
cs ” g
0 G2m 148
M Apep r
L 64
RNA (FLY)
-
<
Region L3 h
~
:" p
A A " -
-
4
8 GoGt 728 $
cs 148 a 1
0 Gam 10 _
M Agep 1.4
-

-
©
lshu % -~
: -
aAaA "3 L
4
<
8 GoGt Sas 5 -
cs 22
o G r2 1 -
M Agop 0.3
L ] T T Y T T
1 4
I T — Ara L3
-
<
L4
Region < i
-
A A LX) 3 1
T
~ -
8 GoGt as.a s
cs 20.2 5 -
0 Gim 'Y
.. Y/ . N Apep 102 4
T L4 T T ™Y T
-3 1000 [ ] 1024 % [ ] [- 2
S3 Loa oNa CFLL) RNA  (FLI)

Figure4.19: Flow cytometric profiles of CHO'1-5s00 cells during dispersed suspension batch culture in serum-free medium.
left-to-right: light scatter graphs; relative DNA profiles; propoction of population in the cell cycle phases; DNA vs. RNA

a) Initial substrate conditions: high GLC, low GLN, no LAC, no Serum



Chapter 4: Results and Discussion

Figure 4.1.9a continued:

-
o~
-
&
c
3 o
]
o
H S.C K "
L LS T BN R SN SAAR JENE B
] 1624
oNA C(FLL)
a
(")
o
S
Q
Q
ac o
pate - P
® L S B Sh L B 2 LB aun m
[ ] 1024
ONA C(FLL)
hd
=
s
c
3 =
[+
o
8 Cc o]
o Tt r——t—
L] 1024
DNA (FL1)
V)
o
&
[
5 o
a
(4]
H c .
o= ]

1024
ONA (FLL)

page

120 hours to 192 hours of batch culture time

«
Reglan *® Q
B
A A se
- -
- ]
8 GoG1 40.3 | .
-
38 9
cs 3 <
O G 105 E .
" Apop 2.8
| 120 h |
L T T Y T
-]
RNA (FL3)
<
E
Regwon % ©
A A 873 ~
- -
E.'
8 GoG!t 188 - 4
cs 25 ¢
0 G2m 261 3§ A
H Apop 2.t
L 144 h ] «
]
h 4
©
Reguon % A
~
-’
A A ses 7 4
20 ¢ ]
8 GaG1 188 <
Zz
cs 539 Z
D G 2.8
H Apop S.t -
o
g 168 h 1 ",
<
L4
Region % ~
- -
Z
A A 7e & ]
218 <
8 GaGt 14.5 g ]
cs 56.6
o Gm "2 4 £
H Apap 33
L) T T T T T
]
I 192h || RNA CFL3)

95



Chapter 4: Results and Discussion

Regua %
A A %S
8 GoG1 .3
cs 301
0 G2m 23
" Apop a8

102¢
lﬂu b3
Aa =
8 GoGt 15
cs 38.8
0 G2 1.4
M Apep 8.4

13 :" L]

102¢ | YT

lﬂ h3
A A "
8 GoGt 282
cs 132
o G2 3
H Apop 387
LA 2
-1 1eee 1024 W
SS tog OoNA CPFLL)
* =
o =
h Regan L
‘s‘ A A [T B
. -]
E o 8 GoG! 123
cs 22
- 0 Giu os
&
M By Cc O W Ages bt
Ldaanzs) smus:r ampi smaxi L2 M S SENE SR 3 A
. 1800 1024

Figure 4.1.9a contiowed: 240 h to 384 h of batch culture time.

SS LOG

page 96

ONA (FLY)

ONA (FL1)

DNA (FL1)

ONA (FLL)




Chapter 4: Results and Discussion

“u/sec o
- L s 5 T T
L] 1026
Ol CFLL)
~
-
-
-
-
- i‘. 1
E 8 GGt e -
cs e [
o Glw . 3 4
h L) .
p
LJ k]
[,
@ Tyl a0 -
. 102e .
ONA (PLL)
a v
H ° Regen L3 .
J 4
-
- 3
3 1 s GeGt 1Y s |
cs 260
o G e g 4
n /jsec. o
© T by L) —r—r—r—r—r
[} 1024 . [ 2]
oNa L) fina (FLI2
- b4
-
] Regua ~
4
<
-
- -
- J 2
S 2 GG s ~ 4
L] cs 26 g
) 0 Gm 0 1
" Agee 12

. 1924
oNa  (FLL)
- -
-~ - .
lz Ay
| P
-
=
- 3 E
LY
§ b 8 GeGs 363 - 4
[+ cs 3 g
p 0 cm " 1
" sewe i

L] 1024 L]
oA (FLL) Regan - ana (PLI
H T
p 4
0 GeSs s -
- cs [ X P h
-4 o Qv (R - -
n Agee 1z s -
a L
: ST — ]
[ cS_C
. T S &
L 1424 * L 0d
Ona CFLL) Segen -~ ana (PLY)
- -
~ o 1
-
,\ 8 Coly s: -
- | cs . <
g 1 l 0 GIw as >
[} ! LI [y <
i i 3 1 .
I — { 7
n\l < lo

Figure 4.19b: Initial substrate conditions: low GLC, high GLN, high LAC, no Serum



Chapter 4: Results and Discussion

»
L J
-
5.
<
i
s c 0o
@ rrmpw >
[ 3 1024
ONA (FLL)
e
-
4
§
4
" 8 O,
- pptpen A
- cawna
~
-
n
,1
§<
5]
L] a -]
D e e e
102e
ONA (ML)
-
-
-
o
g.
9
Rl alc -
o LI e o m e
[} 102a
onNa (FLL)

L -
8 GeGH s
cs s
o G 32
L] 7

Ll ) A
s GuG s
cs 1
Qo G 36
" Ases n

Regan -
5 GeGt “ws
cs e
0 Gm .
LA 2.

LU S
6 GeGt 3
cs EL3)
o G 38
n apen (2]

ot g e e l (For I
[ ] 1024
oNa trELL)
. Segen >
4
-
i B 8 Gel» LLR)
. cs s’
© * o G 14
d " Aves ra
- c. 0
- —— 300
103
CNa (FLLD
]
- Reque <

Figure 4.19¢: Initial substrate conditions: high GLC, low GLN, high LAC, no Serum

CNna (FlLL)

8 GuGt "7y
<s £ 24
0 Gm 2
LA L)

=]

DNA (FLL)

DHA (PFLD)
.

- L3 Y T
. Sa
RNa (ML)
-
© 1
4
-
-
3 4
&
-
4
g -

* L] T o LS Ty
. [ 2}
ANA (FLD)
-
S -
) .
-
: -
[
- -
4
-
L ]
;'4
-
- -
3
I.
<
J
$
s 4
4
- Y T T T "
° [ 2}
ANA (FLY)
-
e
-
- -
3
©
e -
- T L T T -
e [
aNa ALYy
L4
3
4
-
- -
2
L
s
E
<
xS
. r——r —
]
[ £}
ANa ML)

page 98



Chapter 4: Results and Discussion page 99

Regten - b
A A "%
~
-
8 GoGt as g
cs s >
o G 133 §
M Apges [ X )
-
‘-
Regon < o
A A ”we ~
-t
e ©
8 GaoG! 4268 -
cs 3 g
o G ws X
M Agop 37
24 h P
-3 1000 [ 1024
SS L.OG oNA (FLL)
<
©
Regun -
-~
3
A
A "we 4
-~
8 GaoG: a3 §
cs 13 &
0 Gam 1.8
- 3 8 ¢ ') N Apap 126
. - -
-3 100¢ . 1e24 “
s3 LoG ONA (FLL)
ESW YT T
Reguon % :
-L‘
A A %S -
<
8 GoGt sss X
cs 197 ’
0 G L )
N Apop re
KRegon %
——————— -
3
A A 91 -
-
8 GoGt 08 g
cs 0 Q
0 GiM 108
M Apep 93
L4 T T T '3 Y T

Figure4.19d: Initial substrate conditions: high GLC, low GLN, low EAC, high Serum



Regua »
A A 0.7
8 GaeGt e
alc ‘O
1] LAY L3 L3 - LINn
1024
oNa (FLL)
Rson -
A A s
8 GoGh 1.
cs 308
0 GIm 12
R Apag 158
e N7
P "
LA 3 L A B 3 LI 4
1024
ONA C(FLL)
Isnn %
- A A "3
0
. 8 CoGt 403
cs [ §]
H 8c RO
3 ' L] LA L]
102¢
OoNa (L)
lﬂ"u b3
A A 2.8
238
8 GaGt a2
cs (3]
8 c ,° 0 GIm k4
LR 2 3 L3} L3N Y H Accp z:"
162¢ 0
e (e
ln“ %
1 Aa “2
o .
S -4 8 GaG! n
-}
x4 cs 0
J 0 G2M 13.8
" Agop 27
. I - L bttt ‘o-—vh
£ 1800 [ ] 1824

P ) -ven ceme oo

Figure 4.1.9d continued: 120 b to 240 h of batch culture time.

ONA (FLY)

ONA (PLL)

DNA (FL2)

DNA (PFL1)

DNA (FLLL)

page 100




Chapter 4: Results and Discussion page 101

1
1 Regon L3 -
| "]
: A A er3 <
. S
8 GoGt b} ) i‘
cs 264 -4
0 Gm w3 g
" agop 102 a 1
ST ]
-
[
[
- -
Regan h]
] -
A A L B ot
o 37
c [N
g E 8 GoGt 01 -~
o cs 32 <
i 0 GIm 12.5 :z: ]
" Apop 322
8 C -]
ottt =1 -t

| ] [ }-1 3 ] 84
ONA (FLL) RNA (FLI)
©
g 31
i Reguan % -
-~
-
- A s 4 7
g [
- hd -
8 8 GaG!? 7.
cs (2] ] g e
-1 0 G2M iy
N Apap LER ]
~ 8 Cc O
e rrr Iy vty hd M ¥ M M d
Y 1008 [} 1024 e 84
LoG ONA (FL1) RNA (FLY)
4: A
Regon *
= -
S
A A @
q
~
8 GoGt 142 : B
cs 29 [ -
- -
o GIM o b H
" Apa0 Lo §
&
T — 1
- T ™ 1 3
[ Ga
ANa  (FLT)

Figure 4.1.9d continued: 288 h to 456 h of batch culture time.



Chapter 4: Results and Discussion . page 102

Estimating Concentrations in the Dead Cell and Lysed Cell Compartments

The inputs and outputs of the dead cell compartment and of the lysed cell compartment are presented in Figure
4.1.10. Contributions to the dead cell pool come from both the cycling fraction, through primary necrosis, and the
apoptotic fraction, through secondary necrosis. Exit from the dead cell pool is through cell lysis, and vice versa, entry
into the lysed cell pool is from the dead cell compartment. Considering the hypothesis shown in Figure 4.1.10, the
change in the dead and lysed cell concentrations may be calculated from the following equations:

d [dea;’t cells] _ k [cy.cling cells] + k,[apoptoticcellsy] - k, [dead cells] (4.3)
d[_ly___se; cells] = k, {dead cells) (4.9

G1/G0

Cells Cclls Cells

Cycling

Cells

resen
v 2 | .
Apoptotlc Dead “'/ ) Lysed

(2t e J—>—( =)

Figure 4.1.10:  Subpopulation compartments based on cell cycle theory. The population can be segregated into a
cycling fraction, an apoptotic fraction, a dead fraction, and a lysed fraction. The cycling fraction can be further
subdivided into a GI1/GO fraction, an S fraction, and a G2/M fraction.

p: cell cycle rate constant;  k, : rate constant of apoptosis entry; k, : rate constant of primary necrosis;

kq : rate constant of secondary necrosis; k; : rate constant of cell lysis
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It may be concluded that primary necrosis plays an insignificant role in batch culture kinetics of this rCHO cell line
under normal operating conditions such as those employed here. Thus, &, is considered to be negligible, and
contributions to the dead cell pool from the cycling fraction can be neglected. Significant amounts of ceflular debris
was not observed prior to 275 culture hours, so that exit from the dead cell pool through cell lysis can be considered
to be negligible up to this point. Therefore, the rate of change in the dead cell pool can be calculated directly as the
rate of increase in the measured dead cell concentration up to this point. From Figure 4.1.7b it can be seen that the
concentration of dead cells actually decreases slightly up to mid exponential phase, at a rate of -310 ¢/mL/h. Since it
is not likely that a significant number of cells are entering the dead cell pool during this time, this may be considered to
be the rate of cell lysis during this time. From mid exponential phase through to the end of the exponential phase the
dead cell pool is increasing at a constant rate of 3638 ¢/mL/h.

Recombinant Protein Productivity

As discussed in Section 4.1.1, productivity is associated with cell-hours rather than just the number of cells in the
system. Thus, the first step in considering productivity kinetics is to convert cell numbers into cell-hours. When the
unsegregated population is considered in terms of cumulative cell-hours (Figure 4.1.11), the existence of the lag phase
is apparent. Under the conditions of this experiment there is apparently no metabolic switch, and the population
proceeds smoothly through the exponential and decline phases. Balanced growth is characterized by time-invariant
chemical, physical, and physiological state of the culture, while the population increases exponentially (Gu et al.,
1993). The exponential growth phase represents an approximately constant chemical state, in that nutrients are
present in excess, and biowastes are at subtoxic levels. A constant average physiological state of the population
occurs when growth is asynchronous and the relative size of each subpopulation is not changing. It can be seen that
this condition is never fully attained during this batch culture. This is due to the partial synchrony of the cycling
population.

The recombinant tPA productivity, as a function of the unsegregated population, is apparently growth-phase-
associated. In Figure 4.1.12 it can be seen that the lag phase specific productivity is approaching four times that of the
exponential and early decline phases. Although the productivity pattern observed here is not identical to the
productivity pattem observed under different initial conditions (eg. see Section 4.1.1 and Appendix C), a high lag
phase specific productivity is consistently observed. This is not consistent with S-phase specific protein production,
the suggested pattern for this plasmid construct (Banik e? al., 1996; Gu et al, 1993; Mariani ef al., 1981) (see Section
2.2), and which would correspond with maximum specific productivity during the exponential growth phase.

However, here the protein is measured as the tPA titer in the culture medium, so that ‘production’ is the end point of
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synthesis and secretion. It is therefore possible that tPA synthesis occurs during the S phase, but that the observed
increase in protein titer does not directly correlate with traverse through the S phase.

When the tPA concentration is plotted as a function of the individual subpopulations (Figure 4.1.13), it is seen that the
tPA production is directly proportional to the hours that the viable population spends in the G1/GO phase, strongly
suggesting that secretion occurs during this cell cycle phase. This is in contrast with the findings of Kubbies ef al
(1990) and Scott et al. (1987) who found a direct correlation of tPA production with the S phase, and Aggeler et al.
(1982) who observed peak tPA production during the G2/M phases. All of these researchers measured extracellular
tPA only, as is also the case here.

The Role of Dyhydrofolate Reductase Expression

Dihydrofolate reductase, a key enzyme for thymidine nucleotide synthesis, is essential for the replication of DNA, as
reviewed in Section 2.§. It should not be surprising, therefore, for the synthesis of both recombinant and endogenous
DHEFR to be cell cycle phase associated, irrespective of the nature of the transcription of the difr gene (constitutive or
induced). The relative specific DHFR levels in the different cell cycle phases was investigated by comparing against
relative DNA content profiles in the population (Figure 4.1.14). In Figure 4.1.14a about 73.5% of the cells of a
density arrested population reside in the G1/GO phase, with about 16% in the S phase. The corresponding DHFR
associated fluorescence profile shows two distinct populations, a group comprising approximately 60% of the
population with a relative DHFR content of 1, and a group comprising approximately 20% of the population with a
relative DHFR content of 10. In Figure 1.1.14b, a population of cells in early exponential phase shows good
correlations between the proportion of cells in G1/GO phase and a relative DHFR content of 1, and between the
proportion of cells in S phase and a relative DHFR content of 10. These correlations are further substantiated in the
observed patterns in a mid-exponential phase population (Figure 4.1.14c). In the late decline phase population shown
in Figure 1.1.14d, with essentially all of the viable population residing within the A phase (98.4%), there is no
detectable DHFR associated fluorescence. Collectively, these graphs suggest that there is about 10X as much DHFR
in S phase cells as in G1/GO phase cells, and that DHFR is not expressed during apoptosis. These findings do not
parallel the appearance of tPA in the culture medium for this culture system. The accumulation of extracellular tPA
was found to be a linear finction of the time spent in the G1/GO phase (Figure 4.1.13).
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When a foreign protein gene is co-transfected with dhfr, but the two genes are under the control of different
promoters, the timing of the expression of the two genes may differ. The system used in the CHO1-5599 cell line
utilizes the constitutive SV40 early promoter for the expression of both proteins (tPA and DHFR), ensuring
cotranscription. However, it is evident from Figures 4.1.13 and 4.1.14 and the results of other workers that the
appearance of secreted tPA and the synthesis of DHFR may not occur in concert. Whether the genes are transcribed
in concert or not, post-transcriptional modifications, translation, and post-translational modifications which
collectively result in the appearance of the complete protein can be subject to different controlling influences.

Furthermore, the appearance of a secreted protein in the cuiture medium is the endpoint of additional spatiotemporal

processing.

Investigators working with the DHFR based expression systems in rCHO cells tend to report solely on the levels of
the complete proteins. Several report S phase associated synthesis of the protein product, and it has become generally
assumed that this is coincident with S phase associated appearance of DHFR. Gu and co-workers (1993) found that
intracellular levels (synthesis) of recombinant B-galactosidase in CHO cells increased exclusively during the S phase.
In their system, dhfr was under control of the SV40 promoter, while f-galactosidase was under control of the
constitutive hCMV promoter. These authors did not calibrate synthesis of DHFR to the phases of the cell cycle.
Banik and co-workers (1996) found that the intracellular levels of recombinant B-galactosidase in CHO cells was
directly proportional to the cell specific growth rate. This suggests that the synthesis of this recombinant protein,
which is under the influence of the constitutive SV40 early promoter, is S phase associated. Similarly, the production
of recombinant human interferon-y by CHO cells was reported to be growth-associated (S phase dependent), but the
promoter was not identified by the authors, and it was unclear as to whether intracellular or extraceliular human
interferon-y levels were measured (Hayter er al., 1993). This evidence of S phase associated protein synthesis is
obviously not related to the control of transcription of the gene by constitutive promoters.

In agreement with the understanding of DHFR gene transcription and protein synthesis patterns (see Section 2.2), it
was found in this study that DHFR levels are associated with the cycling fraction of the cell population, in a cell cycle
phase dependent manner. DHFR protein appearance is apparently not restricted to the S phase, but is present in the
G1/GO phase as well, albeit at an order of magnitude lower level.
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The Role of Native Plasminogen Activators

The activity of native tissue plasminogen activator in mammalian ovary cells is relatively high Although not
approaching the 720 Units per gram of fresh tissue found in human uterus samples, the human ovary is relatively rich
in tissue plasminogen activator expression, yielding 210 Units per gram of fresh tissue compared with only 110 Units
per gram of fresh skeletal muscle, 25 Units per gram of fresh testes, and 0 Units per gram of fresh liver (Rouf et al.,
1996). Native ovarian tPA perhaps plays a role in follicle maturation and traverses through the fallopian tubes.
Native ovarian tPA expression and secretion may therefore be inducible, and tied to menstrual cycle. Turnover of
differentiated ovarian cells is low, with the cells residing primarily in the G1/GO state, so that expression and secretion
of native ovarian tPA is likely associated with the G1/GO cell cycle phase. Stimulation of the expression and secretion
of native ovarian tPA may influence the expression and secretion of recombinant tPA_

Transformed cells contain and secrete excess levels of activators of plasminogen, when compared with normal cells
(Scott e al., 1987). The maximal plasminogen activator activity in the culture supernatant (maximal secretion of
enzyme) of a rat prostate adenocarcinoma cell line was found to correspond with the S/G2 cell cycle interface (Scott
et al., 1987). In accordance with this finding, the levels of intracellular plasminogen activators have been shown to
decrease during the active cell cycle and to accumulate in cells arrested in G1/GO (Loskutoff and Paul, 1978).

The activity of both non-specific neutral proteinases and of plasminogen activators has been reported to be increased
in mitotic cells (Aggeler et al,, 1982). These workers found that plasminogen activators were secreted from Chinese
Hamster Ovary fibroblasts in culture during the G2 and M cell cycle phases, with the activity being about twice that
associated with the early cell cycle phases. This cell cycle specific secretion of native plasminogen activator occurred
both in serum-free medium and in medium containing 5% serum. As these adherent cell populations reached
confluence, they became arrested in the G1 phase, and the secretion of plasminogen activators decreased by several
fold. The synthesis of extracellular matrix proteins also altered as the population approached confluence. Cells
secreted fibronectin and procollagen type III throughout the entire culture time, but procollagen type I was only
secreted as the population approached confluence. Also, the ratio of fibronectin to procollagen increased at
confluence. The authors suggest that a physiologic role for plasminogen activators on cultured mitotic fibroblasts may
be to break cell-matrix attachments and alter surface proteins and proteoglycans, allowing cells to round up for
division. This role of plasminogen activator would presumably be constitutive. Observations in the current study
confirm these findings of these authors that only after cells were in contact with each other for extended times (24 to
48 hours, or longer) did they secrete and deposit significant amounts of fibronectin and procollagen type I, which is
normally the major connective tissue protein produced by fibroblasts. It was also found in the current study that
adherent confluent cells of the rCHO 9606 cell line arrest in Gl (Figure 4.1.5d) and became very firmly attached to
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the substratum, requiring several hours of exposure to trypsin to achieve detachment. Aspects of cell-cell contact, and
physiological and morphological consequences are discussed further in Section 4.2. From the above discussion, it is
possible that native regulatory mechanisms involved in the processing of tPA after transcription influence the
production of the recombinant tPA.

Concluding Remarks

When mid-exponential phase CHO1-5¢y¢ cells are inoculated into HB-CHO serum-free medium (Immucor) and
cultured as a dispersed suspension in a stirred flask at 150 rpm, a large proportion appear to be temporarily arrested in
G1/GO phase. The population then proceeds through the growth phases in a semi-synchronous pattern, with a low
apparent specific growth rate of about 0.011 h™'. Production of recombinant tPA which is measured as the
accumulation of the secreted protein in the culture medium is a linear function of the time spent by the viable
population in the G1/GO phase. Although this is in contrast to the S phase associated maximum intracellular DHFR
content, no conclusions can be drawn with respect to the probability of co-expression of DHFR and tPA, because
intracellular tPA content was not measured. There is no reason to suppose, however, that post-transcriptional
through post-translational processing of the complete DHFR and tPA proteins would be co-regulated. Native
regulatory systems for the individual proteins may play a significant role in their processing. Native ovarian tPA
secretion is likely associated with GI1/GO phase, as is the secretion of tPA from CHOI-5s5 cells.



4.2 Morphological Types

The Chinese Hamster Ovary cell line, CHO-K1, and many of the CHO cell lines derived from it, grow readily both as
an adherent monolayer (or multilayer) and in stirred suspension culture (Winterbourne er al., 1993; Nikolai and Hu,
1992; Varani et al., 1996 ). Preliminary experiments with the recombinant CHO1-555 (ATCC # CRL 9606) cell line,
which is derived from the CHO-K parental cell, revealed that it adapted easily to aggregate suspension in serum-free
static culture. The impacts of morphological type (suspenston versus adherent) on the growth and production kinetics
were therefore investigated.

In preliminary studies, cells were cultivated in spinner flasks at 60, 100, and 150 rpm. In serum-free medium,
aggregation of suspended cells was found to be an inverse function of agitation rate, with large, relatively loose
aggregates forming at 60 rpm, and tighter, spherical aggregates forming at 100 rpm. At the highest agitation rate,
aggregates did not form and the population grew as a dispersed suspension. It was also found that in medium
containing 10% serum, microcarrier attached cells died or became detached at 150 rpm, while cultures initiated with
agitation rates of 100 and 150 rpm failed to colonize microcarriers, and even at 60 rpm microcarrier colonization was
reduced. In these cultures cells proliferated as aggregated or dispersed suspensions, even in the presence of 10%
serum. Hence, three morphological types, which can be induced by agitation rate, are exhibited by the CHO1-554, cell
line: substratum attached; aggregated suspension; and dispersed suspension.

It was assumed that a pretreatment such as silicone coating would be necessary to prevent adhesion of cells to the
glass bioreactor walls. However, in preliminary studies pretreatment was not performed, but there was no evidence of
cell adhesion to the bioreactor walls. This can be explained by a combination of two theories: 1. the consecutive
mechanisms of stable cell-substratum attachment; and 2. the model of consecutive replacement of substratum
adsorbed proteins by surface-active attachment proteins (see Section 2.1).

The experimental setup for ihe study of the impact of morphological type resulted in two major points of difference in
the three systems (Table 4.2.1). In the microcarrier suspension system (MS), serum containing medium was utilized
to ensure stable attachment of cells to the microcarriers. In the dispersed suspension system (DS), an agitation rate of
150 rpm was employed to prevent aggregation These factors may impact on the observed growth and production
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kinetics, and act to obscure interpretation of the results. Further experimentation is recommended to separate out the
impact of these factors. For example, the use of fibronectin coating may permit the use of serum-free medium in the

microcarrier suspension system.

Microcarrier Suspension Culture

To compare attached morphological type with dispersed suspension and aggregated suspension, a microcarrier
suspension format in a 1 liter working volume (2 liter total volume) stirred tank bioreactor configuration was
employed. Polystyrene (NUNC) microcarriers, with a diameter range of 90 to 180 um were precoated with 100%
FBS for approximately 5 hours prior to charging to the bioreactor at a final loading of 10 g/L. A serum concentration
of 10% FBS in Ham's F12 medium was chosen to ensure a concentration of attachment factors during the batch
culture that was adequate to prevent desorption of the attachment layer on the microcarriers. Cells were allowed to
attach to microcarriers in the absence of hydrodynamic shear by operating with only occasional 30 rpm stirring during
the first 12 hours. Thereafter, the batch culture was completed with an agitation rate of 60 rpm. Headspace aeration
was employed, so that air-liquid interfacial phenomena and pneumatic shear were not complicating factors. The pH
did not leave the reported optimal range for growth of 7.0 to 7.8 (Borys er al., 1993). Apart from adverse
physiological effects outside of this range (which may impact on the biological stabilization of adherence), pH can
affect the charge on the surface of the cell and its substratum, due to the degree of ionization of the charge-bearing
surface groups. This would affect the electrostatic forces which play a major role in the initial adherence of cells to
surfaces, and may partially explain the effect of pH on the shear sensitivity of microcarrier based systems (Crouch et
al., 1985). The reproducibility of the four batch runs that were made at different times, from different inocula was

acceptable (Appendix C).

Cells completed initial attachment within the first two hours of culture, with very few cells remaining in the medium.
By 24 hours, close to 100% of the cells were attached to the microcarriers. Less than 5% of the total cell
concentration was found in free suspension throughout the batch culture time, until late in the declining phase. The
cells in free suspension had a high viability of at least 70%, until the late declining phase when detached and detaching
cells were mostly dead.
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Table 4.2.1: Points of difference in the conditions employed for batch culture of CHO1-55 cells in the three
morphological types.

System % Serum rpm tip speed
(cm/s)
MS 10 60 47
AS 0 60 47
DS 0 150 118

Morpholegy of Microcarrier Attached Cells

The morphology of microcarrier attached cells was explored with the aid of scanning electron microscopy during the
late-exponential phase (Figure 4.2.1a) and midway through the declining phase (Figures 4.2.1b, 4.2.1c). The late-
exponential phase cells are stably attached with associated spreading. Many of the cells exhibit the hemiellipsoid
shape which was routinely seen in static T-flask culture (using medium containing 10% FBS). This fibroblast like
shape is in contrast to the epithelial origin of these cells, but has been observed by other investigators and may be an
attribute of the transformed state of these cells (Chevalot et al., 1994; Winterbourne et al., 1993; Konstantopoulis and
Clark, 1996). The fibroblast-like morphology is common in adherent transformed cells. Konstantopoulis and Clark
(1996) have noted increased insulin receptor activity and dense formation of actin stress fibers running the length of
CHO cells having this morphology. The psuedopodia-like extensions which are visible at the ends of some of these
cells may be associated with migration of attached cells across the substratum surface (Borys and Papoutsakis, 1992).
Cells may migrate either away from populated areas to new sites for colonization, or towards the conditioned
microenvironment associated with populated areas.



Figure 4.2.1: Polystyrene microcarrier attached cells. a. exponential phase b. declining
phase c. declining phase
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The rounded, but stably attached cells are likely mitotic or post-mitotic. The few detaching cells that are visible (right-
hand side of view) are recognizable by their translucent appearance. These may be daughter cells which are being
released from the non-attached side of their sister cells, or they may be apoptotic cells (magnification is not sufficient
to see evidence of apoptosis). An aggregate formation can be seen at the lower left view of this microcarrier.
Aggregate formation is seldom seen in static T-flask culture with serum-containing medium. Here, aggregate
formation may be enhanced by hydrodynamic shear which may act to inhibit spreading. Many investigators have
noted aggregation in microcarrier culture, even to the point of binding two or more small diameter (< 60 pm; < 1 pum)
microcarriers together (Grinnel, 1980; Cheung and Juliano, 1984; Varani et al, 1996; Nikolai and Hu, 1992).
Evidence of intermicrocarrier aggregation can be seen in Figure 4.2.1c, but intermicrocarrier aggregation cannot be

sustained with this size of microcarrier under hydrodynamic shear.

Although the cell coverage on the late-exponential phase microcarrier appears to be approximately 70%, there is a
lack of the lateral alignment and close packing seen in confluent static T-flask cultures. This suggests that cell dersity
per bead could be increased by a factor of 2 or 3 while still maintaining a monolayer. There is thus room for cell
growth optimization in this culture system.

The declining phase cells (Figures 4.2.1b, 4.2.1c) are rounding up and detaching. This is consistent with the early
stages of the process of apoptosis. In Figure 4.2.1b it can be seen that not all cells round up before detaching, and
that cells are detaching in groups, or sheets. Long psuedopodia-like cytoplasmic bridges are also visible between cells.
An explanation for this phenomenon is that cells in substratum attached colonies are physically connected by
cytoplasmic bridging. When one or more of the cells in a colony enters apoptosis, rounds up, and detaches, it pulls
neighboring cells with it. The neighboring cells may not be as advanced in the process of apoptosis, resulting in the
detachment of non-rounded cells. In an asynchronous population, where cells do not enter apoptosis in concert, this
has negative implications. Apoptotic cells may detach cycling cells which may then alter their metabolic and
physiological states, which may in turn lead to premature failure of the production system. Bare patches can be seen
on the microcarriers in Figure 4.2.1c where cells have detached as sheets.

The choice of microcarrier can impact on the phenomenon of en masse detachment. It has been showm in our
laboratory (Dr. George Lu, personal communication) that CHO cells adhere strongly to dextran microcarriers
(Cytodex), and do not detach even upon death. In such a system, cycling cells would not be prematurely ripped from
the substratum by detaching apoptotic cells. However, intercellular signaling from apoptotic cells (Kim ez al., 1998;
Fotedar et al., 1996), and release of proteases from dead and lysed cells, may result in their exit from the cell cycle in
any case.
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Growth and Production Kinetics of Microcarrier Suspension Culture

A comparison of the kinetics of batch cultures using the adherent morphological type in static and stirred bioreactor
configurations is presented in Table 4.2.2. Cells in microcarrier suspension batch culture grew relatively well,
attaining a minimurn doubling time of 26.5 hours which compares favorably with the 15 to 17 hour minimum doubling
times seen in static T-flask culture for the recombinant CHO1-554 cell line, which is close to the reported minimum
doubling time of wild type CHO-K 1 (Winterbourne et al., 1993). The maximum cell density of approximately 1.67 X
10° cells mL" was only about half of the maximum densities achieved in static T-flask culture, reflecting the non-
optimized state of this system. The average viable cell density of 0.73 X 10° cells mL™" (Table 4.2.3) could not be
compared with T-flask culture where intermittent cell sampling is not possible.

Table 4.2,2: Batch population kinetics of the substratum-adherent morphological type in static and stirred

bioreactor configurations.
Bioreactor XVox [T [tPA ] masz Pepasve
Type (E-6 ¢/mL) @) (mg/L) (mg/L/h)
Static 3.13+054 0.043 £0.003 11.43+0.6 0.076 £0.004
(T-flask)
Stirred 1.67 £0.35 0.026 + 0.006 10.11+04 0.041 +£0.003
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Maximum product titer attained was similar, but production kinetics were reduced when compared with static T-flask
culture. The product titer reached a maximum of 10.11 mg L™, but volumetric productivity was 0.041 mg L' b |
which is about haif of that found in static T-flask culture. The tPA concentration expressed as a percent of total
supernatant protein was 0.42% (Table 4.2.4), which is similar to values obtained in static T-flask culture using serum-
containing medium. Specific productivity was growth-phase-associated, with a pattern suggestive of Gl cell cycle
phase association (see Section 4.1.2). The average specific productivity of 0.037 pg c-h” (Table 4.2.4) could not be
compared with the case of static T-flask culture where intermittent cell sampling is not possible.

Aggregate Suspension

Aggregate suspension culture was initiated by inoculating a dispersed suspension of cells into a 1 L working volume
(2 L total volume) stirred tank bioreactor containing serum-free HB-CHO medium with a total protein concentration
of 320 mg L . The majority of the protein in the serum-free medium is BSA, and there are no known attachment
factors present. The bioreactor was operated at an agijtation rate of 60 rpm with headspace aeration. Acceptable
reproducibility was seen in the three batch culture runs that were made (Appendix C).

Although the cell concentration did not increase significantly, small aggregates of 2 to S cells were visible under light
microscopic examination after one day of culture. By mid-exponential phase the association of cells ranged from
individual cells to large amorphous aggregates of several hundred cells. Although there were relatively few very large
aggregates, they represented the majority of the total cell population. Similar observations have been made by other
investigators (Peshwa et al., 1993; Tolbert ef al., 1980). Under light microscopic observation, in agreement with
these investigators, there was no visible sign of necrosis in even the largest aggregates until the declining phase. When
the population entered the declining phase necrotic cores developed in the large aggregates, which subsequently
deaggregated. This deaggregation is counter to the findings of Renner and co-workers (1993) who observed
aggregates to form around dead cells. As the declining phase continued, aggregated and deaggregated cells
underwent rapid lysis, in agreement with the observations of other investigators (Renner ef al., 1993; Chevalot ez al.,
1994).
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Morphology of Aggregates

In serum-free static T-flask cuiture, cells grew as large, loose aggregates of 200 to SO0 um in diameter. These very
large aggregates, which were readily visible to the naked eye, contained hundreds to thousands of cells. Unlike
spheroids, these loose aggregates contained large void volumes so that movement of nutrients and metabolites in and
out of the aggregates was likely not mass transferred limited. Whole nuclei counts suggested void volumes of greater
than 40% when compared to calculated maximum cell packing in the space occupied by the aggregates (calculated
maximum cell density: 8.0 X 10° cells mL™" ; whole nuclei count: ca. 4.76 X 10° cells mL™ ).

In the absence of exogenous attachment factors such as can be found in serum, normally adherent but anchorage-
independent cells will form cell-cell attachments. Initial cell-cell attachment may be cation mediated. Divalent cations
such as Ca’" may promote electrostatic interaction of the negatively charged surfaces of cells. In the absence of
activated fibronectin ligands (fibronectin adsorbed to a substratum), fibronectin receptors on the membranes of cells
interact with each other, leading to cell-cell attachment. CHO cell mutants which grow as dispersed suspension, even
in serum-containing medium in static cuiture, have been reported to have low or no cell surf:ce fibronectin receptor
expression (Kurano er al, 1990). Other transmembrane glycoproteins which promote aggregation through
homophilic interaction, and which are not invoived in cell-substratum attachment, have been identified (Lucka e al.,
1995). Cells of epithelial origin, such as CHO cells, form tight junctions which would further cement the celi-cell
attachments (Peshwa er al, 1993).

The above discussion does not explain the stability of very large, loose aggregates with in excess of 40% void space,
even in static culture. Indeed, aggregates resisted mechanical and chemical disruption. Tolbert and co-workers
(1980) similarly noted the tight binding of aggregated cells. An explanation of the stability of these cell-cell
associations was sought through the examination of the gross morphology of the aggregates. In Figure 4.2.2 the non-
homogenous nature of the static culture whole aggregate morphology is revealed. Rounded, elongated, and even
flattened cells are visible. There are areas of bunched rounded cells. These grape-like bunches are joined to other
grape-like bunches with long filament-like structures. It is likely that these filament-like structures confer the stability
of the loosely packed whole aggregates.

Under conditions of even the relatively low hydrodynamic shear created by agitation rates of 60 rpm, aggregates are
much tighter (Figure 4.2.3a). Even with this tighter overall structure, filament-like linkages are visible between
bunches of cells. The surface morphology of individual rounded cells within the aggregate is visible in Figure 4.2.3b.
It should be noted that there was considerable shrinkage associated with preparation of the samples for scanning
electron microscopy, so that cells which appear here to be 6 to 10 um in diameter were actually 10 to 16 or 17 um in
diameter in vitro. On average, rounded aggregate cells were smaller than dispersed suspension cells by about 10%.
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An aggregate formed in static T-flask culture

Figure 4.2.2;
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Figure 42.3: An aggregate formed in a | L working volume spinner flask at 60 rpm
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There is considerable blebbing on these cells. Some investigators have noted that the phenomenon of aggregation is
associated with suboptimal growth conditions (Remner et al,, 1993). The surface blebbing and small size of the
aggregates may be indicative of apoptosis, which would be consistent with an assumption of suboptimal growth
conditions. On the other hand, as this culture traversed the declining phase the cells deaggregated. Other
investigators have reported different methods of inducing aggregation under good growth conditions ( Peshwa et al,
1993). The reduced size of the cells may be purely a result of aggregation and/or hydrodynamic shear. The blebbing
may be formation of sites for cell-cell adhesion, but are likely merely microvilli indicative of the epithelial origin of
these cells (Peshwa et al., 1993). The majority of the blebbed rounded cells are also covered with fine filaments which
may be polymerized actin (lamellipodia and focal adhesion sites) or other proteinaceous adhesion structures.

The long filament-like structures intraconnecting the aggregates are examined in Figure 4.2.4. In Figures 4.2.4a and
4.2.4b it can be seen that grape-like bunches of rounded cells serve as a substratum for the attachment, flattening, and
spreading of other cells. In the absence of attachment factors in the medium, substratum adhesion molecules can only
be supplied locally by autocrine secretion. In contrast to the rounded cells, the surface of the flattened and spread cells
is smooth. Elongation of these cells can be seen, and it is clearly discernable in Figures 4.2.4a, 4.2.4b, and 4.2 4c that
these cells are continuous with the connecting filaments. That is, the connecting filaments appear to be hyper-
extensions of flattening and spreading cells. This is consistent with the migratory pseudopodia visible in substratum
attached cultures: the connecting filaments are membrane or cytoplasmic bridges. In Figures 4.2.4c and 4.2.4d it can
be seen that the membrane bridges actually consist of more than one pseudopodia which are apparently flattened and
spread along each other’s lengths, providing an explanation of the mechanism of cytoplasmic bridging. The
multiplicity of the pseudopodia within the cytoplasmic bridges supplies strength to the these structures.

It has been observed here and by others (Peshwa ez al., 1993; Moreira et al., 1995) that the size, concentration, and
cell compactness of aggregates can be controlled by agitation rate. The physical strength of aggregates conferred by
cytoplasmic bridging allows them to compact under hydrodynamic shear. This may explain the observed ability of
natural aggregate cultures to withstand agitation rates which cause the death of cells attached to microcarriers
(Moreira et al., 1995). Thus natural aggregate culture has a distinct advantage for scale-up purposes when compared
to microcarrier suspension culture. Aggregates fail to form at higher agitation rates in the CHO1-5sq9 cell line. It
would therefore be necessary to grow an inoculum of aggregates at lower agitation rates for culture at large scale.

This understanding of the morphology of aggregates may also explain how new aggregates are formed under agitation
in stirred tank reactors, where dispersed suspensions fail to develop aggregates. Shearing may cause breakage of
hyperextended cytoplasmic bridges so that an increase in the number of aggregates may come about from the fission
of existing aggregates. Cell number within aggregates would continue to increase on the surface of bunched rounded

cells within each aggregate.
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Figure 4.2.4: Morphological features of aggregated cells
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Growth and Production Kinetics of Aggregate Suspension Culture

Growth parameters are presented in Table 4.2.3. In comparison with microcarrier suspensian culture, the aggregate
suspension culture expanded at a reduced rate with a maximum specific growth rate of 0.016 h™' (a doubling time of
approximately 43 hours). The culture reached a maximum concentration of 0.746 X 10° cellymL, which is a little less
than one half of the density achieved in microcarrier suspension culture. The average cell density was also about one
half of that maintained in the microcarrier suspension system. It has been suggested that the slower growth observed
in aggregate suspension may be attributable to mass transfer limitations of nutrient delivery and metabolite clearance.
The large void space of these aggregates is not consistent with a theory of mass transfer imitation.

The small size of many of the cells in the aggregates suggests that they have left the cycling fraction, and are either
quiescent (GO phase) or senescent (A phase). A critical cell size for the initiation of the cell cycle has been observed
(Martens et al., 1993). Here, in addition to the reduced size of rounded cells in the aggregates, the morphological
examination revealed the presence of flattened and spread cells. It is generally accepted that anchorage-independent
transformed cells have also lost the requirement to flatten and spread prior to entry into each cycle of division. While
this may be true, it is possible that flattening and spreading is associated with enhanced proliferation rates of a
population. Proliferation within aggregates may occur primarily by the division of cells which have been able to flatten
and spread on the surface of bunched rounded cells.

Table 4.2.3: Growth of CHO1-55 cells in Microcarrier Suspension, Aggregate Suspension, and Dispersed

Suspension systems.
System CHuvol (day 11) XvVomx XvVive Menax
E-6 c-h/mL E-6 ¢/mL E-6 ¢/mL h?
MS 22119 1.67+0.35 0.73 £0.07 0.026 £ 0.006
AS 77+23 0.75+0.14 0.35+0.05 0.016 £0.003

DS 191 £ 17 1.16 £0.21 0.59£0.05 0.012 £0.002
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Production parameters are presented in Table 4.2.4. In comparison with the microcarrier suspension system, the
lower specific productivity combines with the lower average cell density to yield a reduced volumetric productivity
and maximum product titer. Chevalot and co-workers (1994) also noted a reduced specific productivity in aggregate
culture of rCHO cells encoding a non-secreted protein product when compared with microcarrier culture. In contrast,
Kennard and Piret (1995) found no decrease in the specific protein production of another rCHO cell line encoding
another non-secreted protein product in aggregate culture compared with microcarrier culture. As was found here,
they noted a decrease in specific growth rate, but an increase in protein purity which they attribute to the absence of
serum in the aggregate culture compared with the microcarrier culture. Awvgerinos and co-workers (1990) also found
no decrease in specific productivity of a secreted protein product from a rCHO cell line when cells grew as

aggregates.

The impact of morphological type on specific productivity is likely a function of the protein product itself. It has been
established that tPA production (where production is measured as the appearance of the product in the supernatant
and is therefore the endpoint of transcription, translation, post-translational modification, intracellular transport, and
secretion) is correlated with the G1 cell cycle phase, and is greatly reduced or absent in quiescent (GO phase) and
senescent (A phase) cells (see Section 4.1.2). The diminished specific productivity seen in this aggregate suspension
system is consistent with depressed tPA productivity of cells in GO and A physiological states. This is certainly a
drawback to the use of aggregate suspension systems for the production of secreted recombinant proteins from dhfr
transfected CHO cells. Prevention of entry into apoptosis may overcome this negative aspect of aggregate suspension

Table 4.2.4: Production of tPA from CHO1-55y cells in Microcarrier Suspension, Aggregate Suspension,

and Dispersed Suspension systems.
System [tPA o Peace QepAsve YopArProten
mg/L mgL*'h’ pgc-h?!
MS 10.11+£0.4 0.041 £0.003 0.037 £ 0.004 042 +0.017
AS 503+0.4 0.009 £0.002 0.021 +0.006 1.57 £0.125

DS 10.51+£0.5 0.034 +£0.005 0.045 +£0.005 3.29+0.157
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systems (Fotedar et al, 1996). It must also be realized that these two systems varied not only in their growth
behavior type (microcarrier suspension versus aggregate suspension), but also in the composition of the medium. In
the microcarrier suspension system Ham’s F12 basal medium was supplemented with 10% FBS. The composition of
the HB-CHO serum-free medium is not known, but its differences from Ham's F12 with 10% FBS may be the causal
factor in the reduced growth and productivity of the aggregate suspension system. Impact of initial concentrations of
substrates is explored in Section 4.3.

In spite of the lower production kinetics, the tPA concentration in the aggregate suspension system is almost 4 fold
greater than that of the microcarrier suspension system counterpart, when expressed as a percent of total supernatant
protein, and inclusive of the differences in population density. This enhanced purity of tPA and associated enhanced
recovery and ease of downstream processing may be sufficient to offset the lower absolute tPA production.

Dispersed Suspension

Dispersed suspension culture was initiated by inoculating a dispersed suspension of cells into a 1 L working volume (2
L total volume) stirred tank bioreactor containing serum-free HB-CHO medium with a total protein concentration of
320 mg L . Agitation was started at inoculaton at a rate of 150 rpm to prevent aggregate formation. Headspace
aeration was employed so that complications arising from cell contact with the gas-liquid interface were avoided.
Reproducibility of the four batch culture runs that were made was acceptable (Appendix C).

The dispersed suspension cells appeared healthy, exhibiting normal size, a smooth surface, and the spherical
morphology seen in natural suspension cells such as lymphocytes and hybridomas. Very few cell-cell attachments
formed over the course of the batch run, with a few 2 to 5 cell bunch-of-grapes-like aggregates appearing near the end
of the exponential growth phase. These small aggregates persisted until midway through the declining phase, but did
not increase in size or number and represented an insignificant proportion of the total population.

Growth parameters of the dispersed suspension system are presented in Table 4.2.3. The doubling time of this system
(ca. 58 h) was the longest of the three, being about twice that of the microcarrier suspension system. The cells were
of normal size, and the population did proliferate, so that it is apparent that flattening and spreading is not a
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requirement prior to progression through the cell cycle. The relatively low specific growth rate does support the
suggestion that flattening and spreading is associated with enhanced proliferative activity. A relatively reduced lag
phase and enhanced maintenance of viability resulted in both the maximum cell concentration and the average cell
concentration exceeding those seen in the aggregate suspension system. But these values did not approach the more
successful growth of the microcarrier suspension system. After 11 days of culture, the volumetric cell-hours achieved
in the dispersed suspension and microcarrier suspension systems were not dissimilar, demonstrating that a smaller
proportion of the cells in the dispersed suspension system resided in the cycling fraction of the population.

The production parameters are presented in Table 4.2.4. In spite of the slower growth, the volumetric productivity is
approximately 83% of that seen in the microcarrier suspension system, and the maximum titer is the same in both
systems. The higher average specific productivity of the dispersed suspension system accounts for the similarity of the
volumetric productivities of the two systems. The product concentration appears to be the maximum attainable due
to the natural regulation of the extracellular concentration of this enzyme (see Section 4.1). On a percent of total
supernatant protein basis, the dispersed suspension system s significantly superior, with twice the concentration seen
in the aggregate suspension system and close to an 8 fold enrichment compared with the microcarrier suspension
system. It should also be noted that conditions were not identical in any of the three systems. The dispersed
suspension system was very similar to the aggregate suspension system, except for an agitation rate that was
approximately twice as fast. This added shear may have impacted both on growth and production kinetics. In
addition to the higher agitation rate, the dispersed suspension was cultured in serum-free HB-CHO medium, while the
microcarrier suspension was cultured in Ham’s F12 containing 10% FBS.

The titer is greatly in excess of endogenous levels, which can be attributed to the large copy number of the
recombinant P4 gene. Further enhancement of titer may require techniques such as continuous removal of the
product (by adsorption on silica, for example), destruction or inactivation of biosynthesized or serum-associated tPA
inhibitors, extension of the exponential growth phase (enhanced maintenance of the majority of the population within
the cycling fraction), further gene amplification (by MTX adaptation, for example), genetic engineering to prevent
biosynthesis of tPA inhibitors, or genetic engineering to prevent or retard cell entry into apoptosis. It is doubtful that
successful manipulations of the population growth characteristics would result in increased tPA titer. The natural
regulatory mechanism of product titer is peculiar to tPA_  Similar regulatory mechanisms would not necessarily be
found in dhfr based genetic systems encoding for other recombinant protein products.
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Concluding Remarks

In this set of experiments, it was found that growth kinetics of this rCHO cell ine were superior in microcarrier
suspension using Ham’s F12 with 10% FBS, in agreement with the findings of others (Chevalot ef al, 1994).
Production kinetics, however, were not significantly better in the microcarrier suspension system than in the dispersed
suspension system. The maximum titer in both systems was approximately 10 mg L™'. This apparent ceiling on the
product supernatant titer may be a factor of the natural regulatory mechanisms peculiar to tPA. Further increases in
tPA titer may require substantial processing and/or genetic engineering alterations to the system. The use of serum-
free medium resuits in a marked enhancement of product purity. On a percent of total supernatant protein basis, the
aggregate suspension system yielded a 4-fold improvement, and the dispersed suspension system yielded an 8-fold

improvement, over the microcarrier suspension system.

Under the conditions of this set of experiments, dispersed suspension is the most attractive system. In addition to the
best absolute and relative tPA concentrations, the dispersed suspension system is the simplest and cheapest to operate.
The microcarrier suspension system requires pretreatment steps with attendant time costs and increased risks of
contamination as well as the added direct costs of the microcarriers and the serum. The aggregate suspension system
requires meticulous control of agijtation rate (at least while aggregates are forming), and is difficult to monitor for
growth.

The aggregate suspension system, however, may have advantages at the larger scale in stirred tank reactors where
cells are subjected to greater shear forces. Large stirred tank reactors inoculated with already formed aggregates at a
high density may resuit in improved production kinetics, but would require an increased number of seed culture steps.
The possibility of such improvement is not indicated from this work and is purely speculative.



4.3 Metabolism of rCHO in Batch Culture

4.3.1 Population-Averaged Metabolism of rCHO Cells

Major Substrates and Metabolites

The metabolism of the rCHO batch culture run presented in Section 4.1.1 was evaluated in terms of the extracellular
levels of substrates and metabolites. This batch culture run was one of several operated under similar conditions, with
reproducible results (Appendix C). Several unique patterns of consumption and production were found to have
occurred, notably the consumption of lactate. Rather than dismiss these findings as artifacts, a rational explanation
was sought and is presented here.

Glucose, which is considered to be the major carbon and energy source for the cells, was supplied at an initial
concentration of 8 mmol L . It was rapidly depleted to less than 0.5 mmol L in 4 days of culture, with a
corresponding appearance of more than 9 mmol L™ lactate in the medium accompanied by a rapid decrease of the
extracellular pH (Figure 4.3.1). The specific consumption rate of glucose during this time was calculated to be 6.23 X
10! mmol c-h !, with a yield of lactate on glucose of 1.25 mol mol”* which are in agreement with the findings of
other investigators for rCHO cells (Lin ez al., 1993, Tolbert et al., 1980, Chevalot er al., 1994). Assuming that all of
the lactate is generated from glucose catabolism this indicates that only 62.5 % of the glucose is metabolized through
anaerobic glycolysis. The rest of the glucose may have been metabolized through aerobic pathways, used to
synthesize pentose moieties in nucleotides, and used in the formation of lipids and amino acids (proteins).

In normal mammalian cells, increased ATP (produced by oxidative phosphorylation) and citrate (the first intermediate
of the TCA cycle) cause a concerted allosteric inhibition of phosophofructokinase, thereby decreasing the rate of
glycolysis to pyruvate (Lehninger, 1989). Hence, pyruvate is produced only as fast as it is required to feed into the
high energy yielding pathways of the TCA cycle and ETC. In cancer cells, this interlocking coordination is defective
and glycolysis proceeds at a much higher rate than required by the citric acid cycle. As a result most of the pyruvate is
reduced to lactate which is excreted (Lehninger, 19¢8). This is apparently the case with most transformed cell lines.
As well, hybridomas have been shown to convert more than 90% of glucose to lactate (Phillips, 1991). In hybridoma
systems the increasing lactate concentration exceeds the buffering capacity of the medium, toxic acidity conditions of
less than 6.5 pH units develop, and the population enters a phase of rapid decline.

129
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Figure 4.3.1: Dispersed suspension CHO1-5sq in a stirred tank reactor operated in batch mode
a) top: Lactate and glucose trends  b) middle: pH c¢) bottom: Lactate yield on glucose.
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Here, with less of the glucose being metabolized to lactate, the pH fell to only 6.9 which is not considered a toxic
acidity. Glucose was not exhausted, but remained at a constant low level for the last three weeks of the batch culture.
No further evolution of lactate was observed once glucose reached a constant value. However, after remaining
constant for approximately 5 days, the extracellular concentration of lactate declined exponentially over the next 7
days, while the pH rose. This surprising occurrence prompted further consideration of the growth kinetics of the
culture. Referring to the viable cell concentration curve in Figure 4.3.2, it is apparent that the population drops
significantly as the glucose concentration falls below 0.5 mmol L | and then remains approximately constant for
about one week before declining through the last one and half weeks of the batch culture period. The total cell
concentration also drops significantly and abruptly as the glucose level reaches the low steady value of less than 0.5
mmol L | indicating that a significant proportion of the population dies at this point, likely through necrosis with
rapid cell lysis. The total cell concentration then remains constant for about 2 days, and then increases exponentially
over the next two days, finafly declining slowly for the last two weeks of the culture period. The exponential rise in
the total population is not mirrored in the viable concentration, suggesting that while a portion of the population is
replicating, another portion is dying, likely through the physiological process of apoptosis. During this time, the
lactate concentration is declining exponentially.

As shown in Section 4.1.2, during the last two days of culture, almost the entire viable fraction of the population
resides in the G1/GO and A phases, with an insignificant number of cells in the S and G2/M phases. Therefore, the
cycling fraction can be assumed to be approximately zero, which means that no new cells are being added to the total
population. The rate of decrease in the total population during this time can therefore be assumed to be the rate of
cell lysis, which is calculated here as 0.006 h™ .

In addition to glucose, glutamine is the second major substrate for animal cells in culture. As discussed in Section 2.1,
glutamine is utilized as a building block of proteins, a nitrogen source, a carbon source, and an energy source. This
culture was supplied with a high initial concentration of gjutamine of approximately 5.5 mmol L* (Figure 4.3.3).
Glutamine was utilized immediately, with the extracellular concentration decreasing rapidly through the first 12 days
of culture to a constant level of approximately 0.5 mmol L . Glutamine consumption was accompanied during the
first 8 days by the appearance of ammonia and alanine, with yields of 1.26 mol ammonia/mol glutamine and 0.45 mol
alanine/mol glutamine, respectively. These yields suggest that about half of the glutamine is metabolized to ammonia
and glutamate which is then transaminated with pyruvate to yield alanine.:

C,H,N,0, + H,0 - CH,NO, + NH,
CH,NO, + C,H,0, — CH,O, + C,H,NO,
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The other product in the transamination step, c-ketoglutarate, enters the TCA cycle to generate 9 moles of ATP
equivalents:

CHO, + 150, + 94DP —» CH,O, + 2C0O, + H,0 + 9A4TP

If alanine is conserved, this pathway would liberate 0.5 moles of ammonia for every mole of glutamine consumed via
all pathways. Some of the remaining half of the glutamine is chemically degraded. It has been shown that glutamine
in culture medium has a first order half life of 6.7 days at 37 °C (Seaver, 1987). Two moles of ammonia is released
per mole of glutamine which is chemically degraded, here accounting for 0.25 moles of ammonia for every mole of
glutamine consumed via all pathways. To close the balance with respect to ammonia, it is then assumed that one
fourth of the glutamine is oxidized, either completely to carbon dioxide or incompletely to lactate, liberating 0.5 moles
of ammonia per mole of glutamine consumed via all pathways. The energy yield, in terms of ATP equivalents, differs
significantly in these last two pathways. Complete oxidation of glutamine generates 27 ATP equivalents per mole of
glutamine, while incomplete oxidation generates only 9 moles of ATP per mole of glutamine. This assumption is
obviously an oversimplification as some of the glutamine is used to produce proteins, nucleic acids, and other

nitrogenous compounds, and as some of the ammonia comes from the metabolism of other amino acids.

Following 12 days in culture, the glutamine is maintained at a low concentration, but unexpectedly the alanine

concentration declined, and the ammonia concentration continued to increase at the same rate.

Serendipitously, the analytical method utilized to follow alanine and glutamine concentrations also generated data for
8 other amino acids (Figure 4.3.4), which with the rest of the data suggests some possible mechanisms. Specific
consumption and accumulation rates and yields, together with tPA production and growth parameters are presented in
Table 43.1. The amino acids examined include four of the thirteen essential amino acids: glutamine, threonine,
tyrosine, and arginine. Threonine and tyrosine decrease rapidly during the exponential growth phase to steady
concentrations which are then maintained throughout the rest of the batch culture. The glutamine, imitially at a high
concentration, declines exponentially to a low constant concentration as discussed above and as expected. The large
standard deviation and scatter of the arginine data proved inconclusive. Aspartic acid, glutamic acid, and serine all
decrease rapidly to low constant concentrations, while asparagine is completely consumed. As discussed above,
alanine, which is expected to increase as glutamine is transamninated through glutamate, initially increases, but then
decreases during the last 16 days of the batch culture period. Glycine unexpectedly increases throughout the batch
culture period.
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Figure 4.3.4: Amino acid profiles over batch culture duration of dispersed suspension morphological type. Alanine

increases as glutamine decreases until the end of the exponential phase (200 culture hours). Thereafter, alanine
unexpectedly decreases. Glycine increases at a constant rate throuhgout the batch culture run.
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Figure 4.3.4 (continued): amino acid profiles
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DHFR and the Production of Glycine

An understanding of the ammonia and glycine linkage in this cell line can be explained by considering the B complex
vitamin, folic acid. Folic acid is enzymatically reduced to its active coenzyme form, tetrahydrofolic acid (FH;).
Tetrahydrofolate functions as an intermediate carrier of 1-carbon groups in a number of complex enzymatic reactions
in which methyl, methylene, methenyl, formyl, or formimino groups are transferred from one molecule to another.

The reduction of folic acid occurs in two steps in which successive pairs of hydrogen atoms are added to the
molecule. In the first step, folic acid is reduced enzymatically to dihydrofolate (FH,). In the second step, the reduction
of FH; to FH, is catalyzed by DHFR. Tetrahydrofolate acts as the coenzyme in a number of bioreactions, including
the biosynthesis of glycine from serine (Lehninger, 1993):

Serine + FH, —XL Glycine + H,0 + N’ N“CH,FH,
methylene tetrahydrofolate

In this reaction, which is catalyzed by the enzyme serine hydroxymethylitransferase (SHT), the tetrahydrofolate serves
as an acceptor of the B carbon atom of serine during its cleavage to yield glycine. The I-carbon unit derived from
serine and carried by tetrahydrofolate can be transferred to various acceptor molecules. In vertebrates, when glycine
is biosynthesized enzymatically from carbon dioxide and ammonium ion, it acts as the acceptor molecule (Lehninger,
1993):

CO, + NH, + N° N“CH,FH, —%- Glycine + FH,

In this reaction, which is catalyzed by glycine synthase (GS), the two additional hydrogen atoms which are required to
form the glycine molecule are supplied by the oxidation of the reduced form of nicotinamide adenine dinucleotide
(NADH). This reaction can be coupled to the glycine production from serine reaction through the cycling of the
various forms of the folate coenzyme (Figure 4.3.5). While this reaction would serve to restore tetrahydrofolate from
its methylene derivative, and would account for an increasing concentration of glycine, it would also consume
ammonia. In addition, this reaction for the biosynthesis of glycine has been shown to occur primarily in the liver of
vertebrates (Lehninger, 1993). As a net ammonia consumption is not occurring in this ovarian cell line it is unlikely
that this reaction is taking place.
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Table 4.3.1.: Growth, Protein production, and metabolism kinetics of CHO1-54y in dispersed suspension
batch culture.

Rate Constant 0 - 50 Cell-Hours 50 - 200 Cell-Hours > 200 Cell-Hours

Metabolism:
qConsumption (pmol/c-h)

qGLC 0.143 0.001 0.0001
qGLN 0.060 0.008 0.002
qLac 0.185 0.00035 0.030
9AMM 0.041 0011 0011
QALA 0014 0014 0.005
aSER 0.001 0 0
qaGLY -0.001 0.001 0.001
Protein Production:
qProduction (pg/c-h)
qtPA 0.076 0018 0.042
ktPA 0 0 -0.069
Growth:
p@m)
M 0.012

k(d) 0.0001 0.0035 0.0046
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Other routes by which tetrahydrofolate can be restored from N’ N'°-Methylenetetrahydrofolate involves the
biosynthesis of DNA building blocks such as the formation of deoxythymidylate (dT) from deoxyuridylate (dU), or
the formation of deoxythymidylate monophosphate (d{TMP) from deoxyuridylate monophosphate ({UMP). In these
reactions the entire methylene group is donated from the methylene derivative of tetrahydrofolate, leaving the vitamin
in the dihydrofolate form. Dihydrofolate is then reduced to tetrahydrofolate enzymatically via DHFR as mentioned
above. One of these reaction systems coupled with the reaction of glycine formation from serine would resuit in a net
production of glycine without consumption of ammonia (Figure 4.3.5). The high recombinant @hfr copy number in
this cell line supports the plausibility of this mechanism. The steady accurmulation of glycine suggests that DHFR
expression is constitutive.

Attention is now turned to the fate of serine. The initial concentration of approximately 0.25 mmol L™ serine is
rapidly depleted to less than 0.001 mmol L™ , with a corresponding increase in glycine during the first 5 days of the
batch culture period. Glutamine and glucose decrease while alanine, ammonia, and lactate increase during this time
period, reflective of the glycolysis and glutamine metabolism commonly seen in hybridoma culture. This metabolic
pattern is held until the end of the exponential growth phase. The last three weeks of the batch culture period
correspond to steady state concentrations of amino acids indicative of their roles as intermediates as noted above. The
unusual behavior of lactate and alanine is also observed during the last three weeks of the batch culture period. The
steady state concentration of serine during this time period is approximately 0.002 mmol L . Possible metabolic
pathways which would account for the observed metabolite and substrate profiles are presented below.

Glucogenic Compound Metabolism in Animal Cells

All life forms require a carbon source for use as building blocks of biomaterials, and/or as energy for life processes.
Many life forms are capable of utilising simple organic compounds as sources of carbon and energy. For example,
lactate catabolism occurs in many yeast and mold species of Fungi, and in both Gram negative and Gram positive
bacterial species, as well as in many plant species.

In the higher heterotrophs (animals), carbohydrates (in particular, glucose), fatty acids, and amino acids are degraded
via converging catabolic pathways to enter the citric acid cycle and to yield their energy-rich bond electrons to the
respiratory train, providing energy to make ATP. Conversely, anabolic pathways use chemical energy in the form of
ATP and NADPH to synthesize important cell components from simple precursor molecules. Catabolism and
anabolism proceed simultaneously in a dynamic steady state, such that the energy-yielding degradation of cell
components is counterbalanced by biosynthetic processes (Lehninger, 1982).
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The first principle of this metabolic/energy dynamics, is that the pathway taken in the biosynthesis of a biomolecule is
not usually identical to the pathway taken in its degradation. Secondly, biosynthetic pathways are controlled by
different regulatory enzymes from those controlling the corresponding catabolic pathways. And thirdly, energy-
requiring biosynthetic processes are obligatorily coupled to the energy-yielding breakdown of ATP, in such a way that
the overall process is essentially irreversible, just as the overall process of catabolism is irreversible. Thus, the total
amount of ATP (and NADPH) energy used in a given biosynthetic pathway always exceeds the minimum amount of
free energy required to convert the precursor into the biosynthetic product (Lehninger, 1982).

The biosynthesis of D-glucose is an absolute necessity in all higher animals, since the brain and nervous system, as well
as the kidney medulla, the testes, erythrocytes, and embryonic tissues, require D-glucose from blood as their sole or
major fuel source. Animals constantly make D-glucose from simpler precursors in a set of carefully regulated
biosynthetic reactions, and then pass the glucose into the blood. Unlike plants, animals cannot bring about the net
conversion of CO, into new glucose. In animals, the formation of D-glucose from noncarbohydrate precursors is
called gluconeogenesis ("formation of new sugar"). Fox (1993) defines gluconeogenesis as the formation of glucose
from noncarbohydrate molecules such as amino acids and lactic acid. The important precursors of D-glucose in
animals are lactate, pyruvate, glycerol, most of the amino acids, and the intermediates of the citric acid cycle (Figure
4.3.6). In animals gluconeogenesis occurs largely in the liver, and to a lesser extent in the kidney cortex.

The glycolytic conversion of glucose into pyruvate is a central pathway of catabolism of carbohydrates, while the
conversion of pyruvate into glucose is a central pathway in gluconeogenesis. Although not identical, seven enzymatic
reactions of glycolysis also take part in gluconeogenesis: all seven are freely reversible (Figure 4.3.7) (Lehninger,
1982). There are, however, three steps in glycolysis that are essentially irreversible, and cannot therefore be utilized in
gluconeogenesis. These reactions are bypassed by an alternate set of enzymes, catalyzing different reactions with
different stoichiometries; they function in gluconeogenesis but not in glycolysis. These bypass reactions are nearly
irreversible in the direction of glucose synthesis (Figure 4.3.7) (Lehninger, 1982). Thus, both glycolysis and

gluconeogenesis are essentially irreversible processes in cells.

Gluconeogenesis consists of two phases: generation of hexose derivatives from lactate, amino acids, glycerol, and
other substances (phase I); and conversion of such hexose derivatives to glucose (phase IT) (Hanson and Mehiman,
1976). The biosynthetic (anabolic) pathway to glucose, allows the net synthesis of glucose not only from pyruvate,
but also from various precursors of pyruvate or phosphoenol pyruvate. All of the citric acid cycle (Krebs cycle)
intermediates (citrate, isocitrate, a-ketoglutarate, succinate, fumarate, and malate) may undergo oxidation to yield
oxaloacetate, which is converted into phosphoenol pyruvate by phosphoenol pyruvate carboxykinase. Mammals can
be classed according to their intracellular location of phophoenol pyruvate carboxykinase: firstly, animals with the
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enzyme predominantly cytosolic (rat, mouse, and hamster), secondly, animals with the enzyme predominantly
mitochondrial (chicken, pigeon, and rabbit); and thirdly, animals with the enzyme almost equally distributed between
cytosol and mitochondria (most animals, including guinea pig, sheep, ox, dog, cat, primates (including man)). In
contrast, pyruvate carboxylase, which catalyses pyruvate conversion to oxaloacetate, is totally mitochondrial (Hanson
and Mehlman, 1976). Gluconeogenesis is thus complicated in animals having cytosolic phosphoenol pyruvate
carboxykinase, by the transport oxaloacetate from the mitochondria to the cytosol. Hamsters fall into this category.

Some or all of the carbon atoms of many of the amino acids derived from proteins are ultimately converted by animals
into either pyruvate or certain intermediates of the citric acid cycle. Such amino acids can therefore undergo net
conversion into glucose and glycogen and are called glucogenic amino acids (Table 4.3.2). Obvious examples are
alanine, glutamate, and aspartate, which on deamination yield pyruvate, a-ketoglutarate, and oxaloacetate,
respectively, all of which are direct precursors of phosphoenol pyruvate. The large ATP yield that would result
prohibits the complete oxidation of amino acids to CO, , whereas the partial oxidation of amino acids as they are
converted to glucose provides exactly the energy needed to support gluconeogenesis (Jungas, et.al, 1992). Even this
partial oxidation of the normal daily dietary supply of amino acids accounts for about one-half of the daily O,
consumption of the liver in mammals, making amino acids the major fuel utilized by liver for ATP production.
Gluconeogenesis from amino acids must, therefore, be regarded as a normal prandial (digestive) process, not one
limited to periods of fasting, and/or intense (muscular) exertion (Jungas, et.al., 1992).

Amino acid oxidation generates relatively strong non-volatile acids. This metabolic fixed-acid load is normally largely
neutralised by the metabolic generation of bicarbonate associated with the hepatic oxidation of dietary organic acids,
or the renal oxidation of glutamine (Jungas, eral, 1992). In addition to bicarbonate buffering, ammonia acts to

counterbalance the production of acidic compounds in cell culture systems.

In mammals some of the potential gluconeogenic precursor, propionyl-CoA, is directly oxidized to CO, in the muscle,
rather than being secreted as alanine to be later converted to glucose by liver. Of the propionyl-CoA converted to
glutamine, secreted by muscle, and taken up by the gut, one-third is oxidized to CO,. The remainder of the glutamine
secreted by muscle is metabolised in the kidneys, where 20% is oxidized to CO,. Overall, approximately 30% of the
propionyl-CoA generated will go to CO,, while the remaining 70% will go to glucose via alanine (muscle), lactate
(gut), or serine (kidneys) (Jungas, et.al., 1992).

During prolonged starvation in whole mammalian organisms, when the hepatic glycogen reserve has been depleted,
gluconeogenesis, especially from amino acids, must provide the carbohydrate energy source for metabolism. This
switch from glucose to ketone body utilization is an essential adaptive mechanism for sparing body protein during
starvation (Hanson and Mehiman, 1976).
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Table 4.3.2: Glucogenic amino acids

Pyruvate family:
alanine
serine
cysteine
glycine

Oxaloacetate family:

asparagine
aspartate

Succinyl-CoA family:
valine
threonine
methionine

a-ketoglutarate family:

glutamate
glutamine
proline
arginine
histidine

Carbon atom donors:

phenylalanine
tyrosine
isoleucine
tryptophan
lysine
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Six high-energy phosphate groups of ATP are ultimately expended to rebuild one glucose molecule from two
molecules of lactate, whereas only two molecules of ATP were originally obtained from the anaerobic breakdown

(glycolysis) of a molecule of glucose (Figure 4.3.7). The complete oxidative metabolism (glycolysis plus aerobic

respiration) of one glucose molecule to CO, and water, is accompanied by a gross yield of 38 ATP. Thus,
metabolism of one lactate molecules, would yield 16 ATP equivalents (or 32 ATP equivalents from two lactate
molecules). This energy yield calculation is made assuming that the complete metabolism of lactate to CO, and water,
occurs as the sum of two steps: the anabolic process of gluconeogenesis to produce glucose, followed by the aerobic
catabolism of the glucose. In the metabolism of lactate, it is possible to bypass the second phase of gluconeogenesis,
and to proceed directly into the citric acid cycle from pyruvate. In this case, the metabolism of one lactate molecule
would yield 18 ATP equivalents, or 36 ATP equivalents from two lactate molecules. This is the same yield per
carbon atom as that obtained through the post-glycolysis complete oxidation of glucose.

Gluconeogenesis and Glucogenic Compound Catabolism in Animal Cell in vitro Systems

Gluconeogenesis occurs in the liver, and, under certain physiological conditions, the kidney cortex of whole
mammalian organisms, and has been studied extensively in rodent species. Almost all mammalian cells can
transaminate or deaminate key amino acids into tricarboxylic acid cycle intermediates and, by conversion into
phosphoenol pyruvate, reverse glycolysis to produce glucose. The occurrence of gluconeogenesis in hepatic and renal
in vitro systems has been well documented (Table 4.3.3). Liver and kidney organ cultures, tissue cultures, and
primary cell cultures actively undergo gluconeogenesis. Established cel! lines of hepatocytes and various renal cells
have been shown to be capable of deriving energy from amino acids, pyruvate, and/or lactate. Gluconeogenesis has
been observed in vitro in striated muscle cells, neural cells, and spermatozoa. Gluconeogenesis has also been
observed in non-mammalian /n vitro animal cell systems: In particular, gluconeogenests has been frequently observed
in fish hepatocyte culture.

Many studies have been conducted with respect to the regulation of gluconeogenesis and of the catabolism of
glucogenic compounds (Table 4.3.4). Phorbol esters, angiotensin II, p-kinase C, and various hormones such as
vasopressin and somatostatin, are all regulators of the metabolism of glucogenic compounds (Garcia, er.al., 1986;
Dileepan et.al., 1985). Nitrite (Wiechetek, et.al, 1993) and somatotropic (growth) hormone (Rogers, et.al., 1989)
have both been shown to stimulate gluconeogenesis. Chemical species which appear to enhance the metabolism of
glucogenic compounds include epidermal growth factor (Moule, etal, 1988), plasma prolactin and various amino
acids (Abu et.al, 1987) including glutamine (Hanson and Mehiman, 1976), manganese (Tolbert, et.al, 1981), and
methotrexate and various cytostatics (Hudakova, 1992). Inhibitors include metals such as cadmium, zinc, and copper
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Table 4.3.3: Occurrence of gluconeogenesis and/or glucogenic compound catabolism in animal cells in

culture
Cell Culture Type Reference
m—
Rat hepatocytes Valeraeral 1993
skipjack tuna hepatocytes Buck etal 1992
Rat [iver organ cufture Rosaetal 1992
Human hepatocytes Takahashi ez al. 1994
Rat hepatocytes Wiechetek ez all 1993
Perfused mammalfian fivers Donato ezal. 1993
Parenchymal cells Tolbert et all 1980
Renal proximal tubules Yanagawa ef al. 1983
Rabbit renal proximal tubule Jansetal. 1989
Amphibian retina Goldman 1989
Neural cells Baines efal. 1988
Rabbit kidney cortex tubules Michalik er al. 1987
Rabbit kidney cell line LLC-RK Williams ez al. 1990
Various cultured mammalian cells Kier et al 1995
Spermatozoa Hanson and Mehiman 1976
Striated muscle cells Hanson and Mehlman 1976
V 79B cell line Hudakova 1992
Hepatoma cells Lauris etal 1986
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Table 4.3.4: Chemical factors affecting gluconeogenesis and/or glucogenic compound metabolism

Chemical Factor Effect Reference
————— ——

Monocarboxyfate transporter Inhibit/Enhance Garcia et al. 1994
Various hormones Inhibit/Enhance Pilo eral 1993
Various neurotransmitters Inhibit/Enhance Pilo et al. 1993
Various regulatory enzymes Inhibit/Enhance Rosaetal 1992
Lithium Inhibits Bosch et al. 1992
Cytostatics Enhance Hudakova 1992
Phenobarbital Inhibits Argaud et al. 1991
Cd, Zn, Cu Tnhibit Tolbert ef al. 1981
Manganese Enhance Tolbert et al. 1981
Insulin Inhibits Lauris er al. 1986
Epidermal growth factor Enhance Moule et al. 1988
Various neurotransmitters Inhibit/Enhance Baines et al. 1938
Gentamicin Inhibits Michalik ez af. 1987
Plasma prolactin Enhance Abu et al. 1987
Various amino acids Enhance Abu etal 1987
Glucose Inhibits Lauris et al. 1986
Phorbol esters, vasopressin, Regulate Garcia et al. 1986
angiotensin I1, p-kinase C
Somatostatin Regulate Dileepan et al 1985
Growth hormmone Stimulates Rogers et al. 1989
Glutamine Enhance Hanson and Mehiman 1976
Nitrite Stimulates Wiechetek et al. 1993
Methotrexate Enhance Hudakova 1992
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(Tolbert, etal., 1981), and lithium (Bosch, ¢£.al., 1992), phenobarbital (Argaud, etal, 1991), gentamicin (Michalik,
etal., 1987), and (of course) glucose (Lauris, et.al, 1986). Some chemical species can play the role of inhibitor or
enhancer, depending upon their concentration. This class of dual role regulators includes monocarboxylate
transporter (Garcia, et.al., 1994), various iormones (Pilo, etal., 1993), various neurotransmitters (Pilo, etal, 1993;
Baines, et.al., 1988), and various regulator proteins (Rosa, et.al,, 1992).

All mammalian cells are capable of metabolism of various glucogenic compounds. The following survey of the CHO
cell literature suggests that these cells may be capable of the metabolism of glucogenic compounds.

When glucose was replaced with galactose as the carbon source for a CHO cell culture, the specific growth rate was
depressed, the lactate concentrations initially increased, but then unexpectedly decreased (Barngrover et al., 1985).
When CHO cells were arrested in the G1/GO cell cycle phase, the lactate production significantly declined (Jenkins
and Hovey, 1993). These observations are consistent with the enhancement of gluconeogenesis by cytostatic agents
(Hudakova, 1992).

When Ogata et al. (1993) utilized serum-free medium for CHO cell culture, they observed that the specific production
rate of recombinant protein increased, while lactate production significantly decreased. Specifically, they measured
the yield of lactate on glucose as 0.049 mol mol* . (Commonly, yields of lactate on glucose in CHO culture are
approximately 1.2 mol mol™'.) Both of these observations are consistent with the cytostatic effect of the absence of
serum in the medium. The very low apparent yield of lactate on glucose reported by Ogata er al. (1993) may be an
artifact, created by the biodegradation of lactate in the absence of serum. fi.e. The low apparent yield of lactate on
glucose may be indicative of lactate metabolism (gluconeogenesis).

In 1994, the Ogata group reported results from further work with CHO cells in serum-free medium. In this paper the
authors cite a "remarkable” increase in specific recombinant protein production, and a decrease in lactate production.
They suggest the "CHO K1 cells exhibit different physiological characteristics in response to serum removal from the
medium”. In their work, the cell density was not determined directly, but was estimated from the glucose
consumption rate. The approach assumed that specific glhicose consumption rate is approximately constant, which is
not necessarily consistent with their assertion of altered physiological characteristics. Moreover, the specific
recombinant protein production rate is estimated from the lactate production to ghucose consumption ratio. Using this
approach, it is not only assumed that the specific glucose consumption rate is approximately constant, but that the
yield of lactate on glucose is also approximately constant, and that the specific recombinant protein production rate is
correlated with this yield. Obviously, any change in glicose consumption and/or lactate yield, would impact on
calculated cell density and specific recombinant protein production rate; while lactate biodegradation would have a
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significant effect on these calculations. Changes in the rates of glucose consumption and lactate production, and/or
the occurrence of lactate biodegradation, which may well accompany “different physiological characteristics”
associated with cells cultured in serum-free medium, may explain the authors’ finding of a (calculated) "remarkable”
increase in recombinant protein production.

Hayter's group (1993) studied the physiology of a recombinant CHO cell line in glucose-limited chemostat culture.
As the rCHO 320 cell line contains the DHFR-based plasmid, the group used methotrexate to amplify the
recombinant protein gene expression. Their reported data contains some interesting anomalies: 1. The glucose
consumption data suggests that there is no maintenance energy requirement for these CHO cells. 2. The specific
lactate production rate decreases with the specific growth rate (compare this finding to the assumption of constant
specific lactate production rate utilized by Ogata et.al, 1993). Regression of their data indicates that no lactate would
be produced when the specific growth rate falls below 0.011 h™'. As the specific growth rate is directly correlated to
the glucose concentration, this observation may be indicative of lactate biodegradation under conditions of low
glucose concentration (recall that glucose inhibits gluconeogenesis (Lauris, et.al, 1986)). 3. The apparent ammonia
yield from glutamine is very high at low specific growth rates. Normally, the moles of glutamine consumed is
approximately equal to the moles of ammonia produced. This suggests that ghutamine consumption is not following
the usual catabolic pathway. 4. The specific alanine production rate decreased with specific growth rate. Regression
of their data indicates that no alanine would be produced when the specific growth rate falls below 0.011 h™. This
again suggests that glutamine consumption is not following the usual catabolic pathway, and/or that alanine, a
glucogenic compound, is being consumed. 5. Serine levels decreased sharply with growth rate, and once again,
extrapolation of data indicates that no serine would be produced when specific growth rate falls below 0.011 h”.
This also suggests that serine, a glucogenic compound, is being consumed. 6. Both asparagine and glycine uptake
rates were abnormally high, while the glutamate production rate remained constant through ail growth rates. Here,
again, both asparagine and glycine are glucogenic compounds, while glutamate is a byproduct of the biodegradation
of many amino acids.

The authors suggest that glucose is not the sole energy source in the medium. They attempt to account for their data
via the utilization of glutamine, through the citric acid cycle, as an energy source. However, this would also yield
alanine and serine, which their data indicate are both decreased under conditions of low glucose concentrations. The
authors especially noted that the specific products of glucose catabolism approach zero as the specific growth rate
decreases. Finally, the authors noted that similar phenomena are observed in HeLa cells and in rat hepatoma cells.
Although not mentioned by Hayter er al. (1993), both of these cell lines have been shown elsewhere to undergo

gluconeogenesis.
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Metabolism of dhfr-System Recombinant Chinese Hamster Ovary Cells

The above discussion and observed data support the plausibility that gluconeogenesis functions in the metabolisnrof
the recombinant CHO1-5s09 cell line. Above some critical threshold concentrations, it appears that glucose and
glutamine are the primary substrates for metabolism, and that gluconeogenesis does not occur, or plays an
insignificant role. The utilization patterns for these two substrates have been discussed above. The critical
concentrations of glucose and glutamine observed in this cell line may be 0.5 mmol L and 0.5 mmol L, respectively.

Following glucose depletion (here, defined as decrease to a constant concentration of 0.5 mmol L), lactate is no
longer produced, but is not consumed until glutamine is also depleted to its critical level. It therefore appears that
glucose and glutamine are preferentially utilized and that gluconeogenesis only occurs in their absence. Another
interpretation is that gluconeogenesis is inhibited by glucose above 0.5 mmol L, and that the lag between glucose
depletion and the start of lactate consumption reflects the time necessary for the biosynthesis of the enzymes and
intermediates of gluconeogenesis. The decrease in the viable population which occurs when glucose is depleted
suggests that some cells were not able to switch to lactate metabolism. The phase I gluconeogenesis pathway utilises
the two pyruvate family glucogenic compounds which are available in excess: lactate and alanine. These substrates can

be utilized as carbon, nitrogen, and energy sources.

The high concentrations of DHFR in this rCHO cell line also play a role in its metabolism. DHFR may drive the
production of glycine from serine, which in turn is derived from 3-phosphoglycerate, which is an intermediate of
glycolysis. The 3-phosphoglycerate may come from phase I gluconeogenesis of lactate and alanine. Production of
serine from 3-phosphoglycerate requires glutamate as a co-substrate and yields a-ketoglutarate as a co-product. The
consumption of glutamate and production of a-ketoglutarate serve, in turn, to facilitate the entry of alanine into the
gluconeogenesis pathway via alanine transamination. This interlocking pathway mechanism is illustrated in Figure
438.

A side benefit of the three phase metabolic batch culture pattem in this rCHO cell line is that the pH of the system is
restored to physiologically compatible values as the lactate is consumed. When pH falls below 6.5 animal cell cultures
enter into rapid necrotic cell death (Phillips, 1991). The major contributing factor to falling pH is the increasing
concentration of lactate from the glycolysis of glucose. In this culture, only 62.5% of the glucose is metabolised to
lactate, so that the pH fall is not as rapid as that observed in hybridoma cultures. Secondly, the consumption of lactate
coupled with the continued production of ammonia in the latter half of the culture period restores the pH to
physiologically compatible levels. The avoidance of toxic acid conditions may be the controlling factor in the extended
maintenance of viability which results in the long (4 week) batch culture period. Lactate and alanine are not depleted
by the end of the culture period. The accumulation of ammonia may be the controlling factor in the entry of the
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population into apoptosis. In this culture the viable cell concentration begins to decrease from a steady state value of
approximately 0.8 mmol L when ammonia reaches a concentration of 4.5 mmol L. This occurs at approximately
325 hours, several days after lactate consumption began, and at a physiologically compatible pH of approximately
7.15. A summary of the overall metabolic equations which are the major contributors that can account for the
metabolite patterns observed during the three metabolic phases of this rCHO cell line in batch culture is presented in
Figure 4.3.9.

Concluding Remarks

The metabolism of rCHO cells in batch culture is more complex than that of hybridomas in batch culture. On the
basis of substrate consumption and metabolic byproduct accumulation, the metabolic pattern of this batch culture of
rCHO can be partitioned into three phases. The first phase is characterized by relatively high specific consumption
rates of glucose and glutamine, with significant amounts of lactate, ammcnia, and alanine accumulating. This
metabolic phase is similar to the metabolic pattems observed in batch hybridoma culture, except for significantly
smaller yields of lactate on glucose, ammonia on glutamine, and alanine on glutamine. At the end of the first
metabolic phase the viability decreases abruptly. In the second metabolic phase, glucose consumption ceases and a
steady concentration of approximately 0.5 mmol L™ is maintained, while lactate accumulation ceases. The glutamine
specific consumption rate is reduced, but the yield of ammonia on glutamine is increased to about 2 mol mol”*. The
total cell concentration drops at the beginning of the second metabolic phase, but then increases exponentially
through the remainder of the second metabolic phase. This exponential increase is not reflected in the viable cell
population, which following the initial drop is maintained at an approximately constant concentration through the
remainder of the second metabolic phase. This suggests that while a portion of the viable population resides in the
cycling fraction, another portion is entering senescence, perhaps because these cells were unable to make the
metabolic switch. In the third metabolic phase both glucose and glutamine concentrations are approximately constant
at 0.5 mol mol”’. The notable phenomenon associated with the third metabolic phase is the consumption of lactate
and alanine. Viability is maintained, suggesting that lactate and alanine are being utilized as carbon, nitrogen, and
energy sources. The pH does not fall to toxic levels, probably as a result of the consumption of lactate. The
maintenance of a physiologically compatible pH level also contributes to the maintenance of viability. Viability drops
significantly as ammonia levels rise above 4.5 mmol L. Lactate and alanine are not depleted by the end of the batch
culture, suggesting that toxic levels of ammonia are the controlling factor in loss of viability.
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Glutamime:

CsHgN,O3 + 4.50; + 27ADP — 2NH; + 5CO, + 2H,0O + 27ATP
CsHyoNyOy + 150, + H)O + GADP - CHO, + 2NH, + 2C0, + 9ATP
CsHioN,03 + HHO — NH; + CsHgNO,

CsHoNO, + GH,0; — CsH;O5 + GH;NO,

CsHsOs + 1.50, + 9ADP —» C3HO; + H,O0 + 2C0O, + 9ATP

Glucose:
CeH;,06 + 60, + 38ADP — 6CO, + 6H,0 + 38ATP

Ci206 + 2ADP > 2CHO5 + 2ATP

Serine:

CHNO; + FHy — MFH, + CHNO; + H,O

Ammonia:
CO, + NHy” + MFH; + NADH + H — C,HsNO, +FH; + NAD"

Lactate:

C:H;O; + CsHNO; + H,O + 2ATP —» C3;H;NO; + CsHOs + 2ADP
C3tO; + 30; + 13ADP —» 3CO, + 3H,0 + 13ATP

C3HiO; + 6ATP — hexose + 6ADP

Alanine:
CHOs + C;H/NO, + 30, + 18ADP — C{HNO, +3C0O; + ISATP
C;H;NO, + H,O + 3ATP + NAD™ — C;H;NO; + 3ADP + NADH + H”

Figure 4.3.9: Summary of overall pathways for the consumption of major substrates by rTCHO
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The specific production rate of tPA is greatest during the lag population phase and the early exponential population
phase, which also corresponds to the first metabolic phase. This is in contrast to the expectation that tPA production
would be maximal during the exponential phase when the proportion of the population in S phase is maximal and the
DHFR concentration is therefore also maximal (see Section 4.1.2). The drop in tPA productivity at the end of the first
metabolic phase may be the result of the natural regulatory mechanisms of the concentration of the protein, or may be
the result of the altered metabolism of the population. Productior: of tPA continues at a decreased but steady rate until
the viability drops when ammonia reaches 4.5 mmol L™ part way through the third metabolic phase. The tPA
concentration declines as the total cell concentration declines, suggesting a correlation with cell lysis. Acid proteases
released into the medium from dead and lysing cells may degrade the tPA.

Gluconeogenesis, which would account for the consumption of lactate and of alanine, may be a part of the metabolism
of this rCHO cell line. Besides the present observations, phenomena supporting the possibility of gluconegenesis has
been widely reported. The elevated levels of DHFR in this rCHO cell line may drive a metabolic scheme consisting of
phase [ of gluconeogenesis coupled to serine biosynthesis and its transamination into giycine. Although the elevated
levels of DHFR may not be sufficient to extend population growth, they may be sufficient to extend the viability of a
batch culture by driving lactate and alanine consumption.

There may be significant offShoots of these interpretations. For example, unique, unexpected patterns in biochemical
consumption and accumulation (eg. alanine, glycine, lactate, etc.) observed in the batch culture of the CHO1-550 cell
line has been explained by considering that cells that are both transformed and genetically engineered are not normal.
Depending upon plasmids, vector constructs, and host cell, complicated interactions between recombinant protein
production and metabolic pathways should not be unexpected. With such cells, these patterns should not be dismissed
as artefacts, but actively studied. Furthermore, by understanding these unique expression patterns, it may be possible
for biochemical engineers to monitor productivity indirectly and inexpensively. Tissue plasminogen activator, as a
case in point, is both costly and notoriously difficult to measure. Therefore, batch production could be easily
monitored via the patterns of one of the above-mentioned metabolites. By understanding that tPA production is
directly correlated with metabolic phase one of a batch culture, optimised batch length may be determined from
monitored levels of glucose, glutamine, and lactate. These correlations may be applied to the design of fed-batch
protocols which could enhance the productive portion of a batch culture by extending the length of the first metabolic
phase.
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4.3.2 Preliminary Modeling of Growth and rProtein Production

A working model for the growth and production kinetics of a cell culture system can be usefu! in process monitoring,
control, and optimization strategies. A good model can be used to predict outcomes of optimization strategies
without recourse to actual experimentation. However, good working models for animal cell culture systems are
difficult to develop, primarily because of the lack of knowledge of these highly complex systems (see Section 2).

An attempt was made to adapt an existing kinetic model, developed for hybridoma cells, to the CHO1-5509 cell line.
The complexity of the observed CHO1-5509 metabolite patterns in batch culture rendered this task more challenging
than was originally anticipated. Three metabolic phases were identified for this rCHO cell line (see Section 4.3.1),
based on the consumption of three major substrates. In addition to the significant utilization of glucose and glutamine,
as seen in hybridoma cells and many other animal cells, this rCHO cell line also utilized lactate to a considerable
extent. Net lactate consumption was not observed when glucose and glutamine levels were greater than 0.5 mmol L™
, and the growth and metabolite kinetics could be adequately described by the Phillips’s model by instigating
appropriate parameter values reflective of the metabolism of the CHO1-55o cell line. However, these equations
required adjustments in order to describe the third metabolic phase. The equations describing the kinetics of
glutamine, glucose, the viable population concentration, the dead population concentration, alanine, and lactate were

developed as follows:
Glutamine:
It was noted that glutamine consumption was about twice as great during the lag phase as at any other time. This was
interpreted as indicating the G1/GO phase cells use about twice as much glutamine as cells in other physiological
states. (An interesting implication with respect to protein synthesis ...):

demand = 2fg; ~ (I - fs)

where fa1 is the G1 fraction of the viable population
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Therefore, the equation describing glutamine consumption is:

dGLN
dt

where

and

Glucose:

dGLC
dt

Viable Cells:

where
and

Dead Cells:

where
and

— demand ‘:

GLN is the glutamine concentration (mmol LY

GLC is the glucose concentration (mmol L)

Gs is the substrate preference index

Xv is the viable cell concentration (million cells/mL.)

A is the specific biosynthetic energy rate (motes ATP/cell)

B is the specific maimenance energy rate (moles ATP/celitime)
£, is the fraction of glutamine completely oxidized

£, is the fraction of glucose completely oxidized

demand is a function of the G fraction of the pogulation

1 GLC

Gs GLN X, (Au + B)

Gs GLN(9+18f,) + GLC(2+36f,)

Gs GLN X,. (Ap + B)

" Gg GLN

v

dt

u is the specific growth rate @)
kg is the specific death rate (h™ )

k; is the specific rate of cell lysis (h” )
X, is the dead cell population (million cells/mL)

|

Gs GLN(9+18f)) + GLC(2+36f,)

(h—k) X,

|
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M-3

M-4
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Lysed Cells:

where

Lactate:

where

and

and

page 158

dX, dx
—t = -k M-S
dt " dt
dALA
= - X, M-6
g GarsXy
ALA is the alanine concentration (mmol L)
Q.L. is the specific consumption rate of alanine
(cam be greater than or less than zero)
dLAC dGLC
= ~GricXr M-7

— friceie T 4,
dt

dt

LAC is the lactate concentration (mmol L)
Yiacaie is the yield of lactate on glucose

qLac is the specific consumption rate of lactate

In addition to the equations explicitly describing the kinetics of the viable cell population, the dead cell compartment,
glucose, glutamine, alanine, and lactate, equations were developed to follow the kinetics of ammonia, serine, glycine,
and the G1 and GO phase population. These equations are based on observed stoichiometric relationships, assuming
the primary use of the interconnecting metabolic pathways shown in Figure 4.3.8 and the relationship between the
physiological states of the cells (Section 2.1).

Serine:

where:

dSER
dt

9ser Xv M-8

SER is the serine concentration (mmol L")
qser is the specific consumption rate of serine
Xy is the viable cell concentration
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Ammonia:

dNH, dGLN dGLN dSER

dr = - Yyiaw T - (I - qu.aw)y.ws.ow T ~ LGLy nu3 T

where NH; is the ammonia concentration
Y aracin is the yield of alanine on glutamine
Yaiz.cry iS the yield of ammonia on glutamine
Yoy is the yield of glycine on ammonia
GLN is the glutamine concentration
and SER is the serine concentration

Glycine:

dGLY 5 dSER dLAC dALA
dt dt

M-t0

where, f; =0 when dLAC/dt >0 ; and, f; = 0 when dALA/dt >0

where: GLY is the glycine concentration (mmol L)
SER is the serine concentration (mmol L)
LAC is the lactate concentration (mmol L")
ALA is the alanine concentration (mmol L)
f; is the fraction of [actate consumed for serine biosynthesis
and {, is the fraction of alanine consumed for serine biosynthesis

G1 phase Cells:

M-1t

where Gl is the concentration of G1 phase cells (cells/mL)
and fs is the fraction of the viable population in the GI phase
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GO phase Cells:
dGo - —f dGl M12
dt S dt
where: GO is the GO phase cell concentration (cells/mL)

and fs is the fraction of the cells leaving GI which enter GO

The equation describing the protein production kinetics in the Phillips’s model was not used. Instead, the relationship
of extracellular tPA accumulation to the G1 cell cycle phase was reflected by expressing the tPA concentration as a
direct linear function of the G1 phase cell-hours. The proportionality constant is the specific productivity with respect
to the G1 phase cell-hours. Similarly, product degradation kinetics were incorporated as a direct function of the lysed
cell concentration. To this extent, the model was segregated.

tPA:
dtPA dGICH dX,
- = —_— -k, — M-13
dt M P dt
where tPA is the product titre (mg/L)
Geea 1S the G1 specific productivity rate

GICH is the volumetric G1 phase celi-hours
and kipa 1s the product degradation rate constart

Finally, equations were incorporated for the cumulative volumetric cell-hours for the viable population and for the G1
phase fraction of the population:

Cell-Hours:

CH = [X,dt M-14
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G1 Phase Cell Hours:

GICH = j Gl dt M-15

The rCHO cell line was observed to pass through three metabolic phases over the course of a batch culture (Section
4.3.1). Several of the parameters altered value with switches in metabolism. The two metabolic switches appeared to
coincide with depletion of glucose to 2 steady state concentration and depletion of glutamine to a steady state
concentration, respectively. The depletion points were assumed to be the triggers for the metabolic switches resulting
in step changes in the values of some of the parameters (Table 4.3.5).

The model was tested by simulating the batch culture dynamics observed in the experiment analyzed in Sections 4.1.1
and 4.3.1. Once the parameter values were determined and the initial values of the variables were set, the simulation
was achieved through a process of orthogonal collocation. The model contains a total of 15 equations and 24
parameters, 19 of which were determined from experimental data. Four of the five estimated parameters were used as
adjustable parameters to fit the observed batch culture dynamics. The four adjustable parameters were the specific
biosynthetic energy rate (A), the specific maintenance energy rate (B), the fraction of consumed lactate utilized for
serine synthesis (and ultimately glycine synthesis) (f5 ), and the fraction of consumed alanine utilized for serine
synthesis (and ultimately glycine synthesis) (f; ). From the simulation results are presented graphically in Figure
4.3.10, it is apparent that the model fits the data well, with the exception of ammonia during the last half of the culture

period (Figure 4.3.10g).

The third step in modeling comprises model refinement through simulations of different sets of experimental data (see
Section 2.3). To this end, the dynamics of a second dispersed suspension batch culture were simulated. The
simulation results are presented in graphical form in Appendix B. The model was successful in simulating the first
metabolic phase and the first metabolic switch, but failed to accurately simulate the remainder of the batch culture
dynamics. It was concluded that the assumptions that steady state glucose and glutamine concentrations are the sole
controlling elements determining metabolic phases were incorrect, at least in as much as the specific values assigned.

The impact of the initial substrate concentrations on the batch culture dynamics were then investigated in an
exploratory factorial experiment. Four factors were considered: lactate concentration, glucose concentration,
glutamine concentration, and the presence of serum. Due to equipment and time constraints, only two levels of each
variable were tested, in an experimental matrix with only a single replicate of eight separate treatrnent combinations
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Table 4.3.5:
cells.

Model parameters and initial conditions for a dispersed suspension batch cuiture of CHO1-55y

Initial Conditions

Parameter Values

Glucose: 8 mmol/L
Glutamine: 5.5 mmol/L
Lactate: 0 mmol/L
Alanine: 0.2 mmol/L
Serine: 0.0225 mmol/L
Glycine: 0.30 mmol/L
Ammonia: 0 mmol/L
tPA: Omg/L
Xv: 0.25E6 /mL
Xd: 0.0075 E6 ¢/mL
Xl: 0¢/mL
XG1: 0.175 E6 ¢/mL
XGO: 0c/mL
Pop-CHvol: 0 c-b/mL

G1-CHvol: 0 c-h/mL

A 50
B: 02

(¢ 17 ¥e) G 0.0975 pg/C-h

ktPA: 35 pg/c-h

Yamm,gin: 0.016 mol/mol

Ylac,glc: 1.25 mol/mol
qALA: 0.006 nmol/c-h
qLAC: 0.036 nmol/c-h
qSER: 0.0012 nmol/c-h
famm—gly: 0
fgln—»amm: 1.2
Gs: 0365
fl: 0.725
f2: 0.367
f3: 0.035
f4: 0.010
f5: 0.85
ckgin: 0.002
pumax: 0.0155 h*!
kd-1: 0.0001 b
kd-2: 0.0035h"

kd-3: 0.0046 h''
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Figure 4.3.10a: Model simulations of the batch culture dynamics of dispersed suspension CHO1-55 cells in a
stirred tank bioreactor with serum-free medium. symbols = data : solid squares- viable cells ; x-in-squares- dead cells
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(Table 4.3.6). The available degrees of freedom for the design did not allow for examination of treatment interactions
on a statistical basis (Systat 6.0 for Windows, SPSS Inc., Chicago, IIL.), although strong interactions were to be
expected. Some important trends are, however, quite apparent and are presented in Tables 4.3.7 through 4.3.11.

In Table 4.3.7 it can be seen that growth is viability is depressed in the presence of high lactate levels (Xv,.;), while
the biological capacity for production is enhanced when serum containing medium is used (CHvol). In Table 4.3.8 it
can be seen that product titre is depressed by low glutamine levels and/or by the presence of serum. The volumetric
productivity and the specific productivity appear to be enhanced by a combination of high glutamine levels and high
lactate levels. Metabalic trends were difficult to discern from this preliminary experiment, but it was observed that the
glucose consumption rate is significantly increased at high glucose levels in the absence of serum (not surprising).
Initial substrate concentration experiments are likely to provide valuable insight into the metabolism of the cell line,
and it is recommended that such investigations be undertaken, using multiple replicates of each treatment.

The general model framework appears to be adequate to describe the batch culture dynamics of the CHO1-55o cell
line. It is recommended that model refinement be pursued, as this may in turn lead to refinements in the understanding

of the metabolism and ultimately the productivity of this trCHO cell line.



Table 4.3.6: Initial substrate concentrations for 100 mL spinner flask batch cultures of rCHO in dispersed suspension.

CULTURE [GLUCOSE]  [GLUTAMINE]  [LACTATE] [SERUM]|
mmol L mmol L mmol L’ vIv%e
1 10.5 1.56 15.9 0
2 413 1.46 16.5 0
3 10.3 8.38 18.9 0
4 28.5 8.27 18.2 0
L] 31.5 1.31 0.27 0
6 370 8.16 0.18 0
7 358 1.07 2.02 10
8 30.2 7.92 1.82 10
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Table 4.3.7;

Population growth parameters of the spinner flask initial substrate concentration experiment.

CULTURE

XViax XVayg CHvol Memas Kdavg Kiavg
E-6 ¢/mL E-6 ¢/mL E-6 c-lmL h! h! h!

1 0.73 0.53 288 0.0153 0.0025 0.0011
2 0.71 0.48 253 0.0100 0.0030 0.0014
3 0.59 0.30 130 0.0162 0.0060 0.0029
4 0.97 0.70 374 0.0258 0.0023 0.0011
5 2.12 1.01 443 0.0100 0.0137 0.0055
6 1.71 0.79 345 0.0270 0.0083 0.0045
7 2.92 2.20 1008 0.0300 0.0035 0.0022
8 2.26 1.33 605 0.0310 0.0047 0.0007

uotssSHIsIq puv sy :p sndoy)

2.1 ?3vd



Table 4.3.8: Production parameters of the spinner flask initial substrate concentration experiment

CULTURE [tPA]"‘“ %tPA,pro P tPAavg qlPAlvg qlPA"Ml thA'Mz qlPA'M3

mg L' mg mg" mgL'h* pge-h’ pge-h! pgec-h’ pgc-h!

1 5.70 1.78 0.026 0.008 0.187 0.008 -0.025
2 5.96 1.86 0.026 0.017 0.131 0,011 -0.022
3 9.15 2.86 0.075 0.053 0.098 0.013 NA

4 10.62 332 0.088 0.027 0.173 -0.002 NA

5 9.50 297 0.028 0.021 0.058 0.030 0.015
6 10.4 325 0.034 0.023 0.083 0.014 -0.016
7 6.99 0.29 0.021 0.007 0.020 0.013 0.004
8 7.00 0.29 0.030 0.008 0.045 0.000 -0.006
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Table 4.3.9:  Substrate and ammonia concentrations at the switches between metabolic phases in the spinner flask initial substrate

concentration experiment

CULTURE CHvol [GLUCOSE]) [GLUTAMINE) [LACTATE) [AMMONIA]
E6 c-h mL"* mmol L* mmol L mmol L mmol L*
FIRST METABOLIC SWITCH
1 NA NA NA NA NA
2 40.16 34.71 0.63 21.83 1.53
3 77.34 2.64 4.09 22.44 4,51
4 60.44 15.89 597 23.72 4.24
5 49.15 26.62 0.14 10.89 1.85
6 74.49 32.34 543 14.94 4,28
7 65.10 21.87 0.26 17.50 1.68
8 141.00 16.67 3.50 16.67 4.83
SECOND METABOLIC SWITCH
1 63.20 3.97 0.25 25.06 1.81
2 125.65 29.58 0.14 20,17 2.32
3 NA NA NA NA NA
4 NA NA NA NA NA
5 74.75 23.34 0.14 11.94 2.09
6 280.58 11.56 1.03 20.00 8.06
7 281.00 15.77 0.04 15.717 1.89
8 334.00 12.56 1.53 22.56 6.88
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Table 4.3.10:  Specific substrate consumption rates during the metabolic phases for the spinner flask initial substrate

concentration experiment (units are pmol c-h!)

FIRST METABOLIC PHASE SECOND METABOLIC PHASE THIRD METABOLIC PHASE
CULTURE qerLc  _9eLN _ Quac _qara qeic  qGLN  qrLac  qaLA Qeic  qeLN _ qQuac qara
1 0.090  0.020 NA NA 0.000 NA NA NA 0000 0000 0036 0.001
2 0.176 0.023 NA NA 0.060 0.006 0.004 0.001 0.094 0.001 0004 0.004
3 0.088 0.054 NA NA 0022 0.043 -0044 0.019 NA NA NA NA
4 0.214 0.030 NA NA 0.044 0.014 -0.060 0.002 NA NA NA NA
5 0.095 0.023 NA NA 0.128  0.000 -0.041 -0.014 0034 0000 -0.014 0.002
6 0.062 0.034 NA NA 0.087 0011 -0.009 -0.008 0060 0004 -0.095 0,001
7 0.096 0.120 NA NA 0.025 0.001 NA NA 0008 0,000 0012 0012
8 0.092 0.027 NA NA 0.021 0010 -0.027 -0.007 0.030 0003 0015 -0011
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Table 4.3.11:

Yields of byproducts on substrates during the three metabolic phases for the spinner flask intitial substrate
concentration experiment

CULTURE Y, cercM1)  YammaeinM1)  YammcinM2)  YammcoinM3)  YaracinM1)  Yaracin(M2)  Yaracun(M3)
mol mol™* mol mol” mol mol’ mol mol* mol mol* mol mol™* mol mol*

1 1.36 1.33 1.33 0.76 0.56 -1.32 -1.32
2 0.69 1.40 1.08 0.21 0.86 -0.04 -4.43
3 0.48 0.96 0.67 NA 0.56 0.41 NA

4 0.22 1.03 0.56 NA 0.54 0.10 NA

5 1.86 1.49 ND -0.05 0.72 ND -2.11
6 2.94 1.43 1.60 0.78 0.84 0.71 -2,60
7 1.07 1.83 0.92 -0.57 0.90 0.96 -3.46
8 I.11 1.07 0.96 0.89 0.69 0.55 1.86
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5. Conclusions and Recommendations

5.1 Conclusions

In contrast to microbial cells, in mammalian cells the production of proteins and proliferation of cells lie within time
domains of different orders. The epigenetic time domain is in the order of hours while the genetic time domain is in
the order of days. Protein production is not usually restricted to a single cell cycle phase within cycling fraction (eg. S
phase) of the genetic time domain, and, in any case, the proportion of the population in any given physiological state
does not remain constant through a batch run. Hence, correlations of protein production to growth rate are
impractical. These two important aspects of animat cell culture (growth and production) can be placed on the same
basis by considering growth in terms of cell-hours, which represent the biological capacity for production.

Frequently, protein productivity changes with the average physiological state of the population. This is observed as
growth-phase-association or partial-growth-phase-association. The rCHO cell line investigated in this study exhibited
growth-phase-association, with specific productivity maxima in the lag and early decline phases.
Compartmentalization of the population in to the cefl cycle phases, quiescent phase, and apoptotic phase revealed that
protein production was directly proportional to the G1 phase cell-hours. This is in agreement with the observed
partial-growth-phase-association pattern, as the proportion of the population in the Gt cell cycle phase is maximal in
the lag and early decline growth phases.

The dhfr-based system of producing foreign proteins in mammalian cells likely results in incidental transcription of the
protein-gene with transcription of dffr. However, it must not be assumed that synthesis of the protein occurs
simultaneously with synthesis of DHFR. Although the plasmid is designed for co-transcription of £P4 and dhfr, there
is no reason to assume that post-transcriptional modifications of the tPA4 transcript are under the control of the
regulatory mechanisms for the post-transcriptional modifications of the dhyfr transcript. Also, the definition of protein

177
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production of secretory glycoproteins usually is inclusive of transcription, post-transcriptional modifications,
translation, post-translational modifications, and secretion, while DHFR is an intracellular protein. Secretion is usually
the rate limiting step in the appearance of secretory proteins in the supematant. Therefore, there is a time and space
separation between the rate of appearance of DHFR within the cell and the rate of appearance of the recombinant
protein outside of the cell. If this time lag is not accounted for, correlations of extracellular protein appearance to
intracellular DHFR appearance are phenomenological at best, and should not be used as a basis of concluding the
degree of co-regulation of the translation of the two molecules. In this study, while the production of the recombinant
tPA strongly correlated with the G1 cell cycle phase, DHFR content increased sharply in the S cell cycle phase.

The transformed and genetically engineered mammalian cell investigated in this study exhibited unusual patterns in the
appearance and disappearance of metabolites in the cuiture medium. On the basis of these patterns three population-
averaged metabolic phases were identified during a batch culture run. The first metabolic phase is similar to that
observed in hybridoma culture, with glutamine and glucose being co-utilized, and ammonia, alanine, and lactate
accumulating. When glucose is depleted to a constant level, lactate accumulation also ceases. During this second
metabolic phase, lactate and glucose levels are constant, glutamine is being utilized and alanine and ammonia are
accumulating. When glutamine is depleted to a constant level, the culture switches to a third metabolic phase in which
alanine and lactate are consumed, glucose is constant, glutamine is disappearing at a rate consistent with its chemical
degradation, and ammonia is accumulating. These observations may be due to the utilization of the phase [
gluconeogenesis metabolic pathway.

Throughout the batch culture run, glycine accumulates. Glycine may be formed from serine, which in turn may be
formed from a molecule synthesized in the phase I gluconeogenesis pathway. Tetrahydrofolate functions as the
carbon acceptor in the cleavage of serine to form glycine. The carbon is removed from the folic acid derivative by the
formation of thymidine compounds from uridine compounds, leaving this B complex vitamin in the dihydrofolate
form. The restoration of dihydrofolate to tetrahydrofolate is catalyzed by DHFR. Hence DHFR may drive glycine
production, which in turn drives the formation of serine from the consumption of alanine and lactate. Thus the high
levels of DHFR in this CHO1-5so cell line may serve to enhance the utilization of the phase I gluconeogenesis
pathway.

Tissue plasminogen activator is apparently not produced during the third metabolic phase, while the percentage of the
population in apoptosis increases sharply when the culture enters the second metabolic phase. Maximal population
expansion and tPA production should correlate to maximal extension of the first metabolic phase. Initial substrate
concentrations may impact on the duration of the first metabolic phase. Relative levels of the various metabolites
might trigger the different metabolic phases and might therefore form the basis of fed-batch protocols designed to
extend the first metabolic phase.
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The extracellular concentration of tPA from the CHOI-55y cell line reaches 2n apparent ceiling of approximately 10
mg L. This maximum of the extracellular level of tissue plasminogen activator is likely a consequence of natural
regulatory mechanisms. Further processing and/or genetic manipulations are known to improve the tPA titers.
Degradation of accumulated tPA occurs during the late decline phase, which is correlated to the dead cell and lysed
cell concentrations. Batch cultures should not be permitted to proceed into the late decline phase, and harvest should
take place before the second metabolic switch into the third metabolic phase takes place.

The CHOI1-554 cell line was found to be capable of growth in three morphological types (substratum adherent,
aggregated, and dispersed suspension) which are easily induced by agitation rate and serum content. The most
favourable growth kinetics (Mmx = 0.026 h™' ) and volumetric productivity (0.041 mg L™ h™' ) are associated with the
substratum-attached growth behavior type. Dispersed suspension culture exhibits a similar volumetric productivity to
that observed in microcarrier suspension culture. Dispersed suspension culture is therefore the most attractive format
as it is both simpler and cheaper than microcarrier suspension culture. Aggregate suspension culture exhibited the
least favourable growth and production kinetics. However, aggregate suspension culture may have an advantage at a
larger scale, in terms of better resistance to shear damage.

Extensive cytoplasmic bridging was observed between aggregated and substratum-attached cells. The cytoplasmic
bridges apparently function to strengthen aggregates with large void volumes. The large void volumes (= 50%)
within aggregates are assumed to preclude mass transfer limitations. The cytoplasmic bridges may be instrumental in
the cell-sheet detachment pattern observed in substratum-attached culture, and this may result in the premature failure
of these systems.

Modeling of growth, production, and metabolism dynamics can improve the understanding of the system. Successful
models can be used for optimization and prediction of culture behavior. A partially structured and partially segregated
metabolic cell-cycle model which was developed in this study could successfully simulate the first metabolic phase of
batch culture of the CHO1-559 cell line, substantiating the assumed major metabolic pathways utilization. [Initial
substrate conditions impact significantly on the metabolic patterns of the CHO1-554 cell line during batch culture.
Further model development could shed light on the metabolic patterns and controls of this and other transformed and
transfected cell lines.

A better understanding of metabolism and growth behavior, and their impacts on growth and production kinetics, may
enable further optimization of batch mammalian cell cuiture. In this study some of the unique aspects of the
metabolism, growth behavior, and growth and production kinetics of the CHO1-5449 cell line have been identified.
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5.2 Recommendations

The complex metabolism of this transformed and transfected cell line should be investigated in greater detail through
the use of bioassay methodologies. The concentrations of metabolic enzymes such as pyruvate carboxylase,
thymidylate synthase, serine hydroxymethy! transferase, and phosphoserine transaminase should be measured. The
dynamics of the rest of the amino acids should be investigated. The impact of initial concentrations of major
substrates should be studied in depth. This would enable the identification of the major inputs and outputs to
population metabolism, with their associated overall kinetics. This information can then be used to refine modeling
and thence to facilitate optimization of the system.

The relationship of tPA synthesis and tPA secretion to the cell cycle phases should be investigated. Intracellular levels
of tPA protein and of tPA mRNA should be measured. Synchronized cell populatons should be employed in these
investigations, but the synchronization method must be carefully chosen so that metabolic and production dynamics
are not significantly influenced by the process of synchronization. This information could be used to refine modeling

and to optimize the system.

The impact of scale-up (and hence increasing shear) on the growth and production dynamics of the three
morphological types should be investigated. Relative dynamics observed at the 1 liter scale may not hold at the larger
scales employed industriaily.

Model development should be continued. Fine tuning of the model may serve to improve simulations as well as to
augment the understanding of the metabolism and related growth and production kinetics of this cell ine. An accurate
model can be used to simulate the impacts of process variations without the need to actually perform costly and

lengthy experiments.
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Microcarrier Suspension; Spinner #1

NUNC polystyrene microcarrier beads (90 - 180 um)
me celis/bead  viable

T

0
24
96

120
144
168
192
264
288
312
336
360

E6 c/mL

0 0.25
79 0.243683
523 1.613246
571 1.761307
724 223325
834 2.572556
461 1.422001
354 1.091948
213 0.65702
255 0.786573
109 0.336221
145 0.447267

CHvol
E6 ch/mlL

0
59238775
58.093995
98.562625
146.27344
203.84717

250.4256
340.40536
360.95298
378.22949
390.94656
400.28512

tPA
mg/L

1.979
4.154
8.432
10.46
10.03
9.865
10.42
10.45
10.51
11.22
10.91

9.08

Hom's F12 w ity (0% FBS
1 L spinner @ 60 rpm 10g/L of beads

tPA-0 GLC LAC

mg/L

0
2175
6.453
8.476
8.048
7.886
8.436

8.47
8.526
9.239
8.926

mM mM

7.38 395
725 42
6
7.1 6.48

5.98
5.42
5.34
4.19
3.77 10.51
3.12
2.08
218
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Microcarrier Suspension: Spinner #2
NUNC polystyrene microcarrier beads (90 - 180 um)

Time cells/bead
h
0 0
24 74
48 162
120 184
144 343
168 229
192 137
216 49
288 23

viable
E6 c/mL

0.23
0.22826
0.499705
0.567566
1.058018
0.706373
0.42259
0.151145
0.070946

CHvol tPA
E6ch/mL mg/L

0 292
54990984 3.31
13.813604 4.83
52183548 6.04

71.08357 7.86
91.9729 8.934
105.23016 10.35
111.5664 10.07
119.20116 8.153

HAM's Fi2 weath 1ce. FeS
1 L spinner @ 60 rpm 10g/

tPA-0 GLC LAC

mgit.

0
.39
1.91
3.12
494
6.014

7.43
7.147
5.233

8
782 365
6.33
5.28
486 6.79
4.01
2.84
1.91
1.17 10.23
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Microcarrier Suspension: Spinner #3

NUNC polystyrene beads (90 - 180 um)
Time cells/bead viable

“h

0
24
48
72
96

168
192
216
240
264

E6 c/mL

0 0.28
149 0.459605
277 0.854434
448 1.381901
374 1.15364
383 1.181402
134 0.413336

64 0.197414
24 0.07403
20 0.061692

CHvol
E6 ch/mL

0
8.697972
23.979913
50.310689
80.65481
164.71237
182.26489
189.27765
192.29674
193.92091

tPA
mg/L

0.574
1.2
2.368
4.552
6.555
7.055
74
7.53
9.055
8.81

Hom's F(Z2 w.th 104 FBS
1 L spinner @ 60 rpm 10g/L of beads

tPA-0 GLC LAC
mgl mM mM

0
0.626
1.794
3978
5.981
6.481
6.826
6.956
8.481
8.236

9.88
7.35
6.64
5.63
484
3.77

2.06
2.28
442
6.91
8.24
9.96

4.25 11.02
3.58 10.86
3.53 11.04

2.81

11.4
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Microcarrier Suspension: Spinner #4
NUNC polystyrene beads (S0 - 180 um)

. Time cells/bead
0 0
24 34
48 226
72 415
96 497
168 538
192 177
216 193
240 84
264 65

viable
E6 c/mL

0.128
0.104876
0.69712
1.280109
1.533046
1.659515
0.545974
0.595328
0.259106
0.200499

CHvol
E6 chymL

0
2.7853082
10.289283
33.311734
66.978431
181.85048
205.89003
219.57711
229.27728
234.76252

tPA
mg/L

11
1.814
2478
4.706
6.984
7.966

895
9.756
11.56
12.26

Hams Fl2 weth 0% FBS
1 L spinner @ 60 rpm 10g/L of beads

tPA-0 GLC LAC

mg/L

0
0.714
1.378
3.606

5.8835
6.866
7.85
8.65
10.456
11.16

1.5

9.26 1.997
8 65
88

71 798

6.41

4.56

5.27 1015

488

472 11.33

(] prwuadcy Y xpuaddy

sg1 28vd



Appendix 4: Experimental Data

Aggregate Suspension: Spin Serum Free HB-CHO  Spnnec 2|

1L ; 60 rpm ; 0-200s amorphous aggregates in suspension

Sample Time pH

—h
QWO ~NOOEWN-~O

DNDNONDDNDNDNNMNDNMNNNDNDNADAD A
O~NOOVDEL WN-A2AODWONOOTALAE WN -

h

0
22
46
70
98

120
144
166
190
215
239
261
311
334
358
383
407
430
473
505
527
550
571
595
626
647
667
691
715

7.5
7.4
7.5
7.4
7.5
7.6
7.6
7.5
7.4
7.4
7.4
7.4
7.2
7.1

7
6.9
6.9
6.9
6.8
6.8
6.9
6.9

7

7
6.9

7

7

7
6.9

[Total]
£6 c/mL

0.112
0.148
0.187
0.246
0.255
0.275
0.293
0.289
0.288
0.311
0.338
0.358
0.703
0.754
1.029
1.302

1.51

1.49

1.45
1.375
1.199

1.49
0.979
0.981
0.985

1.02

0.85
0.845
0.985

V-frac

0.82
0.97
0.94
0.9
0.965
0.72
0.64
0.69
0.68
0.81
0.79
0.8
0.83
0.79
0.77
0.6
0.55
0.49
0.5
04
0.35
0.45
04
0.2
0.18
0.16
0.13
0.22
0.23

[Viable]
E6 c/mbL

0.09184
0.14356
0.17578
0.2214
0.24608
0.198
0.18752
0.19941
0.19584
0.25191
0.26702
0.2864
0.58349
0.59566
0.79233
0.7812
0.8305
0.7301
0.725
0.55
0.41965
0.6705
0.3916
0.1862
0.1773
0.1632
0.1105
0.1859
0.22655

CHvol GLC LAC
E€c-h/mL mM mM

0.00
2.55
6.37
11.11
17.65
22.52
27.14
31.40
36.14
41.71
47.93
54.02
74.89
88.45
104.99
124.66
144.00
161.92
193.20
213.47
224.08
236.39
247.28
254.07
259.85
263.42
266.13
269.60
274.54

14.6
13.2

13
12.9
126
12.7

13
11.7
10.1
9.92
8.38
7.09
5.94
6.94
5.06
3.28
2.82
1.72
1.38
0.81

0.56

0
0.44
0.49

1.24
1.61
2.56
2.84
3.8
3.8
5.45
6.11
9.51
12
13.3
14.4
14.6
13.3
15.2
16.9
15.9
14
11.2

13.2
12
12.3
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Appendix A: Experimental Data

Aggregate Suspension: Spinner #2

Samplie Time pH

-
QWO NNOOOLLAWN-~O

NNDNNDNMDNDMNDMDMONS DD amaaaaa
O~NODOADLWNAOODOONODADWN -

h

0
22
46
70
98

120
144
166
190
215
239
261
311
334
358
383
407
430
473
505
527
550
571
595
626
647
667
691
715

7.2
7.2
7.2
7.3
7.3
7.4
7.3
7.2
7.1
71

7
6.8
6.8
6.9
6.8
6.8
6.8
6.8
6.7
6.8
6.8
6.8
6.8
6.8
6.8
6.8
6.8
6.8
6.8

[Total]
E6 c/mL

0.099
0.15
0.216
0.176
0.162
0.164
0.315
0.404
0.646
0.701
0.98
0.96
0.96
1.48
1.57
1.63
1.36
1.66
1.85
1.67
1.585
1.37
1.03
1.051
1.12
0.958
0.951
0.995
0.925

V-frac

0.85
0.98
0.97
0.96
0.96
0.87

0.9
0.97
0.94

0.9
0.75
0.74
0.63
0.55
0.42
0.37
0.34
0.27

0.3
0.29
0.21
0.29
0.29
0.27
0.23
0.19

0.2
0.24
0.18

[Viable}
E6 c/mL

0.08415
0.147
0.20952
0.16896
0.15552
0.14268
0.2835
0.39188
0.60724
0.6309
0.735
0.7104
0.6048
0.814
0.6594
0.6031
0.4624
0.4482
0.555
0.4843
0.33285
0.3973
0.2987
0.28377
0.2576
0.18202
0.1902
0.2388
0.1665

Serum Free HB-CHO
1L ; 60 rpm ; 0-200s amorphous aggregates in suspension

CHvol GLC LAC
E6chiml mM mM

0.00
2.48
6.71
11.24
15.78
19.06
23.98
31.34
43.14
58.62
74.98
90.88
123.68
139.88
167.50
173.27
185.98
196.45
217.94
234.54
243.43
251.80
259.06
266.05
274.43
279.00
282.72
287.85
292.66

16.5
18.7
14.3
13.1
12.9
12.5
10
9.75
8.76
8.31
5.7
4.91
3.91
3.83
3.68
3.71
3.5
3.06
2.96
26
2.39
1.71
1.76
1.15
1.28
1.22

0

0
0.42
0.44
0.96
1.02
1.21
2.38
3.23
3.92
4.97
6.98
9.65
9.16
9.32
9.43
9.34
9.46
9.68
9.03
8.55
7.6
8.34
7.74
8.4
8.51
8.44
7.53
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tPA-0

0.1
0.3
0.3

0.73

2.2
24
3.44
3.61
3.8
4.4
4.5

53



Appendix A: Experimerntal Data

Aggregate Suspension: Spinner #3 Serum Free HB-CHO

1L ; 60 rpm ; 0-200s amorphous aggregates in suspension

Sample Time pH

-
OCWOoO~NOOMAEWN-2O

O QT Y
NAHBWON -

h

0
22
46
70
98

120
144
166
190
215
239
261
311
334
358
383

7.5
7.5
7.4
7.5
7.5
7.6
7.4
7.4
7.3
7.3
7.3
7.4
7.4
7.5
7.5
7.5

[Total]
E6 c/mL.

0.092
0.137
0.192
0.286
0.276
0.276
0.351
0.397
0.549
0.757
0.992
0.995

1.71

1.64

1.57

1.62

V-frac [Viable]
E6 c/mlL

0.91 0.08372
0.96 0.13152
0.96 0.18432
0.95 0.2717
0.95 0.2622
0.92 0.25392
0.88 0.30888
0.91 0.36127
0.85 0.46665
0.79 0.59803

0.5 0.496
0.423 0.42089
0.24 0.4104
0.13 0.2132
0.15 0.2355
0.093 0.15066

CHvol

GLC

LAC

E6c-h/mL mM mM

0.00
2.33
6.08
11.49
18.96
24.64
31.37
38.73
48.61
61.85
74 94
85.00
105.78
112.71
118.09
122.84

7.19
6.29

6.3
5.97
5.68
3.36
3.17
2.48
1.97
0.74
0.31
0.14
0.17
0.29
0.51
0.69

0
0.38
0.89
0.62
0.76
0.58
2.18
3.67

5
5.56
6.57
6.35
4.89
4.32
3.93
4.04
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tPA-0

1.1

1.9
3.9
3.7
0.6

0.4



Appendix A: Experimental Data

Dispersed Suspension: Spinner #1

1L; 150 rpm

Sample

W N EWN-2O

RNN—A_AA_.-;_A.‘_A_.-A
-0 WO ~NOOGHLEWN-=-O

Time
h

0

0.5
19.5
44

94
117.7
1417
166
190.2
2135
256.5
288
3103
3333
354.5
378
409
429.5
451
474.7
499.5
528
549
596

pH

76
74
74
6.9
6.9
6.9

7

7

7

7
7.1
7.1
7.2
7.2
7.2
72
7.2
7.2
7.3
73
73
73
73

Serum Free HB-CHO

[Total] V-frac [Viable]
ESc/mL E6c-himL mM

E6 c/imL

0.333
0.413
0.595
0.897
1.048
1.662
1.568
1.132
1.2t
1.09
1.35
1.845
1471
1.63
1.38
1.55
1.48
1.35
1.68
14
1.52
1.49
1.21

0.83
0.75

0.9
0.95
0.91
0.77
o.n
0.74
0.64
0.67
0.52

04
0.46

04
0.38
0.29
0.24
0.16
0.17
0.25
0.21
0.15
0.08

0.2763
0.27639
0.30975

0.5355
0.85215
0.95186
1.27974
1.11328
0.83768

0.7744

0.7303

0.702
0.738
0.67666
0.652

0.5244

0.4495

0.3552

0.216

0.2856

0.35

0.3192

0.2235

0.1089

CHvol GLC

0.00

0.14 8.056

5.70 8.089
15.80 4.578
4988 1.178
7121 0.728
97.80 0.85
126.86 0.456
150.28 0.417
169.08 0.606
201.42 0.55
22397 07
240.05 0.289
256.31 0.161
270.37 0.389
284.14 0.511
299.20 0.428
307.41 0.528
313.43 0.361
319.33 04
327.19 0.478
336.72 0.544
342.36 0.322
349.85 0.156

LAC GLN
mM mM

0.008 5.354
1.514 3385
2.291 2.562
9.367 1.88
9464 16
9.678 1.558
9.402 1.425
9.364 1.299
8.381 1.163
5491 1.074
6.189 0.635
5.953 0.788

54 066
3.086 0.533
4.089 0475
3.178 0.401
3.956 0.483
4.422 0.483
4322 0.154

3.2 0.348
3.489 0.403
2.378 0.413
2.089 0.447

ALA
mM

0.174
0.232
0.32
0.834
1.108
1.382
1.805
2.228
2.266
1.603
23
2.418
2
1.608
1.45
1.25
12
14
1.25
0.992
13
1.35
1.48
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AMM tPA-0

mM mgil
0433 0
0775 05
1.215 12
2.532 2
2763 25§
2.869 3

313 35
3.386 3.85
3743 435

3.91 4.5
4082 5.9
4171 6.9

4.34 7
4385 75
4474 8.15
4741 8388

489 832
5044 7.85

5.41 7.3
5775 66
5864 62
5985 59
6.112 54



Appendix 4: Experimental Data

Dispersed Suspension: Spinner#2 Serum Free HB-CHO
1L ; 150 rpm

Sampie Time

6p

OO H W20

10
11
12
13
14
15
16
17
18

h

0
0.5
213
453
70
94.2
118
161
192
214
238
260
283
314
335
356
380
405
432
454
501

pH  [Total]
E6 c/mL

88 0.445
7 0626
7 0531
7 0751
6.8 0.859
6.8 1.015
6.7 0.825
6.7 0.935
68 1.635
6.8 1.532
6.8 1.68
6.8 1.36
6.9 1.48
6.9 1.52
7 1.96
7 209
71 2.14
7.1 226
7.1 235
7.2 1.05

Vrac

0.83
0.92
0.86
0.91
0.87
0.85
0.48

0.5
0.42
0.48
0.54
0.52

0.4
0.38
0.21
0.28
0.25
0.18
0.16
0.05

[Viable]

CHvol

GLC LAC

E€c/mlLEéchiml. mM mM

0.3693
0.36935
0.57592
0.45666
0.68341
0.74733
0.86275
0.396
0.4675
0.6867
0.73536
0.8072
0.7072
0.592
0.5776
0.4116
0.5852
0.535
0.4068
0.376

0.0525

0.00
0.18
9.87
22.21
36.08
53.36
72.11
97.88
111.45
124.18
141.24
158.56
177.44
197.52
209.51
220.04
231.80
245.60
258.47
267.08
274.80

7.96 0
7.14 0.71
6.87 1.61
6.46 1.96
4.77 2.53
3.13 6.57

6.04
2.76 649
2.45 6.59
1.04 6.16
062 6.13
0.28 4.64
0.24 4.72
0.46 4.09
0.52 3
2.4
2.56
2.1
1.99

0.57
0.41
0.72
0.71

GLN
mM

4.72
3.87

3.01
2.22
1.29

1.05

0.57

04
0.26
0.17
0.18

0.17
0.24
0.17
0.22

ALA AMM
mM mM

0.17 0.119
0.28 0.462
0.48 1.118
0.73 2.018
14
1.4
1.27 4.046
4.42
1.76 4.598

2.57 5.186

2.79 5.311

2.04

1.97
5.579

2.1
215

tPA-0

26
1.8
32
36
6.6
76
8.9
10
10.95
11.65
9.5
78
54
49

6.6
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141.89

121.3
148.75
112.91
154.85
179.26
204.43
167.06
205.19
203.67
225.79
162.48
187.65
205.96
177.74
222.73
275.36
237.23
219.68
141.89



Appendix A: Experimental Data

Dispersed Suspension: Spinner #3
1L ; 150 pm

Sample

Time
h

0

1
21.5
43
69.3
92.5
117
139
162
186
214
236
271
306
331

378
403
430
458

pH

7.9
7.8
7.7
75
7.4
7.2

7
7.1
71
7.1
72
72
7.2
7.1
7.2
7.3
7.4
7.5
7.5

[Totai)
E6 c/mL

0.195
0.26
0.398
0.624
1.027
1.217
0.942
1.254
1.515
1.635
1.48
1.38
1.19
2.075
2.223
2.091
2.17
2.05
2.21

V-frac

0.83

0.9
0.92
0.94
0.92
0.93
0.91
0.78
0.61
0.44
0.41
0.42
0.45
0.28
0.21
0.17
0.19
0.29
0.22

[Viable]

0.1618
0.16185
0.234
0.36616
0.58656
0.94484
1.13181
0.85722
0.97812
0.92415
0.7194
0.6068
0.5796
0.5355
0.581
0.46683
0.35547
0.4123
0.5945
0.4862

Serum Free HB-CHO

: CHvol GLC LAC
ESc/mLESc-himl. mM mM

0.00
0.16
417
10.52
2284
40.25
65.27
86.85
108.38
131.20
153.68
168.68
189.44
208.85
222.89
234.63
244.51
253.96
267.57
282.55

8.74
7.97

7.7
6.99
6.86

1.39

0.47
0.22
0.12
0.11

0.1
0.03
0.01
0.01
0.03

0.03
0.54
1.48
261
3.59
6.09
9.92
9.89
9.51
7.87
8.59
7.81
7.33
6.78
6.14
5.53
5.83
5.39
5.12

GLN ALA AMM
mM mM mM

3.87 0.2 0018
0.249
3.11 035 1.14
1.799
2.18 0.76 3.26
3.207
1.04 1.01 3.653
4.276
0.81 1.12 4.686

0.64 1.19 4.401
0.49 1.27 4757
0.38 1.09 5.238

0.32 1.04 5.541
5.882
0.39 1.27 5648
5.844
0.36 1.4 5.951

tPA-0

1.259
1.949

8.686
12.01
13.02
11.91
11.66

12.3

13.02
13.02
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Protein

343.37
287.71
296.85

198
281.07
308.48
359.16
346.69
295.19
300.17
199.66
283.56
310.97
395.71
465.49
459.67
423.12
442 23
392.38



Appendix A: Experimental Data

Dispersed Suspension: Spinner #4
1L; 150 pm

-
COO~NOOHWN 20O

[ T T TG QY
NO L WN

Sample Time pH [Total]
h E8 c/mL

0
176 0.181
215 76 0.208
43 7.5 0.32
69.3 7.4 0.556
925 74 0.82
117 72 0.81
139 7.2 0.911
162 7.1 1.021
186 69  1.42
214 7 1581
23 7 195
271 71 1.575
306 7.1 1.79
331 7.1 1.62
354 72 1.855
378 7.3 2.105
403 7.4 2.153
430 74  2.06
458 75  1.87

-
8]

V-frac

0.83
0.91
0.92
0.91
0.91
0.85
0.87
0.89

0.9
0.83
0.64
0.56
0.41
0.47
021
0.13
0.1
0.13
0.15

Serum Free HB-CHO

CHvol GLC LAC GLN ALA AMM tPA-0

[Viable]
EScmLESchiml mM mM
0.15 0.00
0.15023 0.15 8.34 0
0.18928 3.61 0.5
0.2944 8.73 746 1.21
0.50596 19.02 2.22
0.7462 33.34 6.89 2.89
0.7695 5166 274
0.79257 68.71 269 4.41
0.90869 88.67 0.93 7.04
1.278 11466 0.51 7.43
1.31223 150.27 0.27 8.23
1.248 179.28 7.94
0.882 216.19 7.29
0.7339 244.25 0.07 6.29
0.7614 263.06 0.02 6.18
0.38955 275.55 5.33
0.27365 283.48 5.41
0.23683 289.76 5.38
0.2678 296.65 5.73
0.2805 304.28 5.7

mM

3.3
4.11
2.67
1.58
0.89

0.6
0.46
0.55
0.35
0.44

0.48

mM mM

0.16 0.196
0.553
0.43 1.052
1.925
0.77 2.691
3.135
1.05 3.601
4.012
1.18 3.994
4.67
1.22 4812
1.18 4.777
1.28 4.973
5.062
1.23 5.006
4.884
1.23 5.383
5.543
1.22 5.489

mghi.

0
0.195
0.2
1.3
4.1

52
5.1
7.83
8.5
7.8
6
59
5.5
5.3
5
3.1
2.7
24
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Appendix A: Experimental Data

Factorial: Initial Substrate Concentrations
160 mL; 150 rpm; dispersed suspension

Spinner #1

page 193

LAC: high; GLC: low; GLN: low; Serum: zero

Hour Sample pH [Total] V-fraction NH3 LAC GLC tPA-0 GLN ALA
' ' ES c/mL mM mM mM mglh mM mM
medium 7.7 0.119 18.89 12.32 1.398 0.144
0] 0 76 5.14 0.6575875 0.13 15.89 10.54 0 1.556 0.181
30.25 1 78 6.42 0.8365759 0.875 21.89 7.006 2.0191 1.094 0.335
545 2 77 6.1 0.8114754 1.419 2217 5678 4.7709 0.625 0.625
72.92 3 78 7.85 0.7707006 1.68 23.22 5.111 4.6803 0.454 0.716
98.1 4 78 7.45 0.7263158 1.765 24.04 4.994 4.8842 0.455 0.986
121.3 5 79 7.2 0.8333333 1.809 25.06 3.967 5.005 0.246 1.071
140.8 6 7.9 7.3 0.8287671 1.818 23.89 3.239 5.0061 0.093 0.742
167.5 7 8 8.25 0.7378049 1.925 23.22 2.683 4.8993 0.166 0.834
180.5 8 8 9.35 0.7807487 2.05 23.17 1.839 54809 0.089 0.728
223.8 g 8.1 9.55 0.7329843 2.299 2283 2.25 56999 0.183 0.776
237.3 10 8.1 9.9 0.5858586 2.335 21.89 2.044 52996 0.081 0.556
264.5 11 81 10.5 0.5672515 2.174 21.28 1.839 5.6697 0.088 0.656
285.8 12 8.2 11.6 0.5431034 2.174 20.33 1.728 55262 0.086 0.725
310.5 13 8.2 9.4 0.5319149 1.996 19.94 1.617 5.3525 0.072 0.591
334.8 14 8.2 9.15 0.5901639 2.062 19.94 1.444 52618 0.266 0.661
336.8 15 8.3 9.35 0.4965986 2.121 19.67 1.272 5.1032 0.185 0.926
366.4 16 8.3 9.15 0.4590164 2.469 18.72 1.172 47331 0.131 0.611
387.5 17 8.3 8.85 0.6327684 2.085 18.5 1.161 4.0005 0.065 0.597
434 5 18 8.3 8.45 04733728 2.264 18.33 1.094 3.4869 0.079 0.544
481.3 19 8.3 8.2 0.554878 2.148 18 1.056 3.3736 0.033 0.619
553.5 20 83 8.6 0.3488372 16.61 1.028 2.5579 0.058 0.663
[Viablel CHvol [GU/GOT . [IS1 [G2/M] _ _[A1CH-G1/GO . CH-S CH-G2/M  CH-A
€S ciml  Cochimt _e5cial eScfmb  EScful,  ESeinl Eichimt Eichlml  Ebe-hlnl €6 ¢ hfd
3.38 0.00 1.55 0.99 0.54 0.29 0.00 0.00 0.00 0.00
537  13.00 3.97 0.64 0.53 0.21 7.79 243 1.62 0.75
495 2551 4.18 0.39 0.31 0.07 17.67 3.65 2.61 1.07
605 3561 4.08 1.03 0.28 0.65 25.28 4.86 3.16 1.55
541  50.02 4.19 0.58 0.23 0.41 35.69 6.83 3.81 2.85
6.00 63.22 3.47 1.65 0.73 0.15 4453 9.21 4.81 3.45
6.05  74.97 3.31 2.20 0.45 0.10 51.13  12.94 5.94 3.69
6.09  91.20 7.01 1.78 0.68 0.59 6433 18.23 7.42 4.42
7.30 106.55 2.72 1.61 0.53 2.45 7475  22.12 8.80 7.42
7.00  130.32
5.80 138.94 1.93 1.19 0.16 2.52 8550 2860 1026  19.02
596 154.96
6.30 167.97 0.66 0.59 0.07 5.02 9125 3275 10.79  36.61
500 181.90
540 19450 0.28 0.03 0.01 5.10 9343 3365 1091 6140
464 195.50
420 20861 0.05 0.02 0.00 4.13 9384 3372 1093 7596
560 218.87
400 24122
455 261.18 0.21 0.04 0.01 432 9510  34.01 11.00 124.50
3.00 288.06



Factorial: Initial Substrate Concentrations

30.25
54.5
72.92
98.1
121.3
140.8
167.5
190.5
223.8
2373
264.5
285.8
310.5
334.8
336.8
- 366.4
387.5
434.5
481.3
553.5

1

-—
COWoO~NOObsWN

1
12
13
14
15
16
17
18
19
20

7.84
7.75

78
7.76
7.78
7.78
7.84
7.82
7.87
7.87
7.89
7.93
7.96
8.04
8.07
8.12
8.1
8.13
8.14
8.15

4.45

9.25
8.95
9.25
8.9
72
7.05

7.05
6.95
6.8
57
5.65
55
4.85

suspension

0.7162162
0.8333333
0.8125
0.7946429
0.86
0.8958333
0.8297872
0.76
0.7924528
0.6787879
0.6814159
0.6181818
0.7375887
0.7071429
0.6764706
0.622807
0.6041667
0.5505618
0.5755396
0.556701
0.4758621

Spinner #2

...........

" 44.23

‘g

41.28 0
40.7 1.7321
37.52 4.2573
36.56 4.4461
34.71 5.0428
33.79 5.1259
2099 5.4129
2098 5.5035
29.83 5.6319
29.58 5.8812
28.03 5.9491
27.73 5.9567
27.07 5.9265
2617 5.7075
25.33 5.5262
23.84 5.4658
23.11 53751
23.03 5.2241
21.53 4.4386

19 4.4084
1736 3.721

1.462 0.197
1.285 0.408
0.757 0.563

0.7 0.876
0.631 1.092
0.457 1.141
0.307 1.281
0.213 1.272
0.15 1.089
0.136 0.982
0.116 0.933
0.079 0.818
0.081 08
0.07 079
0.074 0.778
0.065 0.7
0.059 0.673
0.055 0.672
005 06
0.047 0.576
0.04

mog puouuedcy <y xapuaddy

61 a%pd



Factorial:

L

3.187162
4

4.,0625
4.291071
5.16

6.45

7.8

7.03
7.092453
6.278788
6.064602
4.450909
5.2

4.95
4769118
4.328509
4.108333
3.138202
3.251799
3.061856
2.307931

0
10.824076
20.599662
28.291381
40.156677
53.539766

67.39185
87.209138
103.44985
125.65207
133.98303
148.19723
158.43069
170.98878
182.77185

183.6809
196.19411
203.78611
218.80103
233.55474
252,82496

1.526651
2.952
3.343438
2.647591
1.92084
3.02505
3.2448
4.10552
2.822796

2.080158
1.5444
0.6486

0.275258

- 0.174526

0.927464
0.416
0.325
1.012693
1.7286
2.58
1.1076
2.19336

2.354694

0.849044
1.3208
0.529372

0.110925

0.03368

e

e /mi i
0.487636 0.245411
0.436 0.196

0.255938 0.138125
0.15877 0.472018
0.13932 1.36224
0.6837  0.1419
27066  0.7488
0.47804 0.25308

0.687968 1.234087

0.424522 2.692683
0.3224 1.9604
0.123997 3.500532

0.008217 3.734475

0.009186 2.844464

. ah/m

0 0
6.5387293 1.9297071
14.1621 2.8236345
10.654935 3.9381812
25.370376 7.3095259
31.011009 12.231127
37.121609 15.626587
46.907561 19.877527
54.783241 25.105594

66.15571 32.006119
74.880873 37.184012
79.940288 41.425498

81.319782 42.273457

83.858449 43.017623

0
1.3955426
2.2152238
2.5800743

2.964836
3.757068
6.6239704
10.062404
11.388697

13.939785
15.739728
16.757141

16.892242

16.992054

0
0.6648369
1.0658789
1.5663686
3.6813277
49303918

5.641881
6.8643111
8.2884103

17.02832
28.218268
41.234971

52.687611

90.229024

v puswuedxy :y xpuaddy

s61 29pd



Factorial: Initial Substrate Concentrations

Spinner #3

100 mL; 150

0
30.25
54.5
72.92
98.1
121.3
140.8
167.5
190.5
223.8
2373
264.5
285.8
310.5
334.8
336.8
366.4
387.5
434.5

medium
0
1
2
3
4

©O© oo~ WM

10
1
12
13
14
156
16
17
18

7.65
7.61
78
7.76
1.77
7.75
7.83
7.83
7.95
7.96
8.03
8
8.02
8.03
8.04
8.07
8.07
8.09

8.09

8.1

0.6911197
0.8602941
0.8129032
0.7746479
0.7905405
0.7563025
0.7309942
0.7175573
0.5952381
0.3801653
0.3186813
0.4074074
0.2857143
0.2
0.1818182
0.2021277
0.2
0.1276596
0.220339

0.328 17.72
0.189 18.94
1.822 21.89
3.087 21.89
3.992 23.39
4.189 22.89
4.67 22.39
4.509 22.44
4.848 22.56
5.418 20.56
5828 21
6.096 20.67
6.269 23.06
5.614 22.67
6.666 225
6.274 215
6.817 22.67
6.568 23.83
6.176 26.22
6.978 24.67

10.31 0
6.861 3.8797
5.883 6.0297
4.711 7.4396
3.983 8.3233
3.344 9.1465
2.639 7.3716
2.489 7.5
2328 7.636
2317 6.7296
2.139 7.9305
2,044 6.5257
1.978 7.281
1.911 7.5151
1.789 7.4698
1.761 7.2734
1.761 6.9411
1.467 6.5332
1.433 6.3746

8.555
8.378
7.442
7.249
6.527
5.464

4.92
4.093
3.178
3.407
3.676
3.242

2.79
2.204
2.585
2,694
2.434
1.716
1914
1.192

moq priusdcy :y xpuaddy
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Factorial: Initial Substrate Concentrations
dispersed suspension

7.74
7.65
7.66
7.61
7.66
7.64
7.67
7.61
7.62
10 76
11 7.61
12 7.59
13 7.59
14 7.61
15 7.56
16 7.54
17 7.52
18 7.45
19 7.36
20 7.2

OCONOONA_WN-O

412
6.35
7.8
8.7
9.55
10.85
11.05
11.2
11.35
10.6
99
9.75
10.7
11.15
124
11.1
10.05
9,85
0.85
9.75
8.7

0.6359223
0.9011976
0.8782051
0.8548387
0.8931208
0.8686131
0.8733032
0.8571429
0.7665198

0.745283
0.6717172
0.6296296

0.728972
0.5964126
0.6129032
0.6483516
0.6132597
0.6091371

0.601227
0.5589744
0.4597701

Spinner #4

6283 35
6.408 38.06

43Y
27.92
28.49 0
29.35 3.4693
25.35 6.002
23.68 9.139
15.88 10.34
24.69 10.619
19.48 8.074
18.62 9
18.74 7.281
20.06 8.2704
17.92 9.0408
17.32 7.1526

15 9.3882
13.75 8.9577
12.22 8.3082
18.58 8.5423
12.03 8.0816
10.58 7.5755
9.2561 7.432
8.806 10.264
7.862 9.8716

o ppowusdsy v xpusddy
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2.62
5.722605
6.85
7.437097
8.529389
9.424453
9.65

96

8.7

79

6.65
6.138889
78

6.65

76
7.196703
6.16326

- 6
5.822086
5.45

0
12.013289
27.216626
40.367632
60.438039
81.202383
99.799107
125.54592
146.57395
174.15007
183.94711
201.36269
216.10238
233.94644
251.19894
252.67824
272.45815
285.27746
313.29396
339.86093

1.21044
4.332012
5.5074
4.930795
4.349989
5.814887
3.86
5.3952
3.2103

2.86615
1.1232
1.2312

0.739591

0.4905

0.75456 0.40348 0.25414
0.606596 0.618041 0.137343
0.6987 0.5343  0.1096
1.346115 0.379292 0.788332
2.524699 0.469116 1.177056
2.450358 0.914172 0.245036
3.667 1.93 0.2316
2688 0.9984 0.5184
2958 0.6438 1.8966

1.064 0.3458 24073
0.3822 0.078  6.2556
0.1824 0.1216  6.0952

0.117102 0.055469 5.27575

0.09265 0.02725 4.8396

zp(] prasnuuadxy cy xapuaddy
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Factorial: Initial Substrate Concentrations

30.26

54.5
72.92

98.1
121.3
140.8
167.5
190.5
223.8
237.3
264.5
285.8
310.5
334.8
336.8
366.4
387.5
434.5

100 mL; 150 1
: i -'lT?"

CoONODUMBbBWN-=LO

pm,; dispersed

: ’F,

7. 7
7.8
7.9
7.7
7.7
7.6
7.5
7.5
75
74
74
74
7.3
73
7.3
7.3
73
7.3
7.3
7.3

4.26
7.7
11
10.75
11.25
14.5
18.3
21.4
255
22.5
22.3
23.4
18.4
19.4
12,7
12
12.3
9.3
7.35

suspension
otal ngractlon :NH3: LAC;; Gl.c LDH : tPA-0

Spinner #5

A XmM: o mM

0.6713615
0.8441558
0.8136364
0.9023256
0.9463415
0.9034483
0.8797814
0.8785047
0.829582
0.7556561
0.7639752
0.5746269
0.6141304
0.4587629
0.503937
0.36875
0.2926829
0.1530055
0.122449

0.121
0.127
0.868
1.476
1.854
2.085
1.889
1.854
1.818
1.818
1.978
1.836
1.961
1.961
1.916
1.729
1.782
1.961
1.907
2.085

0.167
0.267
5.644
9
10.89
11.94
11.61
13.17
13.5
13.83
14.28
15

18
15.28
16.22
16.72
16.67
16.94
17.56
18.06

i

30.056
31.46
27.88
26.17
26.62
23.34
24.03
20.03
19.67
18.24
18.51
16.49
15.17
14.62
13.89
12.89
11.58
10.36
9.195
8.889

2.09
16.72
12.12
15.45
24.24
24.15
19.23
64.37

92.8

107
131.8
148
2354
339
363.6
352
370.8
380
384.2

0
0.8056
2.1501
2.7694
3.5473
4.1138

5.1
5.0126
6.5911
6.7044

7.792
8.5624
9.0836
9.1062

9.499
9.2875
8.4416
8.1546
7.7392

O/GLN:-ALA,

EHME U /LM AL M

1.364
1.307
0.832
0.427
0.141
0.146
0.165
0.168
0.049
0.009
0.087
0.058

0.02
0.009
0.006
0.128
0.076

0.05
0.021
0.097

0.116
0.036
0.38
0.629
0.899
1.262
1.145
0.796
1.01
1.02
0.798
0.425
0.666
0.567
0.411
0.655
0.824
0.7
0.64
0.616

oQq pruruusdcy cy xpusddy
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Factorial:

i

0.286
0.65
0.895
0.97
1.064634
1.31

1.61

1.88
2.115434
1.700226
1.703665
1.344627
1.13

0.89

0.64
0.4425
0.36
0.142295
0.09

0
13.412011
31.987045
49.154432
74,751993
102.14028
130.50983

177.0953
222.98956
286.17374

309.15
350.49019
376.71704
401.59647
419.98143
421.05181
432.91484
437.85905
443.22448

5 [G1/G0] 3

1

Es’c/mL

0.129844
0.43225
0.65156
0.52671

0.487602
0.52793
0.27048
0.31584

0.306738
0.30264

0.311771

0.363049
0.17967
0.24119
0.18048
0.07257

0.045

ontlnued)

)
Eein

0.079794
0.1105
0.129775
0.21534
0.215056
0.43885
0.40411
1.01332
1.197336
0.736198
0.512803
0.45045
0.43844
0.27679
0.14848
0.035843
0.00792

0.048906
0.09165
0.0895
0.06984
0.100076
0.13755
0.42021
0.24064
0.236929
0.588278
0.553691
0.356326
0.12882
0.11748
0.05312
0.015045
0.00216

Rt [G2MT i . (AT
IE6 e/mL%: E6 c/mLisE6 ch/mL Ee*cwms,%,

0.025168
0.01105
0.01253
0.09991

0.108593
0.03668
0.03381
0.09588

0.069809
0.07311

0.078369

0.154632
0.20792
0.25454
0.24768

0.319043
0.30816

{CHG1/GO .

0
7.6062249
20.56606
31.377191
44.141054
55.889661
63.39644
71.222799
78.381935
88.512696
92.659664
101.83636
107.37619
112.54702
117.62425
117.86114
120.71336

CH'S|

0
2.8530407
5.7601149
8.8723928
14.291079
21.554682
29.768887
47.495814
72.859528
104.38553

112.7256
125.83157
135.27546
143.97361
148.96955
149.12805

149.6768

i

AR ek

2.0586747
42550153
5.7150593
7.8316237
10.569085
15.494644
24111516
29.603445
42.449109
50.155044
62.357123
67.108805
70.164612
72.120974
72.181338
72.378304

"*% "r‘ﬁ

%56

0
0.5188279
0.8043596
1.5796139
4.2031445
5.7369763
6.4238738
8.0168006
9.9063978
12.282005
13.304072
16.361904
20.186119
25.889622
31.978661
32.542375
41.845991

g prauuedcy cy xpusddy

ooz 23pd



Appendix A: Experimental Data

OCOONDOTOBWN—-O

[ i G G
O~NOOMHEWN-—=O

Factorial: Initial Substrate Concentrations
100 mL, 150 ensi

0.6320346
0.8571429
0.8245614
0.8606557
0.9305019
0.8019608
0.8341463
0.7762712
0.6596386
0.6142857
0.4494382
0.3641026
0.3029046
0.3246753
0.1434263
0.1676301
0.1337209
0.0735294
0.0939227

1.777
2.934
4.001
4.278
5.276
5.311
6.416
6.666
7.201
7.771
8.056
8.199
8.341
7.236
8.422
7.976
7.949
8.208

Spinner #6

e g Eiﬁl‘?’% nu‘?ﬁ

37.01 0
35.46 1.7925
34.24 2.7304
33.17 4.1352
32.34 6.3746
30.4 6.756
23.65 7.3026
22.69 8.0816
14.86 8.4517
15.42 8.5876
12.75 8.8973
11.56 9.7508
11 10.317
10.97 10.4
11.08 9.7054
10.56 9.5242
8.806 9.2372
7.639 9.0559
7.306 9.1616

7.292
8.162
6.447
6.285
5.358
5.425

3.16
2.596
2.223
1.938
1.337
1.366
1.026

0.99
0.984

1.06
0.933

0.89
0.847
0.586
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Appendix A: Experimentad Data

14.90441
10.95
12.9

8

7.1

7.3

7.5

3.6

2.9

2.3

1.5
1.507459

0
13.650755
30.195382
46.148533
74.494215
104.36982
134.38243
177.12109
206.62035
246.18246
260.02758
280.57694
295.87596
314.18984
327.07526
327.72274
335.40258

339.3479
346.41541

1.45416
3.5904
2.7918
5.8275
6.3383
4.9266
5.3523

4.456418
6.7452

2.272
1.5184
0.9108

0.1656

0.81468 0.58108
1.584 0.792
241815 0.5499
1.9425 0.7875
22172 1.3496
4416 1.5042
6.6006 1.197
5.663675 1.311588
1.43445 0.79935
24 0.888
1.3651 0.2701
0.234 0.09
0.0345 0.0138

1.5732
2.310183
1.8177
2.16
3.8033
2.3616

2.0953

0
7.1496728
14.847533
22.446048
37.753786
50.724361
60.740556
73.823153
86.523704
86.523704
105.74147

ERR
114.81078
ERR
120.63606
ERR
122.02046

o)

-GT/G0:

0
3.4999953
8.2815015
12.281681
17.511122
24.899078
35.497963
51.869469

58.95261
58.95261
67.722881
ERR
76.618485
ERR
79.761032
ERR
80.091072
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Appendix A: Experimental Data

0
2.0603446
3.669589
4.8882645
7.5156404
10.81568
13.437956
16.790857
19.170016
19.170016
23.110565
ERR
25.628517
ERR
26.431523
ERR
26.56022

0.6677729
2.3544677
3.828172
5.4693914
6.5006744
8.1716113
13.30267
18.027126
18.027126
27.302003
ERR
41.389235
ERR
56.213766
ERR
63.26286

1.3650755
3.01953823
4.61485332

7.4494215
10.4369824
13.4382434
17.7121091
20.6620345
24.6182459
26.0027577
28.0576941
29.5875957
31.4189842
32.7075261

32.772274
33.5402583
33.9347895
34.6415408
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Appendix A: Experimental Data

Factorial: Initial Substrate Concentrations

100 mL; 150 rpm, dlspersed Sus| ensxon

7 Hbun G
it
medlum

0 o
30.25 1
545 2
72.92 3
98.1 4
121.3 5
140.8 6
167.5 7
190.5 8
223.8 9
237.3 10
264.5 11
285.8 12
310.5 13
334.8 14
336.8 15
366.4 16
387.5 17
434.5 18
481.3 19
553.5 20

765

7.77
1.77
7.22
7.07
7.01
7.05
7.14
7.21
7.25
7.32
7.37
7.39
7.41
7.44
7.48
7.46
7.53
7.55
7.62
7.66
7.68

5.52
14.2
21.5
25.15
25.9
276
29.5
33.9
34

34
34.7
34.6
33.2
33
29.1
26.1
24.05
24.15
19.8
16.65
15.9

0.7355072
0.9577465

0.972093
0.9561753
0.9737991
0.9673913
0.9207547
0.8967552
0.8588235

0.847619
0.8027211
0.7641509
0.8793103
0.8532423
0.7591623

0.796875
0.7544484
0.7907801
0.7777778
0.7440273
0.7721893

Spinner #7
0% FBS

page 204

 54.57 02452‘ .

65.02 0

63.4 0.0252
65.49 1.2513
66.18 2.4295
83.37 3.4038
1094 3.721
4.1289
4.9068
4.9673
5.5111

5.783
6.6667
6.8026
6.5685
6.9839
6.8102
6.6062
6.9914
6.2286
5.0881
1.8479

147.5
1721
201.6

244.8

263.1
281.1

0.093
0.01
0.009
0.01
0.008
0.006



Factorlal
MWPRY L g SRR

4.06

13.6

20.9
24.04781
25,2214
26.7
27.16226
30.4

202
28.81905
27.85442
26.43962
29.1931
28.157
22.09162
20.79844
18.14448
19.09734
15.4
12.38805
12.27781
21.99773

0
23.871962
65.071287
106.40045
168.41865
228.50142
281.01584

357.9241
426.45484
522.91012
561.16102
635.11991
694.18138
765.14441
825.77379

830.0615
887.74378
926.98809
1007.7455
1072.4449
1161.5497

.39 i
1.6849
6.188
9.7394
14.30845
11.52618
9.1848
7.822732

6.688
12.0304

5.877283
6.831186

6.207746

7.584394

2.07495

S)ak. (G
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Appendix A: Experimerntal Data

Factorial: Initial Substrate Concer Spinner #8: GLC=high, GLN=high, LAC=0, Seru

100 mL 150m dlsersed susensnon

10% FBS

a g gt .. ) o > 7'.? : :
medium 7.65 0.356 1.567 3022 7.209
0 7.74 4.52 0.7477876 0.274 1.822 28.55 0 7.921
1 7.82 11.5 0.9391304 1.732 5.689 27.58 2.9859 5.724
2 7.35 19.1 0.973822 2.994 8.889 23.65 3.2402 5.287
3714 20.5 0.9756098 3.85 13.89 18.43 6.0272 4.607
4 7.05 216 0.962963 4.831 16.67 16.67 6.7145 3.5
5 7.04 26.2 0.8778626 5.704 18.56 15.39 6.2613 2.658
6 7.07 29.1 0.7766323 5.864 19.44 13.93 6.2236 1.823
7 7.1 27.6 0.6521739 6.809 19.78 13.38 6.3897 1.814
8 7.13 30.9 0.6479218 6.88 22.56 12.56 6.5785 1.534
9 717 30.8 0.4837662 7.058 23.28 12.18 6.3444 1.308
10 7.21 29.3 0.492228 6.916 22.06 11.76 7.0091 1.262
11 7.16 26.1 0.5186335 6.948 22 10.98 6.3595 0.665
12 7.14 23.2 0.4439655 7.103 21.28 9.472 5.9819 1
13 7.13 25.95 0.4420063 7.156 21.67 7.945 5.4758 0.943
14 7.14 24 0.4392857 7.254 20.11 7.689 5.2568 1.045
15 7.11 21.6 0.3965517 7.468 20.06 7.222 5.7553 1.006
16 7.13 15.8 0.2848101 7.664 19.89 6.728 5.6495 0.9
17 7.14 20.7 0.352657 7.735 19.61 6.378 5.0529 0.66
18 7.14 21.35 0.5682819 8.065 19.39 5.783 5.8384 0.47
19 7.12 19.2 0.5260417 8.145 19.06 5.889 6.5483 0.299
20 7.05 19.1 0.1675393 19.06 5.783 6.1556 0.067
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MODEL COMPUTER CODE:

'DIFFERENTIAL EQUATIONS

'first equation (GLUTAMINE)
600

IFY(1) <O THEN Y(1)=0

IF Y(2) <.5 AND nFLAG = 1 THEN 'delay between glucose exhaustion and growth cessation
teatime = X

nFLAG =0

END IF

IFY(1)> 1 AND Y(2) > .5 THEN

spgr = con(11)

frac=1

ELSE

IF Y(2) <.5 THEN frac= .5

[F Y(1) < 1 THEN frac = .03

spgr =0

IF X - teatime < (.5 * LOG(2) / con(11)) THEN spgr = con(11)
END IF

FG1 =Y(10)/ Y(3) ‘Gl fraction
demand =2 * FG1 + (1 -FG1) 'demand for substrate

Gs = con(19)

fl1=.725

2 = 367

ckGLN = .002 '.00275

IF Y(2) > .5 THEN

DY = -demand * Y(1) * Y(3) * (con(l) * spgr + frac * con(2))
DY=DY/(Gs*Y(1)*(9+ 18 *f1) + Y(2) * (2 + 36 * 12))
DY =DY - ckGLN * Y(1)

ELSE

DY = -demand * Y(3) * frac * con(2) / (9 + 18 * f1)

DY =DY - ckGLN * Y(1)

END IF

IF Y(2) <= .5 AND Y(1) <= .5 THEN
‘DY = -ckGLN * Y(1)

END IF

dYdi(1) =DY

RETURN
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'second equation (GLUCOSE)

605
IF Y(2) < .495 THEN Y(2) = .495

IF Y(2) > .5 THEN

DY =(1/Gs) * (Y(2)/ Y(1)) * (dYdt(1) + ckGLN * Y(1))
ELSE

DY=0

END IF

dYdi(2) =DY

RETURN

'third equation (VIABLE CELLS)
610
[FYG)<OTHEN Y(3)=0

[F X <= 24 THEN
DY = .1 * spgr * Y(3)
ELSE

I[FY(1)> 1 AND Y(2) > .5 THEN
DY = spgr * Y(3) - con(12) * Y(3)
END [F

IFY(1)> 1 AND Y(2) <= .5 THEN
DY = spgr * Y(3) - con(13) * Y(3)
END IF

[F Y(1) <=1 AND Y(2) <= .5 THEN
DY = spgr * Y(3) - con(14) * Y(3)
END IF

END [F

dYdt(3) =DY

RETURN
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'fourth equation (ALANINE)

615
IF Y(4) <0 THEN Y(4) =0

IF Y(1) > 1 THEN
DY =con(4) * Y(3)
ELSE

DY = -con(5) * Y(3)
END IF

dYdi(4) = DY

RETURN

'fifth equation (LACTATE)

620
[F Y(5) <O THEN Y(5)=0

IF Y(2) > .5 THEN
DY = -1.25 * dYdi(2)

END IF

[FY(2)<=.5 AND Y(1) > 1 THEN

DY =0

END [F

IF Y(2) <= .5 AND Y(1) <= 1 THEN

DY = <on(6) * Y(3) ‘prefered form
END I[F

dYdt(5) = DY

RETURN
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'sixth equation (TPA)

625
IFY(6)<=0THEN Y(6)=0
DY = con(3) * dYdt(15) - con(17) * dYdt(13)

dYdi6) = DY

RETURN

‘'seventh equation (SERINE)
630
IF Y(7) <.001 THEN Y(7) =.001

IF Y(2) > .5 THEN
DY = -con(7) * Y(3)
ELSE

DY =0

END IF

dYdi(7) = DY

RETURN

‘eighth equation (AMMONIA)
635

DY = —con(4) * dYdt(1) - (1 - con(4)) * con(20) * dYdt(1) - con(8) * dYdt(7)
IF Y(1) <.5 THEN

DY =-2 * dYdt(l) - con(8) * dYdt(7)

END IF

dYdu(8) =DY

RETURN
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‘ninth equation (GLYCINE)
640
£3 =con(9)
f4 = con(10)
IFY(9) <0 THEN Y(9) =0

IF Y(1) > 1 AND Y(2) > .5 THEN
DY = dYdt(7)

ELSE

DY = -f3 * dYdt(5) - f4 * dYdt(4)
END IF

dYdi(9) =DY

RETURN

‘tenth equation (G1 PHASE)
615
IF Y(10) <0 THEN Y(10) =0

IF X <24 THEN
YO(10)= .8 * Y(3)
Y(10) = YO(10)
END IF

IF X =24 THEN ' re-define G1 fraction
YO(10)= .2 * Y(3)

Y(10) = YO(10)

END IF

IF Y(1) <=1 AND GIFLAG =0 THEN

YO(10) = .44 * Y(3) ' re-define G1 fraction
Y(10) = YO(10)

GIFLAG=1

END IF

DY =dYdt(3) * Y(10)/ Y(3)

dYdt(10) = DY

RETURN
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‘eleventh equation (GO PHASE CELLS)

650
I[FY(11) <O THEN Y(11) =0

[F Y(1) <=1 AND Y(2) <= .5 THEN
DY = -4 * dYdt(10)

ELSE

DY=0

END IF

dydiy(11)=DY

RETURN

‘twelveth equation (DEAD CELLS)

655

[F Y(1)> 1 AND Y(2) >.5 THEN
DY =con(12) * Y(3)
END IF

I[FY(1)>1 AND Y(2) <= .5 THEN
DY =con(13) * Y(3)

END IF

IF Y(1) <=1 AND Y(2) <= .5 THEN
DY =con(14) * Y(3)

END IF

dYdi(12) =DY

RETURN
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‘thirteenth equation (LYSED CELLS)

660
DY=0

IF Y(1) <= .6 THEN

DY = con(18) * dYdt(12)
END [F

dydi(13) = DY

RETURN

'fourteenth equation (CELL HOURS)
665

DY =Y(3)
dydt(14) =DY
RETURN

'fifteenth equation (Gl PHASE CELL HOURS)

670
DY =Y(10)
dYdy(15) = DY
RETURN
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Preliminary Experiments

A set of preliminary experiments were undertaken. The goals of this preliminary

investigation included:

. identify a cell line, representative of a commercial host/plasmid system, for use

as the research model.

. identify and/or develop a reliable assay for the rDNA protein product.
. assess reproducibility/suitability of the chosen research model.

. establish population parameters of the chosen research model.

. establish culture requirements of the chosen research model.

The cell line chosen for preliminary investigation was a rCHO cell line expressing h-t-
PA, as mentioned above. This cell line is derived from a DHFR" CHO mutant, which
has been tranfected with an expression vector coding for DHFR and for h-t-PA. The
expression vector contains an SV40 promoter for each of the two proteins.

HB-CHO, a commercially available serum-free medium specifically designed to support
CHO cell populations, was employed in the preliminary investigation. Initially, the cells
were placed in HB-CHO containing 10% (v/v) FBS. The cells were maintained as a
surface adherent monolayer in T-flasks, in a 5% CQ,, 37 °C incubator. Following 5
days of maintainance as a confluent monolayer, the populations were adapted to
serum-free HB-CHO by step reductions in the concentration of serum over a two week
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period. At 2% (v/v) FBS, the cells began to detach from the surface, and once 0%
serum conditions were achieved, no cells remained attached to the surface.

Two days after serum-free conditions were achieved, the suspended cells began to
form aggregates. Aggregates were loose with respect to cell-to-cell proximity.
Aggregates were amorphous in shape, attaining a maximum longitudinal axis of
approximately 2 mm. Aggregates were maintained in serum-free HB-CHO medium in
T-flasks, in a 5% CO,, 37 °C incubator for three weeks. Viability and growth remained
high.

In a second preliminary experiment, ease of cell line adaptability to serum-free
conditions was evaluated. The cells were initially grown to confluence (about 5 days)
in HB-CHO containing 10% (v/v) serum. The confluent population was then subjected
to a step change to 0% serum. The cells detached from the surface over approximately
12 hours, and then continued to grow, and to form aggregates. These suspended
aggregates were once again maintained in serum-free conditions for three weeks. No
impairment of growth or viability was observed. Indeed, the maximum cell
concentration was at least 2-fold greater than concentrations attained as monolayers of

cells in medium containing 10% (v/v) serum (data not shown).

The h-t-PA concentration was determined using the Chromozym t-PA method
(Boehringer Mannheim). Single chain t-PA cleaves the Chromozym t-PA (N-
Mehtylsulfonyi-D-Pher-Gly-Arg-4-nitranilide acetate) to 4-nitraniline. The 4-nitraniline
is a chromophore which absorbs at 405 nm. The absorbance is linearly proportional to
the concentration of 4-nitraniline, and therefore to the concentration of single chain t-
PA, up to a concentration of 1.5 ug/mL of single chain t-PA. The absorbance was
calibrated against pure h-t-PA (Sigma). Concentrations of h-t-PA in the three week
rCHO cultures were determined to be greater than 1.5 pg/mL of medium. The
Chromozym t-PA assay, which requires a total volume of 1.6 mL, was adapted to
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microassay be performed as a microassay in 96 well microplates (Section 5.4.9). h-t-
PA concentrations from sample replicates, using the microassay technique, were found

to be accurate to within 11%.

Reproducibility and population parameters were assessed from twelve 200 mi,
stationary batch runs in T-flasks cultured under 5% CO, at 37 °C. Cell concentration
couid not be determined directly from cells growing as aggregates. Initially, cells were
dispersed into single cell suspension by the addition of DNase I. However,
dissaggregation via this method required at least six hours to achieve. Therefore, this
method was not used during this experiment. Instead, aggregates were disrupted into
a nuclear suspension by the addition of citric acid and Triton-X 100. Whole nuclei were
then counted, corresponding to total cell concentration. Viability could not be
quantitatively determined. By qualitative visual inspection, it was apparent that viability
was high, even in the largest aggregates, until the decline phase of the batch runs.

Total cell concentrations of the twelve runs had an average standard deviation of the
between population means of less than 12% (Figure 1), indicating high reproducibility
between batch statibnary runs. The maximum cell concentration was similar to the
maximum cell concentrations obtained as microcarrier adherent monolayers suspended
in stirred tanks (Phillips, not published). The maximum apparent growth rate of the
total cell population, e, Was 0.024 h™'; which corresponds to a maximum doubling
time of 30 hours. This growth rate is similar to that found in microcarrier adherent

monolayers suspended in stirred tanks (Phillips, not published).

The batch stationary suspended aggregate rCHO cell cultures attained a maximum h-t-
PA titre of 4.0 pg/mL after 15 days (Figure 2). The average standard deviation of the
population means of the h-t-PA concentration measurments was approximately 14%.
The specific productivity was found to be partially growth associated (Figure 3).
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Figure 1: CHO aggregates in suspension in serum-free, 200 mL stationary
batch culture. Data points are the between population means of 12

separate runs.
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Figure 2: Volumetric productivity of single chain h-t-PA by CHO cell

aggregates in suspension in serum-free, 200 mL stationary batch
culture. Data points are the between population means of 12

separate runs.
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Figure 3: Specific productivity of single chain h-t-PA by CHO cell aggregates
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It was calculated to be 0.018 pg/million cell-hours during the population lag and early
exponential phases, and 0.005 pg/million cell-hours thereafter. The productivity of
suspended aggregate cultures is approximately 20 to 25% greater than that seen in

suspended microcarrier-adherent cultures.

Aggregate suspension culture, as a bioprocessing type, has inherent potential benefits
when compared with microcarrier-adherent suspension cuilture. For example, 1)
aggregates do not require serum proteins, or specific proteins, to act as ligands in their
formation; 2) aggregates do not require a surface for cell growth; 3) aggregates require

no bioprocessing prepatory steps; etc.

Population RNA/DNA ratios were also measured during the first eight days of the batch
runs. An interesting pattern of RNA/DNA population ratios during the batch cultivations
was observed (Figure 4). It may be possible to correlate RNA/DNA population ratios to
population growth phase, and perhaps to percent viability. This may be of particular
value in cases where cell concentrations and/or viabilities are difficult or impossible to

measure directly.

The preliminary findings, which are summarized in Table 1, formed the basis for the
formulation of the specific research objectives. This preliminary investigation
demonstrated that: 1) the cell line is appropriate for use as a representative of the
rCHO cell line type; 2) the productivity of the rDNA protein can be monitored reliably;
and 3) the host/plasmid system can be cultured reproducibily.

page 230
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Tabie 1: Summary of findings from preliminary investigation of rCHO cells

producing h-t-PA

PRELIMINARY FINDINGS

rCHO grows and produces h-t-PA reproducibly in
serum free stationary batch culture

Uow = 0.024h" (t, =~ 30h)

Po.x = 4 ug/mL

productivity is partially growth associated

rDNA protein assay accurate [t-PA] £ 11%

cells grow as non-surface adherent aggregates

cell-cell adhesion very strong: can break with DNAse
[in 6 -12 hours

viability difficult to assess in aggregates:
total cell counts can be made from whole nuclei
counts of detergent disrupted aggregates

RNA/DNA population ratios vary with population
growth phase

aggregates yield potential benefits w.r.t.
bioprocessing
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Initial Substrate Combinations
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Growth Parameters as a Function of

Initial Substrate Concentrations
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Growth Parameters as a Function of

Initial Substrate Concentrations
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Growth Parameters as a Function of

Initial Substrate Concentrations
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Growth Parameters as a Function of

Initial Substrate Concentrations
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(6) - Kdavg

and Reproducibifity
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Appendix C: Prefiminary Experiments and Reproducibility

tPA Production Parameters as a

Function of Intitial Substrate
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tPA Production Parameters as a

Function of Intitial Substrate
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tPA Production Parameters as a

Function of Intitial Substrate
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and Reproducibility

Appendix C: Preliminary

Lactate-on-Glucose Yield in First

Metabolic Phase (M1)
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Ammonia-on-Glutamine Yield in all
Three Metabolic Phases (M1, M2, and

M3)
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Alanine-on-Glutamine Yield in all Three

Metabolic Phases (M1, M2, and M3)
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APPENDIX D:

Standard Curves

Typical Glucose Standard Curve

Typical Lactate Standard Curve

Typical Set of Amino Acid Standards HPLC Peaks
Typical Set of Amino Acids Standard Curves
Typical tPA Standard Curve

Typical ELISA Standard Curve
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Glucose Assay Standard Curve
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Lactate Assay Standard Curve
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090 2.00 ~ ¢.90 .00  8.00 10.00 12.00 14,08 1606 i3 00 3oTo: 7
- - - . . . . . ‘ - ' 4 on Rl 0 y
14.00 16.00 18.00 20.00 22.00 24.00 26.00 2800 3o 00
Minutes
Result Table
Retencion Time Area Height starc Time | Znd Tism
i Hame (min) TYpe Amount Units uv>aec) ) Response Int TYO® [ ™ imin) min)
1 | aspactic actd 3.100 Found 0.023 | u 207134 16658 207133.985 | we 2.933 1,817
2 {glutamic actd $.083 Found 0.007 { u 110187 7601 118167.000 | 28 4.567 5.333
) | asparagine ..767 Found 0.094 | un 111514 5560 111514.000 | 22 §.400 1.267
4 | serine 11.133 Yound 0.023 | unt 037436 38324 $37416.21% | w0 10.683 11.067
(5 [ glucamine 12.717 Pound 0.094 | ust 863196 4584 §6195.515 | av 12.333 12.967
O 13.200 Unknown 16080 4056 vB 12.9¢7 1).750
7 16.567 Unknown u 40392 1499 v 16.083 16.567
8 [ glycine 16.933 Found 0.087 | un $03664 15056 $03664.434 | Vv 16.567 17.%67
] 17.467 Unknowts 133499 4509 B 17.567 1£. 600
11| alanine 24.963 Found 0.175 | un 300150 15384 300143 .704 [ e 24. 600 25.433
11 16.617 Unknown 66144 4296 B8 26,317 27.0%0
12 20.217 Unknown 49640 2896 BV 37.083 28.633
1) 20,950 Unknown 36508 931 ve 20,633 29950
Result Table
Baseline Starc { Baseline End
] tmin) min Slope offset S Area [ ¢ Helght | % Amount -‘t'.
1 1.9 3.517 6.273570 -0.246%39 s.04} 13.28 3.77
E) 4.567 S.333 0.339130 -1.225636 4.5 6.04 15.09
3 8.400 9.267 0.200769 -0.956462 €.33 4.42 16.13
4« T0.6m3 11.067 0.40%402 -3.045046 | 32.49 [ 30.95 3.77
s{ 1233 13.75¢ -0.046588 3.046588 3.38 3.65 16.12
¢ [ 1233 13.750 -0.046508 2.046548 3.36 3.23
1] 16.003 18.600 0.013113 1.053106 1.5% 3.78
¢ | 16,083 18.600 0.013113 1.053106 | 19.54 | 13.40 15.09
[ 9] 16,003 18.600 0.013113 1.953106 S.18 3.59
10} 2¢.600 35.433 1.622409 -37.713372 | 1165 12.23 30.02
1) 36317 27.0%0 -0.308182 11.270318 2.57 3.42
12] 7.3 29.9%0 0.287%03 -4.785702 1.93 3.30
13 27.083 2%.9%0 0.28790) -4.755702 1.42 0.74
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12.00 14.00 16.00 18:00 20.00 22.00 24.00 26.00 28.00 30 00
Minutes
Result Table
fstantion Time Area Height Start Time | Ind Time
' Kame tmda) Type Amount Onita (uv*sec) W Response e oo | T inin) imin)
I | aspastic acad | 3.13) Pound 0.044 | unt 109019 14925 189019.340 { Bn 2.93) 3,767
2 | stutamic scid | 4.913 Found 0.175 | un 16580¢ 10313 165804.226 | e a7 5.500
3 | asparagine [NT% Found 0.108 | un 108311 el 188311.000 | B8 v a7 3 467
4 | serine 11.183 Found 0.044 [un 567529 15063 567519466 | et 10,567 12.100
S | glutamine 12.733 Pound 0.168 | unt 179413 ses0 179412.000 | 8V 12.317 13,083
L2
. 13,317 Unknown S1348 2688 v 13.083 13.700
7 {stycine 16.950 Found 0.175 {unt §10632 12679 410632.438 | 3V 16.18) 17.583
[ 17300 tnknown 79073 2730 v 17.583 18.43)
3 | alanine 38,367 Found 0.350 | un 13280 15293 319279.920 | 24.58) 15613
10 16_617 tnknown 4503 3102 B3 36.283 17.050
1 8.217 Unknown 52562 2915 v 77,850 18,500
12 .90 Unknown 136723 2330 ) 28.500 30000
Result Table
Baseline Start | Sageline End
[ tmin) mtn) Slepe Oottfset % Area | % Helght | ¢ Amount
1| 2.9m 1.767 0.107717 -0.021734 | 7.9¢] 13.%2 418 ‘f
2] «.617 5300 9.110509 -0.167802 | €.97| 9.3¢ 16.45
3| s.ar 467 0.183810 -0.91006¢ | 7.91] e.03 17.67
| 10.ser 12.100 0.231522 ~1.683415 | 23.85[ 23.70 (B0
s [ 1317 13.700 0.071566 0.365542| 7.5¢| 8.0z 17.67
¢ 1317 13.700 0.071566 0.365542 | 2.15] 2.0
7| 168 19.433 ©.013333 0.999222 | 17.36¢| 11.48 16.¢3
[N T 18.433 9.013333 0.999222 | 3.32| 2.9
3 | 5a) 35.631 0.803807 ~17.777364 | 13.€3 | 13.45 23.50
10| 36.203 77.050 -0.170000 9.842%01 | 2.0 2.m
11| 37.450 30.000 0.473480 -10.331639 | 2.21| 2.4
12] 27.8%0 10.000 -10.331639 | S35 1.48
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i
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0.00- 1" a
0.00  2.00 4.00 6.00 - - —
Q 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 10.00
Minutes
Result Table
Retention Time Area Keight Start Time | End Time
* Wame tmin) Ty Amount Untes tuv*aect Tuv) Response | It Type | " ininy tmint
L | aspartic scid Pound 0.087 [ 264105 264105.000 | 88 7.883 .63
2 [ olutamte actd Pound 0.250 | un 192134 192794.000 | a8 €533 5. 467
3 | asparagtne Found 0.37% | un 170308 370307.89% | ie¢ s.150 9450
4 [ serine Found 0.087 | un 99683 30322 696681593 | 10.517 12.033
s | otucamine Found 0.375 | un 170692 17930 370691.923 [ wv 12.350 13.017
Q3 Unknowa 3177 3669 B 13.017 13.600
7 | elvcine Found 0.250 | un 552627 1673¢ $33637.207 | v 16.017 17.533
0 Unknown 90158 3167 e 17.53) 18. 400
3 [atantne Found 0.500 | un 596500 26311 $96499.906 | Bt 14.433 15883
1o Unknown 45083 3105 [ 26,317 36,933
3 Unknown 30945 1523 D) 17.467 18,500
12 Unknown 11672 474 ™ 28,783 39503
Result Table
Baseline Start { Bassline End
? tmdn) tmin) Slope Offmet % Area | § Neight | § Asount _f
] z.mm 1.433 0.40131) -0.866170 ] 7.717 | 13.32 €.57 Val
2| &1 5467 0138939 -1.199143 ) e.63) 1t.39 13.98
y [ ese 9.450 -3.016366 1.210655 | 10.90 | 10.53 39.47
¢« | 10517 12.033 0.191778 -1.040727 | 20.56 | 18.89 4.57
s | 13.2% 13600 0.091110 0.368%00 | 10.91 [ 11.17 19.¢7
6| 12.2% 13,600 0.031110 0.360%00 | 1.93| 3.2
7] 16.017 18.400 0.014406 0.667933 | 16.27 | 10.03 13.98
o[ 16,017 18.400 0.034406 0.667933 | 2.65| 1.9%
9 | 26433 25883 0.494287 -10.240798 | 17.56 | 16.33 25.36
to| 26.317 26.933 0. 575676 18.255665 ] 1.35)| 1.33
| e 38.500 1.051579 -26.351002| t.18] 1.57
12| 28703 29583 -0.493922 10.361055 | o0.3¢f o0.30
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Minutes
Result Table
Retention Time Axea Height Start Time { 2nd Time
' Wame imdn) Troe Amount Onita ) wvi fesponse | Int Type | i) (min)
1 | aspartic acid 3.100 Pound 0.175 [ un 401064 12017 401064000 | B8 2.017 1.667
3 { qlucamic actd | 4.850 Pound 0.50a [ un 549120 33421 $49120.000 | =8 4. 467 5. 500
3 | aspazagine 0.700 Found 0.750 | um 704410 0518 704410.000 | aa 8.150 9.567
4 | serine 11.067 Found 0.175 {un 710130 10322 7181%0.046 | 1B 10. 467 13.000
$ | glutamine 12.633 Found 0.750 [um 730691 126%0 7396%0.716 | av 12.000 13,650
0 13.067 Unknown 7804 6033 B 1).0%0 13.700
7 | slycine 16.017 Found 0.500 { uat 659468 18957 659868.008 | sv 16.000 17.48)
[ 17.73) Unknown 111831 374 v 17.483 18.400
9 23.700 Unknown 11746 €94 s 2).417 23.93)
10 alanine 34.083 Found 1.000 [ un 938359 42108 $98559.000 | o0 24,283 25. %00
1 26.217 Onknown 2832 408 v 36.050 26.233
12 36.51) 03869 4052 B 36.2)3 26.983
1 38.167 Unknown 46739 3601 v 27.833 20,467
14 38.967 Unknown 57108 1477 W 38,467 19.71)
Result Table £
L.
Baseline Start | Baseline End
L (min) (mén) Slope OlLfaec % Area | ¢ Height | 8 Amount
1 2,817 3.467 0.5023%3 -1.153961 797} 1335 4.58
2 4.467 5.500 0.468187 -1.709139 10.6) 13.93 12.9%
3 s.150 9.567 0.196%41 -0.778071 | 13.64 ] 12.72 19.48
e« 10467 12.000 0.14217% -0.413098 | 13.91[ 13.64 4.55
s | 11.000 13.700 0.21529¢ -1.29052% | 14.15 | 13.63 19.48
6| 13.000 13.700 0.2152%4 ~1.290529 1.70 2.53
7] 16.000 18.400 -0.007916 1.436651 | 12.78 7.90 12.99
s | 16.000 18.400 -0.007916 1.426651 3.17 1.38
y [ na7 23.933 0.431613 -8.552336 0.23 0.29
0] 24.203 25.300 0.683505 -16.044784 | 19.34] 17.56 25.97
1] 26.0% 26.98) -0.202500 s.231126 [ o.0% 0.17
12| 16.0%0 26.90) -0.202500 $.221136 1.62 1.02
13 2703 29.733 0.382364 -7.639571 0.91 1.08
14} 37.833 19.73) 0.302)64 -7.639971 1.1t 0.63
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Minutes
Result Table
Retention Time Area Meight Starct Time | End Time
¢ e tmin) Tyee Amount Untea (uvsec) V) Response | Int TyDe | T inin) min)
1 { aspartic acid 1.100 Found 0.350 { um S3s010 41156 $35010.000 | nn 2.800 1.700
2 | slutamic acid 4.850 Found 1.000 { um 965332 37063 965332.385 | mt 4.417 5.7%0
3 | asparagine 4.700 Faund 1.500 | un 1441166 60612 1441166.000 | B3 8.100 3. 667
4 | serine 11.067 Pound 0.250 | um 453613 13338 45961).000 | a8 10.550 12.000
S | glutamine 12.650 Pound 1.500 | us 1535968 €48%4 1535968.000 | B8 12.000 13.600
S | glycine 16.017 Found 1.000 | un 761157 22859 T61156.9496 | wv 1%5.067 17.567
7 17.503 Unknowey 43548 1979 i 17.%67 318.267
8 | alanine 24.083 Found 3.000 | un 1712917 71263 1712917.000 | 8 24.2%0 25. 900
b 26.550 Unknown 26802 1853 » 16.300 36.830
10 28.167 Unknown 30801 3104 "t 17.667 19.150
Result Table
Paseline 3tart | Baseline End
] (min) (min) Slope otfset S Area | 8 Neight | % Amount
1 3.000 1.700 9.5411182 -1.263111 6.99 12.0% 3.3) -i'
2. 4.417 $.750 9.368%502 -1.24434% 12.86 16.63 13.33 2
3 9.100 9.667 0.425106 -2.600362 1%.1% 17.66 20.00
4 10.550 12.000 -0.033103 1.714242 6.12 5. 60 3.3
S 12.000 13.600 9.440625 -1.970%500 10.45% 13.89 30.00
[ 15.667 18.267 0.030000 0.682990 10.14 .66 13.33
7 15.867 18.267 0.030000 9.602998 9.57 0.58
L] 24.250 15.300 0.913333 -30.414315 12.81 20.76 26.67
L 16.300 26.850 -1.390%09 17.664309 9.36 0.54
10| 27.067 19.150 0.6712%4 ~-15.563051 8.52 0.64

30.00
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Minutes
Result Table
Retention Time Area Neight Start Time | End Time
¢ Hame tmin} hiiad Amoune Onits ] (yuesec) () Response Ine Tvpe | T mtns (min}
1 | aspartic acid 3.117 Found 0.500 | unt 953391 73037 952390.995 | s 2.0%0 3.933
2 | glutamic scid 4.900 Yound 2.000 | un 1814901 105046 1014901.163 | B 4.417 5.917
) | asparegine §.783 Pound 3.000 | um 2795304 114476 2795901.682 | 5.083 9.067
4 | sertne 11.133 Pound 0.500 | wt 395158 24548 $95158.000 | B8 10.9%67 .90}
S | glutamine 12.700 Found 3.000 | we 1339488 121228 2939488.3923 | e 12.067 .000
€ | glycine 16.067 Found 2.000 | un 1195896 16181 1195895.877 | 16.0)3 . 950
7 | alanine 24.900 Pound. 4.000 | un 3362613 119359 3262613.000 | BV 26.267 000
L] 26.23) Unknown 42063 1956 w 26.000 . 400
b 16.53%0 Unknown 40029 2368 vs 26. 400 -390
10 18.10)3 Unknown 36723 2298 B8 17.867 . 500
_l} 19.83) Unknown 2144 438 B 18.667 833
12 1%.100 Unknown 2204% 1043 w 18.0)) 833
Result Table
Baseline Starc { Baseline End
] (ming tmint Slope oftset S Azea [ % Nelght | ¢ Amount f
13 2.0%0 3.93) 0.509%3% -1.137108 €.94 11.7% 3.33 47
1 4.417 5.917 0.459%4) -1.537326 13.37 17.20 13.33
3 8.083 9.867 0.73066% -5.149204 20.38 18.74 20.00
4 10.567 11.903 -0.133522 3.1532%4 €.34 4.02 3.3)
S 12.067 14.000 0.330030 ~1.390634 21.42 19.88 10.00
L3 16.033 17.95%0 3.404583 -6.22237¢ 8.72 5.9 13.33
7 24.267 26.900 0.554430 -11.535178 33.78 21.18 36.67
L] 34.167 16.900 0.354430 -11.535178 9.32 0.32
i 24.267 16.900 0.95544130 -11.535178 0.2% 0.37
10 17.467 18.500 9.703632 -16.058001 0.327 0.38
11| 3e.667 29,803 ~0.31939% 10.438261] 0.03] 0.07
12| 20667 13803 0_219593 10698261 O0.17] €../
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aspartic acid Calibration Curve
] . : . . ]
] : : : : .
9.0000408 —f - - - - - - - - - I e e e e e S
8.0000405 — - - - -~ - - - - - : ------------------------ -. -----------------------
7.0000405 —f - - - - - - - - - IR IR R P c e e e e e e
5 6.0000+40S —J ---------- R A R PR R T R
g ; : :
[ ) ~ . '
[]
[ . . .
5.0000405 — - - - - - - - - - R I R AR I B N R fe e e e e e e e
4.000@405 — - - - - - - - .- R L T I T I I S e e
3.0000405 — - - - - - - - - - e e N e e
- . . . .
2.000e+05 -f ------- I I I IR I T S
t o1 1] i ' T 1 11 T l b T 1 13 ! T L T i l T 1 T T
0.10 0.20 0.30 0.40
Amount
A aspartic acid Calibration Information
Processing Method roshni_29nov9é System FLUORESCENCE_OPA
Channel SATIN Date 02-DEC-96
Type Lc Name aspartic acid
Retention Time 3.119 min Order 1
A 133084.950560 B 1614111.180237
[of 0.000000 D 0.000000
E 0.000000 F 0.000000
R 0.997225 R"2 0.994457
Standard Error 24059.372197
aspartic acid Point Table
# Amount Response Calc. Amount % Deviation | Manual | Ignore?
1 0.02187S 207133.985197 0.045876 | 109.719 No No
2 0.043750 189019.339700 0.034653 | -20.792 No No
3 0.087500 264105.000000 0.081172 -7.232 No No
4 0.175000 401064.000000 0.166023 -5.130 No No
S 0.250000 525010.000000 0.242812 -2.87S No No
[ 0.500000 952390.994656 0.507590 1.518 No No

Table 'aspartic acid Average Table' contains no data.
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glutamic acid Calibrqtion Curve

1.8000406 —f - - - - =« -+ - - - - e e e e
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1.2000406 — - - - - - - - - - - - - S,
: ) ; ;
H _
£1.0000406 —f - - < - - -« - - - .- £
3 .
a 1 .
] -
2 .
8.0000405 — - - - - - - - . o - - - R T IR
6.0000405 —L - = - = = = o e oo m et o e e e e e b e e e e e e e e e e ate e e e e e eae -
4.0000405 — - - - - - - - L L e L e e e e e e e e e e e e e e et e et e e e e m e m e e e
2.0008405 —F < o« e e e e e e e e e e e e e e e g e e e e e o e e e e e e
1 11 1 1 ]7 1 1 T 1 l T 1 11 T I 1 . 1 1
0.50 1.00 1.50
Amount
glutamic acid Calibration Information
Processing Method roshni_29nov9é System FLUORESCENCE_OPA
Channel SATIN Date 02-DEC-96
Type LC Name glutamic acid
Retention Time 4.875 min Order 1
A 53492.989480 B 898487.410999
[of 0.000000 D 0.000000
E 0.000000 F 0.000000
R 0.998841 R"~2 0.997684
Standard Error 35353.645397
glutamic acid Point Table
Amount Response Cale. Amount % Deviation | Manual | Ignore?
1 0.087500 118187.000000 0.072003 | -17.711 No No
2 0.175000 165804.225655 0.125000 | -28.571 No No
3 0.250000 292794.000000 0.266338 6.935 No No
4 0.500000 $49120.000000 0.551624 10.325 No No
S 1.000000 965332.285287 1.014860 1.486 No No
6 2.000000 1834901.162573 1.982675 -0.866 No No
Table 'glutamic acid Average Table' contains no data.
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__asparagine Calibration Curve
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1.00 2.00
Amount
asparagine Calibration Information

Processing Method roshni_29nov96 System FLUORESCENCE_OPA

Channel SATIN Date 02-DEC-96

Type LC Name asparagine

Retention Time 8.739 min Order 1

A 21682.355633 B 928087.779345

[of 0.000000 D 0.000000

E 0.000000 F 0.000000

R 0.999898 R~2 0.999795

Standard Error 16505.927327

asparagine Point Table
$ Amount Response Calc. Amount % Deviation | Manual | Ignore?
1 0.0937S0 111514.000000 0.096792 3.245 No No
2 0.187500 188311.000000 0.179540 -4.245 No No
3 0.375000 370307.898563 0.375639 0.170 No No
4 0.750000 704410.000000 0.735628 -1.916 No No
S 1.500000 1441166.000000 1.529471 1.965 No No
6 3.000000 2795903.681988 2.989180 -0.361 No No
Table 'asparagine Average Table' contains no data.
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glut_amine Calibration Curve

page
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glutamine Calibration Information

Processing Method roshni_29nov9é System FLUORESCENCE_OPA

Channel SATIN Date 02-DEC-96

Type LC Name glutamine

Retention Time 12.665 min Ordexr 1

A 2657.444395 B 986531.484373

[of 0.000000 D 0.000000

E 0.000000 F 0.000000

R 0.999695 R"2 0.999390

Standard Error 30292.076526

glutamine Point Table

# Amount Response Calc. Amount % Deviation | Manual | Ignore?
1 0.093750 86395.514856 0.084881 -9.460 No No
2 0.187500 179412.000000 0.179168 -4.444 No No
3 0.375000 370691.922613 0.373059 -0.518 No No
4 0.750000 730690.71620S 0.737973 -1.604 No No
5 1.500000 1535968.000000 1.554244 3.616 No No
6 3.000000 2939488.092276 2.976925 -0.769 No No

Table ‘glutamine Average Table' contains no data.
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alanine Calibration Curve
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1.00 2.00 3.00
- Amount
alanine Calibration Information
Processing Method roshni_29nov9é System FLUORESCENCE_OPA
Channel SATIN Date 02-DEC-96
Type LC Name alanine
Retention Time 25.000 min Order 1
A 177107.914061 B 773169.858021
[od 0.000000 D 0.000000
E 0.000000 F 0.000000
R 0.999513 R*2 0.999027
Standard Error 39791.408255
alanine Point Table

8 Amount Response Calc. Amount % Deviation | Manual | Ignore?

1 0.175000 300149.784014 0.159140 -9.063 No No

2 0.250000 319279.919543 0.183882 | -26.447 No No

3 0.500000 596499.905621 0.542432 8.486 No No

4 1.000000 998559.000000 1.062446 6.245 No No

S 2.000000 1712917.000000 1.986380 -0.681 No No

6 4.000000 3262613.000000 3.990721 -0.232 No No

Table ‘alanine Average Table' contains no data.

Page: 5 of 7



Appendix D: Standard Carves page 258
glycine Calibration Curve
1.2000406 — - - - - - - - - - - - - e e e e e e e e e e e e e e e e e e e e e e e e e e l
1.1000406 —F - = = - « - = =+ -~ = e S -
1.0000+406 — - - - - - - - - - - - - :---------------1 -----------------------------
9.0000405 — - - - - - - - - - - -~ T T
o i .
[ ]
8 ] T
AB.0008405 —F = = - = - = = o - o mmhe s m e e it e e e e e e e e e e e e e et e e e e
: pu. .
s B .
7.0000405 —b - < - < w oo - R I R
6.0008405 —1 - - - - - - - - % - - R P e e e et e ee e
5.000e+05 ~8< - - - - - - - - - .- R T TR D T I T T T T A
4.000es05 — - M ... ... R T I I IR IR R I LRI
T ] 1 11 ' 11 1 1 1 l T 3 T 1 | 1 1 1 1
0.50 1.00 1.50
. Amount
glycine Calibration Information
Processing Method roshni_29nov9é System FLUORESCENCE_OPA
Channel SATIN Date 02-DEC-96
Type LC Name glycine
Retention Time 16.856 min Order 1
A 461262.522289 B 356195.413112
[od 0.000000 D 0.000000
E 0.000000 F 0.000000
R 0.993075 R~2 0.986199
Standard Error 37490.798845
glycine Point Table
# Amount Response Calc. Amount % Deviation | Manual | Ignore?
1 0.087500 503664.434177 0.119041 36.047 No No
2 0.175000 410692.497573 No Yes
3 0.250000 552627.207109 0.256502 2.601 No No
4 0.500000 659868.004895 0.557575 11.51S No No
S 1.000000 761156.985805 0.841938 | -15.806 No No
6 2.000000 1195895.877277 2.062445 3.122 No No

Table glycine Average Table' contains no data.
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serine Qalibration Curve
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serine Calibration Information

Processing Method roshni_29nov96 System FLUORESCENCE_OPA

Channel SATIN Date 02-DEC-96

Type LC Name serine

Retention Time 11.109 min Order 1

A 557775.239390 B 1015756.366449

(o 0.000000 D 0.000000

E 0.000000 F 0.000000

R 0.828489 R*2 0.686393

Standard Error 64889.906604

serine Point Table

# Amount Response Calec. Amount % Deviation | Manual | Ignore?
1 0.021875 837436.218688 | - No Yes
2 0.043750 567529.466369 0.009603 | ~-78.050 No No
3 0.087500 698681.592534 0.138721 58.538 No No
4 0.175000 718190.046492 0.157926 -9.756 No No
5 0.250000 459613.000000 No Yes
6 0.500000 595158.000000 No Yes

Table 'serine Average Table' contains no data.

Page: 7 of 7



Appendix D: Standard Carves

Arginine Calibration Curve
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Arginine Calibration Information
Processing Method OQPA_Mar22 System FLUORESCENCE_OPA
Channel SATIN Date 02-APR-96
Type LC Name Arginine
Retention Time 19.314 min Order 1
A -6269.776804 B 4691.096519
C 0.000000 D 0.000000
E 0.000000 F 0.000000
R 0.999856 R~2 0.999713
Standard Error 8644.863356
R ; Arginine Point Table
* ﬂ% Amount ﬂf L Response Calc. Amount % Deviation | Manual | Ignore?
1[0.0133 3.010000 11206.802090 3.725478 | 23.770 Yes No
2 0-07—‘& 3.760000 9433.881312 3.347545 | -10.970 Yes No
3 0_()3115 6.010000 22165.294833 6.061498 0.857 Yes No
4[0.09b3 15.030000 61885.101112 14.528560 | -3.336 Yes No
S 0-[{22 LB0.0GOOOO 122966.838846 27.549341 -8.352 Yes No
6 ,2[5‘) 37.580000 186474.079625 41.08716S 9.333 Yes No
710 .42)4 75.150000 341986.367713 74.237685 | -1.214 Yes No
8 .325(,300.600000 1404168.100000 300.662728 0.021 Yes No
Table ‘Arginine Average Table' contains no data.
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Threonine Calibration Curve

page 261
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Amount

Threonine Calibration Information

|
200.00

Processing Method OPA_Mar22 System FLUORESCENCE_OPA

Channel SATIN Date 02-APR-96

Type LC Name Threonine

Retention Time 21.818 min Order 1

A 19797.667131 B 10431.469624

(o4 0.000000 D 0.000000

E 0.000000 F 0.000000

R 0.999907 R~2 0.999814

Standard Error 10428.910961

! N Threonine Point Table
# { Amount P -'J’ L Response Calc. Amount % Deviation | Manual | Ignore?
1{0.01F] 2-030000 40184.125114 1.954323 | -3.728 Yes No
21pn.021%  2.540000 38910.687052 | 1.832246 | -27.864 Yes No
_l HQg¢ 4-060000 56825.224544 3.549601 | -12.571 Yes No
4|0.0857 10.140000 111746.283269 8.814541 | -13.072 Yes No
sI0.13+n3 20.280000 240149.156411 21.123724 4.160 Yes No
610.2]29 25.350000 300006.433150 26.861869 | 5.964 Yes No
7]0.4y253 50.700000 554945.121076 51.301252 1.186 Yes No
811.%0972@202.800000 2131778.500000 202.462444 | -0.166 Yes No
Table 'Threonine Average Table' contains no data.
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ﬁm:vine Calibration Curve
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Tyrosine Calibration Information

Processing Method OPA _Mar22 System FLUORESCENCE_OPA

Channel SATIN Date 02-APR-96

Type LC Name Tyrosine

Retention Time 28.326 min Orxder 1

A 12242.857527 B 6572.106187

[of 0.000000 D 0.000000

E 0.000000 F 0.000000

R 0.999660 R~2 0.999320

Standard Error "18557.593728

\ , Tyrosine Point Table

$ p/“'Bmunt AG/L Response Calc. Amount % Deviation | Manual | Ignore?
1] Y p.oi52.9%0000 28293.000000 2.442161 | -18.322 Yes No
2] p.pzoL 3.740000 24914.000000 1.928019 | -48.449 Yes No
3{0.0231 5.990000 39290.000000 4.115445 | -31.295 Yes No
4 O,pgzb 14.970000 96915.15702S 12.883587 | -13.937 Yes No
5[p.[652 23.940000 210203 .260000 30.121303 0.606 Yes No
[ 0,22&6 37.430000 272703.268293 39.631193 5.881 Yes No
7|0-4 3] 74.850000 $39756.714286 80.265571 7.235 Yes No
8|/.5<23 299.400000 1970222 .615385 297.922721 | -0.493 Yes No

Table ‘Tyrosine Average Table' contains no data.

Page: 4 of 4



Appendix D: Standard Curves page 263

tPA MICROASSAY Sep.10/96 ROSHN!%

0.25 ~
A
//'
7
0.20 slope=0.057 /A
£ /./ !
c !
S rd
e ) el
< 0.154 /
= '
)] a /'/A 2
2 |
] s ;
_9 O. 1 O R Fomeeveeanns et msnt e ees o aeeeee. ,
o | 7 :
8 ‘ e !
< | s ;
0.05 /,'{"::" - 4
i P :r=0.991 ! !
E /'/’- -
0.004— : - - v '
0 1 2 3 4
v 05 1.5 2.5 3.5

concentration of standard (ug/mu)



Appendix D: Standard Curves

a7

ELISA Calibration
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ELISA Calibration

ELISA MAb ASSAY  Ver. 5-VII-90 GLH

ELISA Calibcation Error Analysis

15

Absorbe= A+B(log Conu}+C(log*2 Conc)+D(logr3 Conc)

Regression Queput:
Constant 0219181
Sud Errof ¥ Est 0.014718
R Squared 0.996498
No. of Qbservations 28
Degrees of Freedom p2)
X Coefficient(s) -0.26191 0.043626 0.030525
Sed Err of Coef. 0.005634 0.007551 0.004286
Coef. for Cubic Soln.
Al 1.429856
A2 -8.58019
Q 3.08723

A3 0.476619
1Qr S -3.5131

264



A phase

ATCC

BSA

c-h

CHvol

CHO1-5599
CIp

DHFR
DMSO
DS

ELISA
e-tPA
fi

f

fs

FBS
F-MTX

List of Symbols

specific biosynthetic energy rate (moles ATP/cell)
alanine concentration

apoptosis phase cells

aggregate suspension

American Type Culture Collection

specific maintenance energy rate (moles ATP/cell/time)
bovine serum albumin

cells

cell-hours (unit of measure)

population cell-hours

volumetric cell-hours (c-h/volume)

Chinese Hamster Ovary

a recombinant Chinese Hamster Ovary cell line expressing tissue plasminogen activator
clean in place

dihydrofolate reductase gene

dihydrofolate reductase

dimethyl sulfoxide

dispersed suspension

early decline phase

enzyme-linked immunosorbent assay
extracellular tissue plasminogen activator

fraction of glutamine completely oxidized
fraction of glucose completely oxidized

fraction of lactate consumed for serine synthesis
fraction of alanine consumed for serine synthesis
G1 fraction of the viable population

fetal bovine serum

fluorescein-methotrexate
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fe growth or cycling fraction of the viable population
7 G1 fraction of the viable population

FH, dihydrofolate

FH, tetrahydrofolate

fv fractional viability

FS forward light scatter

GO concentration of cells in GO phase

Gl concentration of cells in G1 phase

GICH G1 phase cell-hours

GO phase quiescent phase cells (associated with G1 phase)
G1 phase Gap 1 phase of cell cycle

G2 phase Gap 2 phase of cell cycle

GLC glucose concentration

GLN glutamine concentration

Gs substrate preference index

GLY glycine concentration

h-tPA human tissue plasminogen activator

IgG immunoglobulin G

IgG, immunoglobulin G;

ITES insulin, transferrin, ethanolamine, and selenium
i-tPA intracellular tissue plasminogen activator

kq specific death rate (time™ )

koL glutamine chemical degradation rate (time™' )
k specific rate of cell lysis (time™" )

kipa specific tPA degradation rate

LAC lactate concentration

Id late decline phase

LDH lactate dehydrogenase

m maintenance coefficient (substrate/cell/time)
M4-1 hybridoma cell line

MAD monoclonal antibody

mATP maintenance energy requirement (mol ATP/cell//time)
M phase mitosis phase of cell cycle

mRNA messenger RNA

MS microcarrier attached suspension



List of Symbols

MTX

NS 'Nlo CH, FH,
NH;

PBS

Prax O [Ploax
Pvol or dP/dt
qALA
qAMM

Qoon

qGLC
qGLN
qGLY
qLAC

qp

qs

qSER

Grea

R

R2

rCHO

rDNA

pm

SER

S phase
SS

tPA

Xaxxsh

Xr

methotrexate

methylene tetrahydrofolate
ammonia concentration

phosphate buffered saline
maximum product concentration
volumetric productivity

specific alanine consumption rate
specific ammonia consumption rate
specific consumption rate

specific glucose consumption rate
specific glutamine consumption rate
specific glycine consumption rate
specific lactate consumption rate
specific protein productivity
specific substrate consumption rate
specific serine consumption rate
specific tPA productivity

restriction point of cell cycle
quiescent phase cells (associated with G2 phase of cell cycle)
recombinant Chinese Hamster Ovary
recombinant DNA

rotations per minute

substrate concentration

serine concentration

DNA synthesis phase of cell cycle
side light scatter

tissue plasminogen activator gene
tissue plasminogen activator
viability index

cell concentration

dead cell concentration

lysed cell concentration

viable cell concentration

total cell concentration

yield
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List of Symbols

Yare
Yancoin
Yaracs
Yrac<ore
Ys

Yxs

%V

yield of cells on ATP

yield of ammonia on glutamine
yield of alanine on ghitamine
yield of lactate on glucose
yield of cells on substrate

yield of cells on substrate

growth association factor of productivity (Product/cell)
non-growth association factor of productivity (Protein/cell/time)

specific growth rate (time")

<abil
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