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ABSTRACT

Mammalian cells have been genetically engineered to produce a large number of
recombinant proteins for research, diagnostic and therapeutic applications. However, low
cellular production rate generglly limits production yields and increases production costs.
To select strategies to maximize production, it is important to identify the intracellular
limitations of the mammalian cell production rates. Recombinant human activated protein
C (APC) and tissue plasminogen activator (t-PA) have served as low and high producing
s.ystems for this investigation, respectively. The transcription, translation, and secretory
efficiencies were analyzed in clones with wide ranges of APC and t-PA productivities. A
structured kinetic model was used to quantify the changes in intracellular parameters when
recombinant protein expression became limiting.

The production rate of APC by baby hamster kidney (BHK) cells was increased 35-
fold by increasing the cDNA copy number per cell from 50 to 240. In this range, the
transcription efficiency (APC mRNA per cDNA) was not constant, as had been expected,
but instead increased 7 fold. This apparent cooperative effect of multiple cDNA copies
could be explained by their integration in tandem. For cDNA copy numbers higher than
240, the transcription efﬁciehcy decreased dramatically, possibly due to cosuppression.

Two strategies were employed to maximize APC mRNA levels and APC production
rate. Sodium butyrate treatment or re-transfection of an APC producing cell line with a
vector containing additional APC cDNA resulted in over 2-fold higher mRNA levels and
cell specific APC production rates. At high mRNA levels, the APC secretion rate but not

translation efficiency was decreased, revealing a saturation of the secretory pathway. In
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batch cultures of a mRNA limited clone, the levels of total cellular RNA, APC mRNA and
B-actin mRNA were relatively stable while cells were in the exponential growth phase, but
rapidly decreased during the stationary phase. Decreasing APC mRNA level was correlated
with a decline in APC secfetion rate, indicating that the mRNA levels limited the rates of
APC production beyond the exponential phase, into the declining growth and stationary
phases. The y-carboxylation of glutamic acid residues, a post-translational modification
required for APC biological activity, was also analyzed. The proportion of APC that was
fully y-carboxylated decreased as batch cultures progreésed and in clones with increased
APC production rates.

The production of recombinant t-PA in Chinese hamster ovary (CHO) cells was
increased by cDNA amplification using stepwise adaptation to increasing methotrexate
(MTX) concentrations. Subcloning of the amplified cells showed no apparent correlation

between t-PA production rate and cell specific growth rate. The highest producing clones
were isolated at 5 pM MTX and yielded 26,000 U/106cells-day (~43 pg/100cells-day) of
t-PA. In the absence of MTX, an up to 90% decline in t-PA production rate was observed
within 40 days, which could be explained by an up to 60% loss of cDNA copies. In long-

term serum-free culture without MTX (108 days), the maximum t-PA production rate

obtained (for 320 days) was 7,000 + 750 U/ 106cells-day (~12 £ 1 pg/ 106cells-day*). This

stable level of production was significantly lower than the unstable levels of production that

CHO cells attained under selective pressure.




The intracellular factors which influence the rates of recombinant t-PA production by
CHO cells were investigated in 24 clones with a wide range of t-PA production rates from
300 to 25,000 U/106cells-day (0.5 to 42 pg/106cells-day). The ¢cDNA copy number data
revealed a cooperative increase of t-PA production rates up to 350 copies, with apparent
cosuppression ét higher copy numbers. A linear relation between the t-PA mRNA levels
and t-PA production rates suggested that the t-PA mRNA levels limited production for all
clones. The intracellular t-PA content and pulse-chase analysis of intracellular t-PA
confirmed that the recombinant protein did not accumulate in thé CHO cells. The mRNA
half-lives of t-PA producing clones were analyzed to determine if decreased mRNA
" stability limited the high t-PA mRNA levels, but the mRNA half-lives (7+2 h) were not
decreased at higher expression levels. Instead, the transcription rates of t-PA appeared to
limit production rate, even in the unstable range of t-PA production rates (12-42
ng/106cells-day).

In batch culture, the levels of t-PA mRNA were relatively stable and correlated well
with cell specific t-PA production rates, while cells were in the exponential growth phase.
When cells reached the stationary phase, a more rapid decline in cell specific t-PA

production rates than mRNA levels was observed, which implied that in the declining

growth phase, factors other than mRNA levels may limit t-PA production rates.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

1.1 RECOMBINANT PROTEIN PRODUCTION BY MAMMALIAN CELLS

Mammalian cell based expression systems have been widely employed to produce
recombinant proteins, especially those requiring complex post-translational modifications
for diagnostic and therapeutic applications (Bially, 1987). However, major drawbacks of
lising mammalian ceils for production are the limited protein production rates and low
product concentrations in expensive medium. Other expression systéms, such as
Escherichia coli or yeast, usually produce recombinant proteins at higher rates in relatively
inexpensive growth media. However, many complex post-translational modifications of
proteins are not properly performed in these microbial systems. Thus, to efficiently produce
complex recombinant proteins, it is often necessary to maximize foreign protein production

rates in mammalian cells.
1.1.1 Introduction of Foreign cDNA Carrying Vectors Into Mammalian Cells

Introduction of foreign genes (cDNAs) into mammalian cells can be efficiently
achieved by various methods (Keown et al., 1990). The most common procedure to obtain
stable transfected cells is to add DNA directly in the form of a calcium phosphate
precip'it'ate, taken up by the host cells via endocytosis (Graham and van der Eb, 1973; Chen
and Okayama, 1987). Other methods such as polyethylene glycol (PEG)-induced fusion

(Schaffner, 1980), DNA microinjection (Capecchi, 1980), eléctroporation (Potter et al.,



1984), and DNA encapsulated liposomes (Felgner et al., 1987) have also been used. These
techniques can increase transfection efficiencies (Chu et al., 1987; Barsoum, 1990)
compafed to calcium phosphate mediated DNA transfer, but the results are variable and

depend on many parameters in each protocol (Chen and Okayama, 1987).
1.1.2 Expression of Heterologous cDNAs

To maxifnize expressidn, transfected cDNA are commonly placed in high expression |
cassettes with heterologous promoter sequences. Signals for termination and pro;:essing of
the RNA tranScripts are also included at the end of the coding sequence.‘ vWith some
exceptions, the rates of transcription in mammalian cells are generally controlled by three
elements (Wasylyk, 1986): (1) The TATA box in the promoter, which contains a consénsus
sequence 5'-TATAAAT-3' upstream of the RNA transcription initiation (Gorden et al.,
1980). (2) Further upstream of the coding region, several sequence elements have been
identified, such as the CAAT box and a GC-rich region. These elements bind to
transcriptional factors involved in the regulation of tran‘scription (Benoist and Chambon,
1981; Dierks et al., 1983). (3) Finally, enhancer sequences, which may be distant upstream
or downstream of the coding sequence, stimulaté promoter expressioﬁ (Khoury and Gruss,
1983; Boshart et al., 1985).

Constitutive viral promoters are the most widely used to express transfected genes.
These promoters include Simian Virus 40 (SV40) early and late promoters, herpes simplex
virus thymidine kinase promoter (SV-TK), Rous' sarcoma promoter, and human

cytomegalovirus (CMV) promoter (Bo’shart et.al., 1985). To enhance expression rates, dual



or hybrid promoters have also been used, for example, the SV40 early promdter/ adenovirus
major late promoter system was used for the production of Factor VIII (Wood et al., 1984).

AIn contrast to constitutive promoters, inducible promoters are mainly derived from
cellular genes. Metallothionein promoters, which contain a consensus sequence for heavy
metal induction, have been used in bovine papillomavirus (BPV)-based vectors for the
transfection of mouse, rat and kidney cells (Mayo et al., 1982). Although these promoters
can be induced by adding toxic heavy metals such as zinc or cadmium, the genes regulated
by metallothionein promoters also have relatively high basal lével of expression (0.2 pg/106
cells:day) (Gebert and Gray, 1994). Heat shock promoters derived from Drosophila cells
are active in a wide variety of éells (Nover , 1987). These promoters have been used to
express several genes including histone H3 (Morris et al., 1986) and c-myc (Wurm et al.,
1986); however, the activation of heat shock promoters can disrupt normal cellular
physiology and affect protein processing and secretion. Hormone inducible promoters,
containing sequences responsive to glucocorticoid and other steroid hormones, have been
used to express high levels of hormone receptors (Lee et al., 1981; Giguere et al., 1986). In
the presence of virus infection and double-stranded RNA, a 200-fold induction of
B-interferon promoter has been reported (Lengyel, 1982).

It is important not only to select a powerful promoter but also to match the promoter
with the host cell line. For instance, the SV40 promoter is very active in the CHO cells and
less active in mouse cells, whereas the metallothionein promoter is active in mouse but not

in CHO cells (Mclvor et al., 1985). These variations are likely due to variable affinities of

transcriptional factors to different promoters.




1.1.3 mRNA Processing and Translation

The final steps of mRNA synthesis involve termination, cleavage of the 3' end and
polyadenylation. Transcription from an upstream promoter sometimes can skip its
termination site and occlude transcription from a downstream promoter (Cullen et al.,
1984). In the case of histone H2-A or mouse B-globin genes, strong termination regions
inserted into expression cassettes to prevent this read-through have resulted in a 7-fold
increase in expression of a downstream gene (Proudfoot, 1986). Although most traﬁsfected
cDNAs do not require the presence of introns and mRNA splicing, in a few exceptions,
such as factor VIII cDNA, expression is maximized if introns are included (Kaufman et al.,
1987). A sequence AAUAAA, 11-30 nucleotides upstream of the poly-A addition site, is
essential for polyadenylation of mRNA, which increases mRNA stability (McLauchlan et
al., 1985). Another repeated sequence AUUUA in the 3' regions of some cytokines and
growth factor mRNAs de-stabilizes mRNA and its removal can increase levels of
expression (Cosmon, 1987; Wilson and Treisman, 1988).

The formation of a ternary complex which contains elF-2, GTP and Met-tRNA
initiates mRNA translation (Pain, 1986). This complex binds the 40S rRNA subunit and
starts the translation with the addition of a 60.S rRNA subunit (Hershey, 1991). The overall
rate of translation is largely controlled by phosphorylation/ dephosphorylation of the

initiation factors, mainly eIF-2 and eIF-4F (Hershey, 1989; Kaufman et al., 1989), regulated

by proteins, such as protein kinase C.




1.1.4 Post-translational Modification and Secretion

Translocation of nascent secreted or membrane proteins into the lumen of the
endoplasmic reticulum (ER) occurs simultaneously with translation of mRNA containing a
hydrophobic signal sequence at or near the amino terminus. These sequences are
recognized by the signal recognition particles (SRP), then the resulting complex interacts
with a receptor (docking protein) on the rough ER and the nascent profein is translocated
thfough the ER membrane (Garoff, 1985). The signal peptide is cleaved by the signal
peptidase during translocation.

Most human proteins expressed in mammalian cells are also post-translationally
processed (Darnell et al., 1990). Formation of disulfide bonds first occurs soon after
protein translocation. This time-consuming process requires minutes to hours and is
catalyzed by protein disulfide isomerase (PDI) (Bergman and Kuehl, 1979).

Glycosylation is the main modification of the foreign protein done in the mammalian
cell secretory pathway. Asparagine-linked (N-linked) glycosylation occurs at Asn-X-
Ser/Thr recognition sites as the protein enters the ER (Kornfield and Komfield, 1985).
After this high-mannose core oligosaccharide addition, some trimming of terminal glucose
and mannose residues and fatty acid addition can occur in the ER. The proteins are then
transported to the Golgi apparatus through transport vesicles. The N-linked carbohydrates
are further modified by the additions of galactose and sialic acid. More post-translational
modifications occur in the Golgi, such as sulfation of tyrosine and carbohydrate residues,
protein phosphorylation, serine and threonine O-linked glycosylation, processing of

* propeptides, y-carboxylation of glutarﬁate residues and PB-hydroxylation of aspartate




residues (Farquhar, 1986). Membrane-bound proteins and secreted proteinsv(Figure 1.1) are
transported to the cell surface (Griffith and Simons, 1986), lysosomal enzymes to the
lysosomés (Sly and Fisher, 1982), while regulated secretory proteins are stored in secretory
granules to be released upon appropriate stimulus (Griffith and Simons, 1986), such as the
secretion of insulin stimulated by D-glucose (Cerasi, 1975). The final destination as well as
the post-translational modifications of proteins are mainly dependent on their primary

structure (Griffith and Simons, 1986).

1.2 MODEL PRODUCTION SYSTEMS

Activated protein C (APC) and tissue-type plasminogen activator (t-PA) produétion by
BHK cells and CHO cells, respectively, were analyzed in this work to investigate the limits
to cell specific recombinant protein production rates. Despite their sharing of some
sequence homology, the maximum production rate of recombinant APC was approximately
20-fold lower than that of recombinant t-PA, as shown in this work. Thus, these proteins
provide model systems for investigating production limitatipns to two proteins with
relatively limited (APC) or high (t-PA) production rates in the range generally observed for

mammalian cells (0.003~22 ng/106cells-day, Sanders, 1990).
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1.2.1 Human Activated Protein C (APC)

Human protein C (Figure 1.2) is one of the vitamin K dependent proteins in the blood
that plays a critical role in the regulation of blood coagulation (Figure 1.3). In vivo, the
thrombin thrombomodulin complex activates the inactive protein C zymogen on the
endothelial cell surface by cleavage of a 12-residue peptide (158-169), resulting in a two-
chain activated protein C (APC) (Esmon, 1989). While binding with protein S, which may
prompt the binding of APC to phospholipid membranes and abrogate the protection of
factor Va by factor Xa (Walker, 1981; Solymoss et al., 1988), APC inactivates factors Va
and VIIIa by limited proteolysis. With this anti-coagulant activity, APC is a potential
therapeutic for the treatment of septic shock, stroke, disseminated intravascular coagulation,
deep vein thrombosis, and to prevent reocclusion in patients treated with fibrinolytic agents
(Esmon, 1987).

Human protein C has five types of post-translational modifications: (1) Disulfide
formation at 28 cysteine residues. (2) y-Carboxylation of the first nine glutamic acid
residues by a vitamin K-dependent microsomal carboxylase to become y-carboxyglutamic
acids (Gla) (Suttie, 1985). y-Carboxylation is essential to the anticoagulant function of
APC (Zhang et al., 1992). (3) B-Hydroxylation of an aspartic acid residue (Asp 71) is
believed to be involved in a Gia-region independent calcium-binding site, and is required
for functional activity (Stenflo et al., 1989).  (4) N-glycosylation at three of four available
sites. Plasma human protein C has a molar mass of approximately 66 kDa and has been
reported to be 23 % carbohydrate mass (Kisiel and Davie, 1981). (5) Proteolytic cleavage

of an 18 amino acid signal peptide targeting the nascent polypeptide to the lumen of ER, -
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Figure 1.2 Schematic representation of protein C single chain precursor. The bars represent the
proposed disulfide bonds. The gray circles represent N-glycosylated sites. The oval represents the
B-hydroxy aspartic acid. The Y-shaped bars represent y-carboxyglutamic acids in the GLA
domain. The EGF domains are epidermal growth factor-like domains. The three known
proteolytic cleavage sites resulting in two-chain, activated protein C are shown with arrows.
(adapted from Grinnell et al., 1990)




"Surface"

/\x

Xlla

Vant

X
la IX .@\(‘ —(APC) Protein C
L 2%
vim  °Y7
7
v
IXa + Villa—Z» Vili I » a% pL
X ' 1S

I hd
Ca?, PL , & Thrombin-TM
Vv
Xa +Va —p
a?*, PL Plasmmogen

Prothrombin - — — Thrombin ¢q _

~ Plasmln
\
Lysed thrombm /\ ,

Fibrinogen Fibrin (clot)

Figure 1.3 Intrinsic pathway for blood coagulation and the anti-coagulant roles of APC and
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and proteolytic cleavage of a 24 amino acid propeptide which is required for carboxylation
(Foster et al., 1987; Suttie et al., 1987).

Protein C is synthesized in the livef, but in a hepatoma cell line, recombinant
protein C was produced at very low levels and was not fully active (Suttie, 1986).
However, attempts to express high levels of protein C in CHO cells or mouse fibroblast
C127 cells resulted in partial carboxylation and low functional activity (Suttie, 1986). With
a cell specific protein C production rates up to 15 pg/10¢ells-day in various CHO cell
clones, a maximum of 56% y-carboxylation ratio was observed (Sugiura, 1992). In
addition, in CHO cells, only 10% of protein C was processed into the two-chain form, and
40% of the protein secreted by the CHO cells still had the propeptide attached. Two cell
lines, human kidney 293 and baby hamster kidney (BHK) cells can produce protein C at
high rates and with 80-100% specific activity (Table 1.1). Of 55 clones obtained from 293
cells after gene amplification, the cell specific protein C production rates varied from 0.02
up to 25 png/106cells-day with an average of 3 pg/106cells-day cells (Walls et al., 1989).

In this work, a modified protein C cDNA was used to produce APC in BHK cells.
The activation peptide sequence in the APC cDNA was deléted and the sequences for two
arginine residues were inserted to improve intracellular proteolytic cleavage to the two-
chain form of APC (Foster et al., 1990). To date, only the production rates of protein C but

not APC have been reported in mammalian cells (Table 1.1).
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1.2.2 Human Tissue-type Plasminogen Activator (t-PA)

Human tissue-type plasminogen activator (t-PA) (Figure 1.4) is a serine protease
secreted by endothelial cells which converts plasminogen into plasmin by proteolytic
cleavage (Collen and Lijnen, 1986). This results in the degradation of fibrin networks and
the dissolution of blood clots (Rijken et al., 1982). Unlike enzymes with similar biological
functions, such as streptokinase and urokinase, t-PA binds to fibrin-bound plasminogen and
not circulating plasminogen (Thorsen et al., 1972; Rijken and Collen, 1981), which allows
t-PA preferentially to activate the plasminogen entrapped in the clots. This specificity
reduces the risk of hemdrrhaging caused by circulating plasmin and makes t-PA a more
effective thromboly;ci;: therapeutic to treat heart attacks and strokes (Rouf et al., 1996).

Nascent t-PA contains a leader sequence consisting of a signal peptide and a pre-pro-
leader sequence with unclear function (Pennica et al., 1983). Mature t-PA contains a
fibronectin finger domain, an epidermal growth factor (EGF) domain, two kringle domains,
and the catalytic serine domain (Figure 1.4). The finger domain and the kringle domains
are associated with fibrin binding, and thus are important to clot-specific therapeutic
function. Mature t-PA also contains 35 cysteine residues and 17 disulfide bonds. Either
two or three glycosylation sites are occupied (type I or type I t-PA, respectively) at Asn-
184 (not glycosylated in type II t-P'A'); 117 and 448 (Vehar et al., 1984; Parekh et al., 1989).
The occupancy of N-glycosylation' si;tes influences t-PA clearance rateé in vivo (Spellman,
1990; Keyt et al., 1994). Recombinant t-PA éxpressed in CHO or human embryonic kidney
cells, as well as melanoma-derived t-PA, contain an O-linked fucose residue in.the EGF

domain (Harrfs et al., 1991). The molecular weight of t-PA is approximately 66~68 kDa,
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Figure 1.4 Schematic of single chain t-PA molecule. Amino acid are represented by one-letter
codes. The bars represent the proposed disulfide bonds. EGF: epidermal growth factor like
domain. The solid circles indicate potential glycosylation sites. The arrow indicates the
potential cleavage site that generates the two-chain form from the one-chain form. (adapted
from Pohl et al., 1984; Rouf et al., 1996)




with 7% (mass %) carbohydrate. Like many other serine proteases, t-PA is synthesized as a
single polypeptide-chain form, but can be proteolytically cleaved By plasmin at a specific
sensitive site (Arg275-Ile276) to become a two-chain protein (Rijken et al., 1982; Pohl et
al., 1984). The two-chain form of t-PA remains catalytically active and exhibits biological
properties that are very similar to those of the single-chain form (Cartwright, 1992).
Currently therapeutic t-PA is being produced by mammalian cells at the 10,000 L
scale (Lubiniecki et al., 1989). A wide range of production rates have been reported for
recombinant t-PA production in mammalian cells (Table 1.2), up to 50 pg/106cells-day
under MTX selection (Goeddel et al., 1989). There have only been a few reports of higher

rates than those for t-PA (Table 1.3).
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1.3 GENE AMPLIFICATION

The most common strategy to increase recombinant protein production rate is by
performing amplification of the integrated cDNA copies in the host cell genome. This is
achieved by constructing a vector which carries both the ¢cDNA for the desired
recombinant protein and a gene for a selectable marker. Under selection pressure, both
c¢DNA copy numbers can be increased by co-amplification, increasing mRNA levels and
the corresponding protein synthesis. Gene amplification has been used successfully to
express a large number of recombinant proteins with high production rate, particularly in
CHO cells (Table 1.3). The cell specific production rate of co-transfected recombinant
proteins can also.decrease at high selective pressure (Kaufman et al., 1985; Pendse et al.,
1992). Moreover, the protein production rate obtained in the presence of selective
pressure is generally not stable, and the amplification protocols for maximizing stable
production rate have been very cell culture labor-intensive.

1

1.3.1 Amplifiable Markers and Amplification

More than 17 pairs of amplifiable markers/selectable agents are now available to
genetic engineers for mammalian cell expression (Kellems, 1991), including dihydrofolate
reductase (DHFR)/MTX, thymidylate synthetase/S-fluorodeoxyuridine, and adenosine
deaminase (ADA)/2'-deocycoformycin. Most of the amplifiable markers are key enzymes
in DNA precursor biosynthesis (Figure 1.5). DHFR is the original and mos’; widely

employéd marker and has the advantage that its drug for selection (MTX) is relatively
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Figure 1.5 De novo and salvage biosynthesis pathways for purines and pyrimidines involving
available selectable markers. Abbreviations for de novo enzymes: DHFR, dihydrofolate
reductase; CAD, carbamyl-P synthesis, asparate transcarbamylase, and dihydroorotase; SHMT,
serine hydroxymethyltransferase; TS, thymidylate synthetase; and IMPDH, inosine mono-
phosphate dehydrogenase. Abbreviations for salvage enzymes: TK, thymidine kinase; ADA,
adenosine kinase; PNP, purine nucleotide phosphorylase; AK, adenosine kinase; APRT, adenine
phosphoribosyltransferase; and XGPRT, E. coli xanthine-guanine phosphoribosyltransferase.
Solid arrows indicate single reactions. Dashed arrows indicate multiple reactions. The solid
squares indicate reactions that are inhibited by the folate analog methotrexate and ammopterm
(Modified from Kaufman 1990) :
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inexpensive and stable. DHFR catalyzes the conversion of folate to tetrahydrofolate and is
required for the biosynthesis of (1) glycine from serine, (2) thymidine monophosphate
from deoxyuridine monophosphate and (3) providing the precursors for purine nucleotides
(Figure 1.5). DHFR containing vectors have mostly been used in DHFR minus cell lines,
such as CHO K1, and selected in glycine/hypoxanthine/thymidine (GHT)-minus medium
(Urlaub and Chasin, 1980) (Figure 1.6A). They can also be used in cell lines containing a
functional endogenous DHFR gene if a mutant DHFR gene is used (Palmiter et al., 1987),
that provides the ability to grow in previouély lethal concentrations of MTX. Using
stepwise increasing selection with MTX (Figure 1.6B), cell lines have been develojped
with high copy number of the transfected plasmid and high recombinant protein
production rate (e.g. Kaufman et al., 1985; Wurm et al., 1986; Pallavicini et al., 1990;
Page and Sydenham, 1991; Fouser et al., 1992).

In most reports, cloning at each selection level was employed to obtain high
producing clones for subsequent amplification at higher MTX levels (Kaufman et al.,
1985; Zettlmeissl et al., 1987). Although this multiple cloning and amplification strategy
can provide high producing clones, the practice is very tedious and labor-intensive, often
requiring culture and analysis of over one hundred subclones. For instance, Michel et al.
(1985) amplified five HbsAg producing clones after transfection at 0.05, 0.1 and 0.15 pM
MTX. Following subcloning, three high producing amplified clones were selected for

further amplification at 5, 10 and 25 uM MTX. A total of 150 clones were individually
analyzed during this procedure, and a clone with the highest cell specific production rate
approximately 15 ug/ 106cell-day was obtained after subcloning frqm 10 pM‘M_TX selected

cells.
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Figure 1.6 (A) Transfection and co-transfection of DHFR containing expression vectors into CHO
cells deficient in endogenous DHFR activity. Selection of recombinant clones in GHT minus
medium lacking glycine, hypoxanthine and thymidine. (B) Example of incremental increases in
methotrexate (MTX) concentration and selection of subpopulations of cell clones resistant to high
levels of methotrexate. Both bulk and clonal amplifications are shown.




Interestingly, most of the results showed that highest selective pressure did not necessarily
maximize the protein production rate, implying that a maximum production rate limitation
exists that blocks higher recombinant protein production rates despite cDNA
amplification. To date, the achievable maximum recombinant protein production rate by

mammalian cells has been limited to approximately 100 pg/106cells-day (Table 1.3).

1.3.2 Mechanisms of Gene Amplification

Linearization of plasmid DNA has been found to be a prerequisite for integration of
the plasmid DNA into host cell chromosomes (Finn et al., 1989). Specific restriction
enzyme digestion has been performed prior to transfection to open the circular plasmid
molecule and increase the rate of homologous integration (Jasin and Berg, 1988; Zheng
and Wilson, 1990). Amplified DHFR genes have often been reported to localize in
expanded chromosomal regions termed homogeneously staining regions (HSRs) (Nunberg
et al., 1978). The HSRs which contain amplified DHFR genes are elongated. Judging
from the size of DHFR gene and the size of HSRs, it is suggested that individual repeating
units (amplicons) were several hundred kb long (Dolnick et al., 1979; Milbrant et al.,
1981), including chromosomal sequences in addition to the plasmid. Looney et al. (1988)
analyzed five independently isolated MTX-resistant CHO cell clones, and concluded that
the DHFR amplicons in most of the CHO cells shared a 273 kb core sequence; moreover,
these amplicons were in end-to-end arrays. The mechanism of forming these amplicon
arrays was proposed by Kaufman ana Sharp (1982) and confirmed by Ma et al. (1993).

When CHO cells were exposed to MTX, the initial event of amplification was found to be
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a duplication of the endogenous DHFR gene locus by two versions of sister chromatid
fusions, and resulting in dicentric chromosomes which contained two centromeres and a
duplication of the DHFR locus. After mitotic separation of the two centromeres, another
round of chromatid fusion and, possibly, further duplication events could occur. This
bridge-breakage-fusion mechanism was accompanied by the loss of telomeres, which in
turn decreased the stability of chromosomes (Cowell and Miller, 1983). Repeated cycles
would generate chromosomal translocation, inverted duplication and eventually, gene
amplification (Robins et al., 1981a; Ruiz and Wahl, 1988).

Other than the intrachromosomal amplification mechanism, the submicroscopic
extrachromosomal elements named "amplisomes" or "episomes" were also reported to be
part of the amplification mechanism (Maurer et al., 1987). | These amplisomes are mostly
homogenous in size, and contain multiple copies of DHFR replication units. Amplisomes
appeared during the stepwise selection in MTX, and had gene loss kinetics similar to
chromosomal DHFR genes for gene loss upon removal of the selective pressure in HeLa
cells (Pauletti et al., 1990). Based on the observation of a mammalian replication origin in
the amplisomes, Carroll et al. (1987) and Windle et al. (1991) suggested that host
sequences might be involved in the facilitation and/or generation of excisional amplisome

formation following plasmid integration.
1.3.3 Production Stability of Amplified Clones

It is important to obtain relatively stable cell lines for recombinant protein

production to maintain high product concentratio'ns, to ensure product consistency, and to
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satisfy regulatory requirements. This stability has to be maintained in the long-term as
well as in each production batch (Wiebe and Builder, 1994). Although high protein cell
specific production rates up to 110 pg/109cells-day has been achieved using gene
amplification (Table 1.1), these high production rates are generally temporary and only
existed with the selective pressure. The maximum reported stable recombinant protein
production rate without selective pressure was only 20 pg/109cells-day for antithrombin III
(up to 30 days, Zettlmeissl et al., 1987).

In the absence of selective pressure, instability of recombinant expression has been
reported for DHFR (Kaufman et al., 1981; Sinacore et al., 1995), t-PA (Kaufman et al.,
1985; Weidle et al., 1988), c-myc (Pallavicini et al., 1990), y-interferon (Cossons et al.,
1991) and chimeric antibody (Kim et al., 1998a). There have been relatively fewer
published reports of stable expression. Dyring and Mellstrom (1997) reported 130 days of
stable human insulin-like growth factor binding protein-1 production. Extended culture
for at least 50 cell doublings in the presence of MTX has been reported to improve the
stability of amplified CHO cells after the MTX was removed (Kaufman et al., 1981).
However, it is controversial whether the continued presence of a selective agent (i.e.
MTX) in long-term cultures of recombiﬁant CHO cells ensures production stability.
Whereas MTX has been reported to maintain stable t-PA production by CHO cells
(Weidle et al., 1988), others have reported that protein production instability could still
occur in the presence of MTX (Cossons et al., 1991; Morrison et al., 1997; Kim et al.,
1998b). Furthermore, using fluorescence in situ hybridization (FISH), Pallavicini et al.

(1990) demonstrated that the presence of MTX in the culture medium resulted in the
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generation of mostly unstable chromosomal rearrangements that were lost in_ the absence
of MTX.

The loss of DHFR expression in the absence of MTX can be due to unstable
localization in double minute chromosomes (DMs) (Kaufman et al., 1979; Brown et al.,
1981). DMs are small-paired chromosomal elements that lack centromeric function and
thus segregate randomly at mitosis; hence, they can be rapidly lost upon propagation in the
absence of selective pressure. HoWever, these extrachromosomal DMs could also
integrate into the chromosofne to become stably amplified genes (Murray et al., 1983). In
the absence of MTX selection, Weidle et al. (1988) observed both a reduction in copy
number and a gradual decline of t-PA production rate for 40 to 60 days after adapting the
cells in MTX-free medium. In this case, loss of DMs was not responsible for t-PA
production rate loss, since all t-PA cDNAs were localized in HSRs (Weidle et al., 1988;
Koehler et al., 1995). Interestingly, the t-PA production rate stabilized at lower production
levels after 40 days without MTX selective pressure. This instability in HSRs may be
explained by the mechanism proposed by Wurm et al. (1997). Based on their cytogenetic
analyses of stable or unstable recombinant protein producing cells (Wurm et al., 1986;
Pallavicini et al., 1990; Wurm et al., 1992), they proposed that_there were three "master
integration" patterhs that were associated with high degree of genetic stability in the
absence of methotrexate. These three master integration sites for stable FISH signals of
heterologous genes were: (1) the short arm of one midsize submetacentric chromosome
(probably chromosomes 3, 4, or X), (2) the telomeric end of a small acrocentric

chromosome (either chromosomes 5, 6, or 7), or (3) the center of the long' arm in

chromosome 2. When MTX-resistant cells were adapted in MTX-free medium, the
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frequency of the variant or'multiple integrations declined, whereas the frequency of master
integration increased from 50% to 96% of the cells analyzed after 40 days. This master
integration mechanism seems to provide a reasonable explanation for the t-PA instability
in the amplified HSRs, followed by stabilization after 40 days without MTX as reported by

Weidle et al. (1988).

1.4 INTRACELLULAR LIMITATIONS TO MAMMALIAN PROTEIN

PRODUCTION

The level of protein expression from heterologous genes introduced into mammalian
cells can depend on multiple factors including copy number, promoter strength, mRNA
stability and protein secretory pathway capacity. The limitations to hybridoma
monoclonal antibody production have been more thoroughly investigated than mammalian
cell recombinant protein production. The literature has been quite confusing, in part due

to the fact that proteins were expressed in different host systems.

1.4.1 Limitations to Hybridoma Monoclonal Antibody Production

The intracellular parameters that limit monoclonal antibody production rate have
been studied over a range of batch culture conditions (Dalili and Ollis, 1990; Bibila and
Flickinger, 1991; Leno et al., 1991; 1992). Total RNA content (Dalili and Ollis, 1990)

and specific monoclonal antibody mRNA levels (Bibila and Flickinger, 1991) were
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roughly constant in the exponential phase and then decreased when the hybridoma cells
passed from exponéntial grbwth into‘the stationary phase. A correlation was also observed
between the total cellular RNA content and the antibody secretion rate (Dalili and Ollis,
1990). Leno et al. (1992) reported a correlation between the relative levels of heavy and
light chain mRNA and the total intracellular monoclonal antibody. However, they
reported a lack of correlation between intracellular antibody levels and the cell specific
monoclonal antibody production rates, suggesting that the secretion process might be rate-
limiting for antibody production. A similar post-transcriptional limiting step was proposed
by Flickinger et al. (1992). Compared to most recombinant proteins, analysis of the
hybridoma system is complicated by the potentially confounding influences of both heavy
and light chain mRNA on monoclonal antibody production rates. In addition, multiple
hybridomas expressing the same monoclonal antibody at different rates have not been

investigated.
1.4.2 Recombinant Protein: cDNA Copy Number and mRNA Level

Gene amplification is commonly used to increase recombinant protein expression.
However, correlation between gene dosage and recombinant protein production has not
been consistently reported in the literature (Table 1.4). For instance, Kaufman et al.
(1985) increased the number of t-PA cDNA copies by MTX selection, which in turn was
paralleled by increased mRNA levels and corresponding higher t-PA production. A
similar correlation was observed by Hendricks et al. (1989) for t-PA egpression by

recombinant myeloma cells. On the contrary, Jalanko et al. (1990) using an Epstein-Barr
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virus-baséd vector for t-PA production in CHO, HeLa, leukemia and 293 cells, observed
no correlation between copy numbers up to 100 and up to 0.1~11 pg/106cells-day t-PA
expression. Hippenmeyer and Highkin (1993) also reported no correlation between t-PA
c¢DNA copy numbers and the level of t-PA expression in BHK cells, whereas mRNA
levels were positively correlated with t-PA expression.

For human insulin-like growth factor binding protein-1 (hIGFBP-1) in CHO cells
(Dyring and Mellstrom, 1997), a positive correlation between cDNA copy number up to
100 and protein production rate has been reported. A linear correlation between cDNA
copy number up to 40 and mRNA levels was also reported for human protein C production
by 16 clones of 293 cells (Walls et al., 1989); however, they did not report if protein C
production rate correlated with mRNA level. Morris et al. (1997) observed increased
mRNA levels of recombinant tumor 'necrosis factor receptor (TNFrFc) with increasing
MTX concentration and protein expression levels up to 150 nM MTX, but from 150 to
500 nM MTX, there was no increase in protein expression but only an increase in mRNA
levels. Overall, there are more reports of recombinant protein production rate correlation
with mRNA than with cDNA levels (Table 1.4). This is likely due to different

transcription rates at different sites in chromosomes.
1.4.3 Recombinant Protein: Secretory Pathway Limitations

The rate-limiting step between translation and protein secretion is generally in transit
from the endoplasmic reticulum (ER) to the Golgi apparatus (Lodish et al., 1983; Shuster,

1991). Unfolded, misfolded or partly folded and assembled proteins are selvectively‘
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retained in the ER, or retrieved to the ER from the cis-Golgi (Hurtley and Helenius, 1989;
Doms et al., 1993). At high recombinant expression rates, protein processing in the ER
can become saturated and limit further increases to the specific protein production rate.
However, exit from the ER does not necessary limit the cell Vspeciﬁc rates (i.e.
ng/106¢cells-day) of recombinant protein production (e.g. mRNA can be the limiting
factors, section 1.4.1). In most reported cases (Table 1.4), mRNA, intracellular protein
levels and secretion rates are positively correlated (see next section for discussion of
exceptions).

Accumulation in the secretory pathway is protein dependent. For instance, wild-type
t-PA is efficiently secreted, whereas aglycosylated (not glycosylated) t-PA is blocked in
the ER (Dorner et al., 1988), due to stable association with GRP78, a 78kDa glucose
responsive chaperone protein that binds to misfolded or incorrectly post-translational
modifed nascent proteins to prevent their secretion. Reduction of GRP78 levels by
introducing an antisense expression vector resulted in a 10-fold decrease in GRP78
expression and a parallel increase in aglycosylated t-PA secretion (Dorner et al., 1988).
Overexpression of GRP78 reduced the rates of some recombinant protein secretion (e.g.
factor VIII and von Willebrand factor, vWF), which were shown to be at least transiently
associated with GRP78. However, overexpression of GRP78 did not decrease production
rates of macrophage-colony stimulating factor, which does not associate with GRP78
(Dorner et al., 1992). Increased expression of factor VIII using sodium butyrate led to

increased accumulation in the ER and caused the enlargement of rough ER cisternae

(Dorner et al.,1989).




Another important ER resident protein that can limit recombinant protein secretion
rates is protein disulfide isomerase (PDI), which catalyzes disulfide bond formation and
exchanges (Lyles and Gilbert,v 1991). Ovefexpression of recombinant proteins such as
erythropoietin (EPO) or human granulocyte colony stimulating factor (G-CSF) have been
shown to decrease ‘PDI levels in yeast, and overexpression of PDI increased the secretion
rates of platelet derived growth factor 10-fold (Robinson et al., 1994; Robinson and
Wittrup, 1995). These results indicate that the limitation in these secretory pathways were
due to inefﬁciént protein folding thai was overcome by increasing PDI levels. However,
no apparent antibody secretion increase was observed in ‘NSO-based recombinant

transfectomas with increased PDI levels (Greenall et al., 1995).
1.4.4 Quantitative Investigations of Recombinant Protein Production Limitations

Most of the articles introduced in the previous two sections only provided qualitative
observations instead of systematic quantification of the production rate limitations. Some
only provide partial quantitative results (Walls et al., 1989; Jalanko et al., 1990), or
investigate only in a low production rate range (Michel et. al., 1985). To date, only a few
reports have focused on quantitatively determining the intracellular factors that limit
maximum recombinant protein production in mammalian cells (Table 1.4). Pendse et al.
. (1992) observed that HbsAg mRNA levels and production rates increased when cDNA
copy numbers were increased in late-log phase cells. At the maximum production rate,
there were increases in intracellular protein degradation rates and it was concluded that the

cellular secretory pathway capacity was limiting at higher HbsAg prodilction rates.




However, this conclusion failed to explain the linear relationship between mRNA and
HbsAg production rate in the same report. Schroder and Friedl (1997) reported a decrease
in the .secretion efficiency (defined as the protein production rate per intracellular
concentration) of human antithrombin III (hATII[) with increasing intracellular hATIII
levels (in confluent CHO cells). This result also suggested a saturation in the secretory

pathway at the highest levels of hATIII.

For both HbsAg and ATIII, only three or four CHO cell populations were studied.
Pendse et al. (1992) investigated three MTX-amplified cell popﬁlations with HbsAg
productivities from 0.2 to 11ug/106cells-day. Schroder and Friedl (1997) reported results
from four CHO cell populations with ATIII production rates from 0 to 7 pg/106cells-day.
Due to the limited sample numbers and production rate ranges, the data in both reports did
not strongly support their conclusions. For example, the secretory pathway saturation at 7
ug/106célls-day described by Schroder and Friedl (1997) conflicted with the previous
report by Zettlmeissl et al. (1987) of a 22 pg/106cells-day maximum ATIII production rate
in CHO cells. Furthermore, these experiments were conducted with confluent growth
phase cells, and it was not reported whether the limitations varied in different phases of
batch culture. Anotherl concern is that most of the studies listed in Table 1.4 were
performed in the presence of MTX. The HbsAg degradation and ATIII secretory pathway
saturation at high expression rates reported by Pendse et al. (1992) and Schroder and
Friedl (1997), respectively, were correlated with higher MTX concentrations. As a strong

inhibitor of purine biosynthesis (McBurney and Whitemore, 1975), MTX toxicity might

have had direct effects on cell physiology and secretion efficiency. Therefore, to study




production limitations, it is preferable to avoid any possible negative influence of MTX

and use MTX-free medium adapted cells.

1.5 THESIS OBJECTIVES

To optimize recombinant protein production by mammalian cells, it is critical to
develop efficient strategies to maximize stable expression rates, because gene
amplification, transcription promoter optimization, and manipulation of processing
enzymes in the secretory pathway are labor-intensive and result in significant delays. An
incorrect choice could easily lead to futile results and unnecessary costs. Identification of
the intracellular limiting factors which determine recombinant production rates can
provide guidance to efficient mammalian cell process optimization. For in stance, if
mRNA levels are limiting then further amplification of promoter improvement would be
advised. On the other hand, if the secretory pathway is saturated, increased levels of
processing proteins may yield increased expression.

In this work, we investigated the production of APC and t-PA by mammalian cells
as the model systems. Relative to other proteins {Table 1.4), t-PA can be produced at high
rates, while APC is limited to much lower levels of production (i.e. ~1 ng/10%cells-day)
clones. The intracellular kinetic parameters of both these recombinant proteins were also
systematically calculated based on a structured model. Upon understanding the roles of
essential .intracellular factors in recombinant protein expression, it is conceivable that

these parameters may help to simplify the searching procedure for the limiting factors.

33




Furthermore, the amplification and stability of t-PA production by CHO cells were also
analyzed, with the aim of developing a strategy to shorten the time ahd efforts required to
aéhieve high and stable producing clones, and understand the possible limitations in
c¢DNA amplification procedure for obtaining maximum t-PA production rates.

In Chapter 2, the materials and methods are described. In Chapter 3, a kinetic
model is developed to help identify the limiting factors as well as quantitate intracellular
kinetic parameters. Chapter 4 describes the limitations to APC production in BHK cells,
and the relationship between intracellular factors, such as gene dosage, intracellular rates,
and protein production rate. Amplification and stability of t-PA production rate is
considered in Chapter 5. Chapter 6 focus_esﬂ on the limitations in t-PA production by CHO
cells. The intracellular parameters were analyzed as well. Chapters 7 and 8 provide

conclusions and suggestions for future work, respectively.
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CHAPTER 2

MATERIALS AND METHODS

2.1 CELL CULTURE AND GENETIC ENGINEERING
2.1.1 APC Transfection Vectors

Two vectors were employed for mammalian cell APC expression. The vector
pNUT-1058 contains a 1722 bp insert for APC and a mutant dihydrofo!ate reductase
(DHFR) ¢cDNA (Figure 2.1A). The vector was constructed by ligation of APC ¢cDNA into
Smal-cut pNUT. The pNUT vector contains a mouse metallothionein-1 promoter to
induce cDNA transfection, pUC 18 sequences to allow replication and selection in E. coli,
and a mutant DHFR ¢cDNA driven by the SV40 early promoter to allow selection in
culture. The DHFR cDNA séquence encodes a mutant form of the enzyme which has a
270-fold lower affinity for the competitive inhibitor MTX. Thus, high concentrations of
MTX are required for the selection of transfected cells (approximately 0.5 mM MTX).
The activation peptide sequence in the APC ¢cDNA was deleted to produce the activated
form of protein C (APC) and the sequences for two arginine residues were inserted to
improve intracellular proteolytic cleavage to the two-chain form of protein C (Foster et al.,
1987). The insertion and orientation of the APC cDNA into pNUT were verified by
restriction enzyme digestion and by DNA sequence analysis using the Sequenase Kit

(United States Biochemical Corporation, Cleveland, OH).

35



mMT 1

A SV4oearly Kpnl Promoter
promoter

Smal

Mutant
DHFR Pst 1
cDNA
| APC
cDNA
HBV3' Pst 1
Smal
pUC 18 hGH 3’
Kpnl Adeno
B SV40 promoter MLP
/enhancer EcoR|
DHFR Pst1
cDNA
ZMB3-1058 APC
cDNA
SVv40 3 Pst 1
EcoR|
SV40 3’

Figure 2.1 Mammalian expression vectors pNUT-1058.(A) and ZMB3-1058 (B).
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The vector ZMB3-1058 (obtained from Zymogenetics, Inc, Seattle, WA., Figure 2.1B).
encodes the same APC cDNA insert as pNUT-1058. ZMB3 contains the adenovirus
major late promoter, tripartite leader and an immunoglobulin splice set (Berkner et al.,
1986) substituted for .the metallothionein promoter in the vector Zem229 (Foster et al.,
1991). The wildftype normal DHFR ¢DNA in this vector allows selection of transfected

cells at low MTX concentrations (approximately 40 nM MTX).
2.1.2 Cell Culture of APC Producing BHK Cells

BHK cells were grown in Dubelcco's modified Eagle's medium: Ham's F- 1 2 (1: 1)
(DMEM/F-12) (Life Technologies, Burlington, ON) containing 5% newborn calf serum
(NCS) (Life Technologies, Burlington, ON) to approximately 106 cells per 10 cm Petri
dish and transfected with pNUT-1058 by calcium phosphate coprecipitation method as
described (Guarna et al., 1995) and selected in 0.05 or 0.5 mM sodium methotrexate
(MTX, David Bull Laboratories, Mulgrave, Australia). Twelve days after transfection,
visible MTX resistant colonies were isolated as clones and then expanded for 3-4 weeks in
DMEM/F-12 with § % NCS and 5 pg/mL of vitamin K, (Abbott Laboratories, Montreal,
PQ). The cells were cultured in the absence of MTX to minimize the genetic instability
induced by MTX selections (Pallavicini et al., 1990). However, instability is a potential
problem when analyzing the specific production rate of cells both in the presence and in
the absence of MTX. Thus, we measured the cDNA copy number, APC production rate

and proportion of y-carboxylated APC in the same experiments. Medium samples were

cleared by centrifugation at 1000 x g, room temperature, and stored in aliquots at -70°C for
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APC and glucose analysis. For the determination of APC secretion rates and for DNA
extraction, 12 clones were first analyzed. Eight clones were from the first transfection
series and 2 clones were selected by maintaining the highest expressing clone (clone A-27)
in 0.5 mM MTX for 3 and 8 weeks. The 2 additional clones (B-1 and B-2) were the
highest expressing clones from another transfection in which 0.5 mM MTX was
maintained throughout the expansion of the isolated clones.

To avoid p(;ssible toxic effects of MTX on secretion during the experiment, the
amplified clones were maintained without MTX for 5 days before the determination of
secretion rates and cDNA copy number. Cells growing in DMEM/F-12 containing 5%

(v/v) NCS and 5 pg/mL of vitamin K, were harvested from subconfluent 175 cm?2 T-flasks

and counted. Approximately 107 cells were washed with PBS and storeci at -70°C for
DNA extraction. For mRNA analysis, the cells were washed twice with ice cold PBS,
resuspended in guanidium thiocyanate solution (Solution D) and then stored in liquid
nitrogen for mRNA extraction. The cell specific APC secretion rates were determined in
parallel cultures, where 104 cell/cm?2 were seeded in 6-well plates (Life Technologies,
Burlington, ON) and the medium (2.5 mL/well) changed after 24 h; after an additional
72 h the medium was sampled and the cells were harvested by trypsin digestion.

Harvested cells were counted by hemocytometer and with a particle data analyzer
(Elzone 280 PC, Particle Data, Inc.). Glucose analysis was performed using a Beckman

glucose analyzer and APC was analyzed by ELISA. Intracellular APC content was

analyzed by a similar method but using 75 ¢m?2 T-flasks for culture. The harvested cells

were washed once with PBS then lysed with the lysis buffer (5 mM Tris, 15 mM NaCl and




10% w/v NP-40, pH 8.0). The cell lysate was centrifuged at 10,000 xg, 4°C, and analyzed

by ELISA.

2.1.3 Sodium Butyrate Treatment of APC Producing BHK Cells

Each clone subjected to sodium butyrate treatment was seeded at 104 cell/cm? in two
175 cm? T-flasks with 58 mL of medium per flask. After culturing for 72 h, the medium
in the two T-flasks was replaced by fresh medium with or without 5 mM sodium butyrate
(J. T. Baker, Toronto, ON), respectively. Cells were then cultivated for an additional 24 h,
and then the conditioned medium was collected for protein C analysis and the cells were

counted or prepared for mRNA analysis as described in section 2.1.2.

2.1.4 Re-transfection of APC Producing BHK Cells

The highest expressing clone from ZMB3-1058 transfection series, clone 27-4
(obtained from Zymogenetics Inc., Seattle, WA), was inoculated at 104 cells/cm? and
cultured to 106 cells per 10-cm Petri dish containing DMEM/F-12 medium with 5% NCS

and 5 pg/mL of vitamin K; before re-transfection. The pNUT-1058 vector was introduced

into the cells by the calcium phosphate co-precipitation method (Keown et al., 1990).
Briefly, 20 ug of vector DNA was added to each dish and incubated until the medium was
changed after 4 h. The selection was started at 24 h in medium containing 0.50 mM MTX.

After 2 weeks, MTX resistant colonies were isolated. The isolated clones were expanded

in medium without MTX for 3-4 weeks before analysis. Control cells were treated with

the same protocol except no pNUT-1058 vector DNA was introduced. No viable cells




BHK Cells

Transfection with
pNUT 1058 vector
(selection with 0.50 mM MTX)

Transfection with
ZMB3-1058 vector
(selection with 0.04 mM MTX)

Clones: A-8, A-12, A-14, A-15,
A-20, A-21, A-26, A-27, B-1, B-2
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Clones A-8, A-15,
A-27a, A-27b, B-2

Re-transfection with pNUT 1058
(selection with 0.50 mM MTX)

FIGURE 2.2 Strategies to increase APC mRNA levels and APC secretion rates in transfected BHK

cells.

The vectors used for transfection were: a) pNUT 1058 which contains the APC ¢cDNA

sequence and a mutant DHFR ¢DNA sequence; this mutant DHFR allows for clone selection at
high MTX concentrations (0.50 mM MTX) and b) ZMB3 1058 which contains the APC ¢cDNA

sequence and wild type DHFR ¢cDNA sequence.
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were observed in the control dish after 2 weeks of selection in 0.5 mM MTX. The
relationships among the transfected, re-transfected and sodium butyrate treated cells are

summarized in Figure 2.2.

2.1.5 BHK Cell Batch Cultures

For the batch cultures, cell line 27-4 was inoculated at 1x104 cells/cm? into 175 m?2

T flasks containing 58 mL of DMEM/F-12 with 5% NCS and 5 pg/mL vitamin K;. The

cultures were operated in a 37°C incubator with 5% CO, and monitored on a daily basis.
On successive days of the batch culture, the supernatant was withdrawn directly from the
T flasks using a glass pipette, to minimize oxygen contamination to the sample. The
dissolved oxygen concentration and pH were determined by a blood-gas analyzer
(Corning, Acton, MD), while glucose and lactate concentrations were determined by an
automated STAT 10 Nova analyzer (Waltham, MA). Individual T flasks were sacrificed
and the cells were counted, harvested and stored in liquid nitrogen for mRNA analysis.
Total secreted APC and y-carboxylated APC were determined by ELISA. Total RNA was
extracted and quantified from cell samples collected during the batch culture. APC

mRNA and B-actin mRNA levels were estimated by Northern blot analysis.
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2.1.6 t-PA Producing CHO Cell Lines and Transfection Vectors

Four parental recombinant t-PA producing CHO cell lines were provided by
Cangene (Winnipeg, MB). Cell lines SI9-12 and SI9-24 were transfected §vith vector
pCV14 which contains one t-PA cDNA cassette with a human cytomegalovirus (CMV)
promoter for t-PA expression and a DHFR ¢cDNA for MTX selection (Figure 2.3A). Cell
lines SI12-5 and SI12-7 were transfected with vector pSL11 which contains similar t-PA
and DHFR cDNAs while t-PA production is controlled by the elongation factor-1 (EF-1)

promoter (Figure 2.3B).
2.1.7 Cell Culture of t-PA Producing CHO Cells

The CHO cells were cultured in T75 flasks with Iscove's modified Dulbecco's

medium (IMDM) / 10% v/v fetal bovine serum (FBS) (Life Technologies, Burlington,
ON) at 37°C in a humidified incubator with 5% CO,. Adaptation of the CHO cells to

serum-free medium (APOSFM1.1, Cangene)' was performed by stepwise decreasing the
serum concentrations over 2~3 weeks from 10% to 5%, 1%, 0.2% and finally to 0%. The
cell numbers and viability were determined using a hemocytometer and trypan blue dye
exclusion.

To analyze cell specific t-PA production rate in serum-containing cultures, the cells
were inoculated at 3x104 cells/mL in 6-well plates or 25-mL T flasks and cultured for

72 h. At the end of the culture, the cells were trypsinized and counted. The supernatants

were éliquoted and stored at -20°C for t-PA assay (Section 2.2.2). For serum-free cultures,
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cells were inoculated at 103 cells/mL in T flasks and then collected by centrifugation at the
end of the culture. The cell specific t-PA production rates was calculated based on the
final t-PA concentration and the log-mean average cell number during a 72 h culture
period. |

The cells were washed three times with ice cold PBS, then either frozen at -70°C for
DNA analysis or resuspended in guanidinium thiocyanate solution then frozen in liquid
nitrogen for mRNA analysis. To extract intracellular t-PA, cells were incubated on ice for

30 min in cell lysis buffer then centrifuge at 10,000 xg for 10 min to remove cell debris.

The collected cell extract was stored at -20°C for t-PA ELISA analysis.

\

2.1.8 CHO Cell Batch Cultures

Batch cultures were performed in two culture vessels, reactor and spinner, with the
same culture volume (500 mL). The pH value in the reactor was controlled by head-space

CO, input, but not controlled in the spinner culture. SI12-5.23 cells were inoculated at

approximately 1x 103 cells/mL in both serum-free cultures, with APOSFM1.1 medium.
The cells and spent medium were sampled every day in an 8 day batch culture. Glucose
concentration, pH value, and cell concentration were measured as described in Section

2.1.2. t-PA concentration was analyzed by the colorimetric assay (Section 2.2.2) and

mRNA level was analyzed by Northern blot analysis (Section 2.3.4)..




2.1.9 Amplification, Subcloning and Stability Test of t-PA Producing CHO Cells

All four cell lines were subjected to bulk amplification, i.e. by stepwise increment of
the MTX concentrations without subcloning at each level (Figure 1.6B). Since these cells
had been originally selected after transfection at 0.04 pM MTX, the bulk amplification
was initiated at that concentration. The MTX concentration was then increased by 5-fold
steps, approximately every month, up to 0.2, 1 and 5 pM.

The bulk amplification of the SI12-5 cells was repeated and the MTX level increased
further to 25, 125 and 625 puM. When the cell specific growth rate recovered to
approximately 0.02 ~ 0.025 h-1, the selection was increased to the next MTX level. The
cell specific t-PA production rate and the growth rate éf .the amplified cells were analyzed
every 4 days. The heterogeneity of the amplified cell population was analyzed by
subcloning while maintaining the MTX level. Serum-cultured cells were diluted to a
mean concentration of 1 or 10 cells per well in 96 well plates. After culturing for
approximately 2 weeks, wells with single colonies were selected. The clones were
cultured in 6 well culture plates and analyzed for their growth and cell specific t-PA
production rates. A similar subcloning method was applied to cells in serum-free
cultures. However, instead of using fresh medium, filtered conditioned serum-free
medium from cultures with a maximum cell density of 1x106 cells/mL was used for the

limiting dilution. Several strategies and consequences for developing subclones by

limiting dilution in serum-free medium were summarized in Table 2.1.




TABLE 2.1 Summary of the efforts to clone SI12-5.23 cells in serum-free medium

Medium used for limiting dilution Result
APOSFM-1 No growth below 5000 cells/mL
50% conditioned APOSFM-1 No growth below 5000 cells/mL
0.5% FBS/APOSFM-1 No growth bel»ow 5000 cells/mL
IMDM/10% FBS A few cells grew below 5000 cells/mL

but did not survive

100% well-conditioned APOSFM-1 Cells grew in 5 cells/mL and above, several single
colonies obtained
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2.1.10 Apoptosis Analysis of CHO Cells

Apoptosis of t-PA producing CHO cells was detected using a fluorescence in situ
cell death detection kit (Boehringer Mannheim, Laval, PQ) to detect the breakage of
genomic DNA. Briefly, cells were inoculated at 3 x 104 cells/mL in IMDM/10% FBS
medium, then cultured for 5 days to the stationary phase (approximately 106 cells/mL).
The cells were harvested by trypsinization and washed twice immediately with PBS/1%
BSA at 4°C, then adjusted to 1-2 x 107 cells/mL in a final volume of 50 pL after cell
counting. A cell fixation solution (4% v/v paraformaldehyde in PBS, pH 7.4) was added
(100 pL) and incubated with cells for 30 min at room temperature. The cells were then
washed and resuspended in 100 pL of permeabilisation solution (0.1% v/v Triton X-100 in
0.1% W)V sodium citrate) for 2 min on ice. Following a centrifugation at 3,000 xg, the
cells were. résuspended in 50 pL of terminal deoxynucleotidyl transferase (TdT) mediated
dUTP-biotin nick end labeling (TUNEL) solution which contained TdT and a fluorescein-
labeled nucleotide mixture, and incubated for 60 min at 37°C. After washing with PBS,
the cells were analyzed by flow cytometry using a Becton Dickinson FACScan (Franklin

Lakes, NJ). Non-transfected CHO cells were treated with the same procedures as the

negative control.




2.2 RECOMBINANT PROTEIN ANALYSIS
2.2.1 Enzyme Linked Immunosorbent Assay

ELISAs for analyzing APC were performed as described by Foster et al. (1987) with
some modifications. Two anti-protein C monoclonal antibodies, PCH-1 and PCG-1
(obtained from Zymogenetics Inc.), were used for coating the plates (Immunosorb plates,
Life Technologies, Burlington, ON). The antibody PCH-1 recognizes total Protein C
while PCG-1 recognizes carboxylated protein C in a calcium-dependent fashion (Foster et
al., 1987). The epitope of PCH-1 lies in the heavy chain and its binding is independent of
the y-carboxylation status of the protein. Thus, using both antibodies, it is possible not
only to quantify protein C but also to estimate the proportion of protein C that is fully
y-carboxylated. Binding of protein C was detected using an affinity purified biotinylated
sheep anti-human protein C antibody followed by streptavidin conjugated alkaline
phosphatase (Life Technologies, Burlington, ON) and alkaline phosphatase substrate
(Sigma 104, Sigma Chemical Co., St. Louis, MO). Plasma protein C (American
Diagnostica, Greenwich, CT) was used as the standard for both ELISAs. All dilutions

were in 50 mM TrisCl, 150 mM NaCl, 10 mM CaCl,, 0.5% v/v Tween 20, pH 7.4. The

ratio of spent medium to buffer was kept constant in the samples and standards by adding

spent medium from a BHK cell line transfected with pNUT (no APC insert).
Concentrations of t-PA were élso analyzed by ELISA with HI72C anti-t-PA

mono_glonal ant.ibody (Life Technologies, Burlington, ON) for plate-coating and rabbit

anti-t-PA antiserum (Cangene, Winnipeg, MB) as the secondary antibody as described in
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Harlow and Lane's (1988) protocol. The immuno-complex formed by binding of t-PA
with these éntibodies was detected by alkaline phosphatase conjugated goat anti-rabbit
antibody and alkaline phosphatase substrate (Sigma 104, Sigma Chemical Co., St. Louis,
MO). Plasma t-PA (Calbiochem, La Jolla, CA) served as the standard in ELISA, diluted
in the same medium/buffer (0.1 M TrisCl, 0.1% v/v Tween 80, 0.1% w/v IMDM/10% v/v
FBS medium, pH 8.0) as were the analyzed samples. All ELISA plates were analyzed at

405 nm for optical density with a microtiter reader (Molecular Devices, Sunnyvale, CA).
2.2.2 t-PA Colorimetric Assay

The enzymatic activity of t-PA was analyzed by a éolorimetric assay (Randy and
Wallen, 1981; Verheijen et al., 1982) with some modifications. The standards for the
assay were serial dilutions of plasma t-PA (Calbiochem, La Jolla, CA) from 0.25 to 10
U/mL in 0.1 M tris buffer, pH 8.0, containing 0.1% v/v Tween 80 and 0.1% w/v
IMDM/10% v/v FBS medium. Supernatant samples were diluted with the 0.1 M tris
buffer. The t-PA standards and samples were loaded onto 96-w§11 flat-bottomed microtiter
plates (Dynatech, Burlinton, MA) at 50 pL/well, followed by the addition of plasminogen
(0.13 uM, Boehringer Mannheim, Laval, PQ), CNBr-fragmented ﬁbfinogen (0.12 mg/mL,
Calbiochem, La Jolla, CA) and the substrate, D-Val-Leu-Lys-p-Nitroanilide

dihydrochloride (0.5 mM, Sigma Chemical Co., St. Louis, MO). The microtiter plates

were incubated at 37°C for 2 h and the p-nitroanilide cleaved from the substrate was

detected at 405 nm .using a microtiter reader (Molecular Devices, Sunnyvale, CA).
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2.2.3 Pulse-chase Analysis

To determine t-PA residence time in the secretory pathway , pulse-chase analysis
'(Harlow and Lane, 1988) was performed. Cells were inoculated at 104 cell/cm?2 (3 x 104
cells/mL) in 6-well plates and cultivated for 96 h in 3 mL/well of IMDM with 10% v/v
FBS medium. The medium was withdrawn and the cells were washed once with sterile
PBS, then cultivated for 1 h in methionine-free DMEM (Life Technologies, Burlington,
ON) with dialyzed FBS. The medium was then replaced with methionine-free
DMEM/dialyzed FBS containing 150 pCi of 35S-methionine (ICN, Costa Mesa, CA) for
each well. The cells were cultivated for another 30 min (pulse) followed by a washing
step. A methionine-rich medium containing 500mg/L methionine was added to the culture
(chase), then the cells were lysed by the cell lysis buffer at 0, 30, 60, 90 min followed by
centrifugation at 10,000 g for 10 min. The cell extract was collected and stored at -20°C.
To collect total 35S-methionine-incorporated proteins, trichloroacetic acid (TCA, Sigma
Chemical Co., St. Louis, MO) was added into the cell extract for 20% v/v final
concentration. After incubation on ice for 30 min followed by centrifugation at 10,000 xg
for 10 min, the resulting pellet was washed with 20% w/v TCA and 95% v/v ethanol.
Finally, the pellet was dissolved in 50 pl PBS for scintillation counting. ' Newly

synthesized t-PA proteins were acquired by incubating monoclonal antibody HI72C with 1
mL of cell lysate at 4°C overnight (2 pg/mL final antibody concentration). The resulting
immuno-complex was captured by 5 pl of protein A beads (0.5% v/v in lysis buffer,

Repligen, Needham, MA). The acquired t-PA was released by heating in 40 pL of sample




loading buffer at 85°C for 10 min, then 20 pL of the resulting supernatant was loaded onto
10% polyacrylamide gel for SDS-PAGE. The dried gel was exposed to an X-ray film
(Kodak, Rochester, NY) for three weeks, then the protein bands were quantified by laser

densitometer (Molecular Dynamics, Sunnyvale, CA).

2.2.4 Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed using a Mini-Protein II Dual Slab Cell electrophoresis apparatus (Bio-Rad,
Mississauga, ON). The 3% stacking and 10% resolving gels were prepared with acrylamid
solution (30% w/v acrylamid:bis stock solution, Bio-Rad, Mississauga, ON), 0.05%
potassium persulfate, 0.1% N,N,N',N'- tetramethylenediamine (TEMED; Bio-Rad,
Mississauga, ON), 0.1% SDS, and Tris buffer (0.125 M TrisCl, pH6.8 for the stacking gel
and 0.4 M TrisCl, pH 8.8 for the resolving gel) (Hames and Dickwood, 1982). Gel
electrophoresis was carried out in the Tris running buffer (0.025 M TrisCl, 0.2 M Glycine,
and 0.5% SDS, pH 8.3) at 90 V for 1 h, then the gel was dried on a gel drier (Bio-Rad,
Mississauga, ON). The dried gel was exposed to an X-ray film (Kodak, Rochester, NY)
for 3 weeks, then the protein bands were quantified by laser densitometer (Molecular

Dynamics, Sunnyvale, CA).
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2.3 GENETIC ANALYSIS OF RECOMBINANT MAMMALIAN CELLS
2.3.1 Preparation of DIG-labeled DNA Probes

The protocol described by Lanzillo (1990) was followed to prepare digoxigenin
(DIG)-labeled DNA probes by the polymerase chain reaction (PCR) using DIG-11-dUTP
(Boehringer Mannheim, Laval, PQ) in the reaction mixture on a DNA Thermocycler
(Perkin-Elmer Cetus, Branchburg, NJ). The template for preparing APC probe was a 1.2
kb fragment purified from a BamHI restriction enzyme digest of the ZMB3-1058 plasmid.
A 0.43 kb DIG-labeled human protein C probe was generated. In a similar procedure, a
0.52 kb t-PA DNA probe was prepared using a template of 1.9 kb fragment purified from a

BgllI restriction digested pSL-11 plasmid.
2.3.2 Estimation of cDNA Copy Number

Genomic DNA from cultured mammalian cells was isolated using a standard
phenol/chloroform purification procedure (Strauss, 1987) followed by RNase treatment.
For APC producing BHK cells, the plasmid pNUT-1058 standard and the genomic DNA
samples were digested with restriction enzyme Pst#l. For t-PA producing CHO cells, cells
containing pCV14 plasmid (SI9-12 and SI9-24) were digested with BamHI, whereas cells
containing pSL-11 plasmid were digested with Bg/Il. Restrict digested genomic DNA as
well as plasmid standards were subjected to Southern blot an_alysis (Southern, 1975) which

DNA was resolved on a 0.8% w/v agarose'gel then transferred to a positively charged
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nylon membrane (Boehringer Mannheim, Laval, PQ). After hybridization and blocking,
the hybridized DIG-labeled probe was detected using the DIG Luminescent Detection Kit
(Boehringer Mannheim, Laval, PQ), which contained an alkaline phosphatase conjugated
anti-DIG antibody and the chemiluminescent substrate LumiPPD (Boehringer Mannheim,
Laval, PQ). Luminescent bands were documented by exposure to Hyperfilm-ECL and
analyzed with a Fast Scan Computing densitometer (Molecular Dynamics, Sunnyvale,
CA). A standard curve of peak area as a function of plasmid DNA loaded was generated
(i.e. as in Figure 2.4). The cDNA copy number of the individual clones was calculated

using:

S .
[cDNA] _ Moy Og 1-copy @2.1)
m S, plasmid

g

where m_,,, is the amount of plasmid DNA estimated based on the values interpolated
from the standard curve, m, is the amount of genomic DNA loaded in the gel, S, is the
molecular size of the mammalian genome (5.6 x 106 kb/ cell) and S , 1s the molecular size

of the plasmid (7 kb/plasmid for APC and 6.6 kb/plasmid for t-PA).
2.3.3 Cytogenetic Analysis
The chromosomal integration of t-PA ¢cDNA was analyzed by fluorescence in-situ

hybridization (FISH). Cultured cells were arrested in the metaphase by incubation in 0.3

pg/mL of Colcemid (Boehringer Mannheim, Laval, PQ) for 2 h, then the cells were
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FIGURE 2.4 A representative DNA standard curve. Restriction enzyme Pstl digested
pNUT-1058 vector was serial diluted from 5 to 300 pg and resolved by Southern blot analysis
to serve as the standards for cDNA copy number estimation. The optical density (O.D.) of
each DNA band was quantified by a laser densitometer, and the integral peak area was plotted
to generate the standard curve.




swollen in 0.075 M KCI for 10 min and fixed in freshly prepared fixative solution (3:1 of
methanol : acetic acid) as in the protocols described by Kaufman et al. (1985) and Pinkel
et al. (1986). After centrifugation at 400 xg for 10 min and re-suépending the cell pellet in
200 pL fixative solution, the slides carrying metaphase cells were prepared by dropping 50
uL of cell suspension onto the slides then air-drying them. The slides were first incubated
in 60 mL of 2xSSC in a coplin jar at 37°C for 30 min, then dehydrated consecutively in
70%, 90% and 100% v/v ethanol at room temperature for 3 min each. After air-drying, 75

pL of RNAase (100 pg/mL in 2xSSC) was added onto each slide and covered with a
plastic coverslip (Oncor, Gaithersburg, MD) then incubated at 37°C for 1 h. The '
chromosomal DNA was denatured by placing the slides in 70% v/v formamide at 73°C for

2 min, followed by immersing the slides in 70% v/v ethanol at -20°C for 10 min then
dehydrated and air-dried. [In-situ hybridization was carried out following a modified
protocol of Pinkel et al. (1986). The DIG-labeled t-PA DNA probe used for FISH was
purified (GeneClean, BIO 101, La Jolla, CA) after polymerase chain reaction. The in-situ

hybridization was carried out by incubating the DIG-labeled t-PA probe with the slides
carrying metaphase cells at 95°C for 10 min, then cooled to ice and finally incubated at

42°C for 16 h (Hybaid OmniGene thermocycler, Interscience, Markham, ON). The
hybridized slides were then washed and detected by the FITC-labeled anti-digoxigenin
detection kit (Oncor, Gaithersburg, MD). After counterstaining with propidium iodide, the

slides were evaluated using an epi-fluorescence microscope (Photomicroscope II, Carl

Zeiss, Don Mills, ON).




2.3.4 Estimation of mRNA Level and Half-lives

Total cellular RNA was isolated based on the protocol described by Cﬁomczynski
and Sacchi (1987). The purified RNA was quantified by optical absorbance then analyzed
by Northern hybridization (Maniatis et al., 1982). In the case of APC study, 2.5 pg of
RNA for each clone was loaded onto a 1.2% w/v agarose gel containing formaldehyde.

After gel electrophoresis, resolved RNAs were transferred onto a positively-charged nylon

membrane (Boehringer Mannheim, Laval, PQ) followed by hybridization with DNA

probes in 50% v/v formamide at 50°C overnight. The luminescent bands were visualized
by exposure to Hyperﬁlm-ECL (Amsham, Oakville, ON) and analyzed with a laser
densitometer (Molecular Dynamics, Sunnyvale, CA). The mRNA levels of the

housekeeping gene, B-actin, were used to normalize the APC mRNA data.

The t-PA mRNA level was analyzed in a similar way with a loading of 5 ug RNA
per clone onto the 1.2% v/v formaldehyde contained agarose gel. The mRNA levels of the
housekeeping gene, B-actin, were also used to normalize the t-PA mRNA data.

To determine t-PA mRNA half-life, clones were cultured in Petri dishes for 72 h.
Actinomycin D (Boehringer Mannheim, Laval, PQ) was adaed to a final concentration of
5 pg/mL to inhibit RNA transcription. Cells were harvested every 2 h up to 10 h.
Northern blot hybridization and densitometry were performed to quantify the mRNA

levels.
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CHAPTER 3

KINETIC MODEL OF MAMMALIAN RECOMBINANT PROTEIN
PRODUCTION

A mechanistic model of protein synthesis and secretion will provide a mathematical
framework for our analysis of possible intracellular limiting factors to protein expression
(Figure 3.1). A model similar to the one described by Bibila and Flickinger (1992) for
hybridoma antibody production can be readily adapted to mammalian cell recombinant
protein production:

d[LzNﬂ = k,[cDNA] -k, [mRNA]— u[mRNA] 3.1
where [mRNA] is the intracellular recombinant protein mRNA concentration (mRNA

transcripts/cell), ¢ is time (h), k, is the cDNA transcription rate (mRNA/cDNA/h),

[cDNA] is the cellular cDNA copy number (cDNA copies/cell), k,, is the mRNA turnover

rate (h'!) and u is the cell specific growth rate (h-1).

After translation, newly synthesized proteins are processed in the endoplasmic
reticulum and Golgi before being secreted into the culture medium. A mass balance of the
intracellular and secreted recombinant proteins obtains:

alr]

=% = ky[mRNA] = k[ 2]~ k[P~ u(P] (32)

i ! i

where [P]is the intracellular concentration of recombinant protein (pg/cell), k, is the

translation rate (pg protein/mRNA/h), k. is the secretion rate (h'l), and k, is the
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Figure 3.1 The intracellular factors and kinetic constants in mammalian recombinant protein
production.
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intracellular protein degradation rate (h™!).

_LdR]_

Finally, q, = T

ks[P] (3.3)
where ¢, is the cell specific recombinant protein production rate (pg protein/cell’h), [F,]

is the secreted recombinant protein concentration (pg/L), and X is the cell concentration

(cells/L) in the culture. It is important to note that the secretion rate, & (h1), is different
from the cell specific production rate, g, , (pg/cell-day). The secretion rate kg is identical
to the secretion efficiency defined by Schroder and Friedl (1997).

In exponential growth phase, the cells are in quasi-steady-state balanced growth (as

shown in Sections 4.2.8 and 6.2.7), the time derivatives in Equations 3.1 and 3.2 would be

zero. Equation 3.1 provides an algebraic relation between kinetic constants and the ratio

of mRNA and cDNA,
[mRNA] __kp (3.4)
[cDNA] k,+u
and the transcription efficiency £, can be defined as:
mRNA
_ mRNA] (3.5)
[cDNA]

Similarly, the relation between the intracellular recombinant protein and mRNA

level can be derived from Equation 3.2,

(Bl _ ke

(3.6)

[MRNA] kg +k, + p




Equations (3.4) and (3.6) will allow us to estimate relative transcription (k,) and
translation rates (k,) from other data. Similarly to Equation (3.5), the secretion

efficiency &, can be defined as:

__ 7]
" [mRNA]

(3.7)

The relationship between cell specific recombinant protein production rate and
intracellular factors can be simplified as:

q, = k[P] = k&,[mRNA] = k&, [cDNA] (3.8)
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CHAPTER 4

TRANSCRIPTIONAL AND SECRETORY LIMITATIONS TO THE
PRODUCTION OF RECOMBINANT ACTIVATED PROTEIN C BY
BABY HAMSTER KIDNEY CELLS

4.1 INTRODUCTION

To investigate the limitation in APC production by BHK cells, the relationship
between the gene dosage, i.e. cDNA copy number and mRNA level, and APC production
rate by BHK cells was analyzed. ¢DNA copy number as well as mRNA level is usually
the target for improving protein production rate in low producing recombinant mammalian
cells, as reviewed in Chapter 1. To analyze the effects of cDNA copy number on the
production rate and post-translational processing of APC, clones with multiple cDNA
copies and various APC production rates were required. Transfection and MTX selection
were performed to obtain BHK cells with a wide range of APC cDNA copy numbers. The
rationale for using BHK cells is because they have been reported to synthesize a greater
proportion of y-carboxylated vitamin K-dependent proteins than CHO cells (Yan et al.,
1990). The influence of various cell specific APC production rates on APC
y-carboxylation was also investigated. Quantitative analysis of intracellular APC and APC
mRNA levels were performed to study the limitations to recombinant APC production. In

addition, the impact of increased APC mRNA levels on protein secretion and production




rate was investigated using sodium butyrate treatment and re-transfection. Finally, APC

mRNA levels and APC production were studied in batch cultures.

4.2 RESULTS

4.2.1 Molecular Cloning of APC Producing BHK Cells

A series of transfections were performed by varying the concentration of vector
DNA and the selection conditions to generate clones prdducing different levels of APC
(Guarna et al., 1995). APC production varied widely between the different clones with a
range of production rate from 0.034 to 1.1 pg/109cells-day. For the collection of clones
tested, a higher average of APC production was obtained from clones derived from

transfection with the highest dose of vector DNA (20 pg/10¢cells) (Guarna et al., 1995).

4.2.2 Relationship between cDNA Copy Number and APC Production

Figure 4.1 shows a Southern blot of the plasmid used as standard and genomic DNA
digested with the restriction enzymes Pstl and Kpnl. Scanning densitometer analysis of
the 0.85 Kb band generated by Ps¢I digestion was used to estimate the number of cDNA
copies in the BHK clones. Analysis of genomic DNA samples digested with Kpnl, which

cleaves only once within the vector, was used to investigate whether the integration
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Figure 4.1 Representative Southern blot analysis. Two gels run in parallel were blotted to one
membrane which was hybridized with a DIG-labeled PC probe and processed as described in
Chapter 2. (A) Standard (vector) DNA digested with PstI was loaded in lanes 1 to 8 in increasing
amounts (1, 5, 10, 25, 50, 75, 150, and 300 pg). Vector digested with Kpnl (lane 9) and uncut
vector (lane 9) were also analyzed. (B) Analysis of genomic DNA samples (1.5 pg) from a clone
transfected with the pNUT vector (no insert) after digestion with Ps¢I (lane 1) and Kpnl (lane 13)
and genomic DNA samples (1.5 pg) from clones A-26, A-15, A-27a, A-21, A-20, and A-8 (left to
right) as described in Figure 2.2 after digestion with Ps#I (lane 2 to 7) and clones A-20, A-26, A-8,
A-15, and A-27a (left to right) after digestion with Kpnl (lanes 8 to 12). .
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occurred in tandem repeats. The appearance of a full length (7 kb) predominant fragment
upon Kpnl digestion indicates that the majority of the integrations occurred in a tandem
head-to-tail fashion (Figure 4.1B).

The APC production as a function of cDNA copy number is shown in Figure 4.2.
The protein production rates were analyzed during exponential growth to minimize the
effects of nutrient limitations or accumulation of toxic metabolites. For instance, on
average the glucose concentration decreased only from 3.0 to 1.5 g/L. The APC
production rate per cell increased with copy number up to 240 and then decreased (Figure
4.2). Similar bell-shaped patterns were obtained both when the APC production was
expressed as APC secreted per glucose utilized and as the rate of APC production per cell.
The results expressed in terms of mg APC secreted per g of glucose ;:onelated with the
rate of APC produced per 106 cells per day (r - 0.95). This correlation indicated that APC
production rate could be estimated based on APC seéreted per g glucose consumption,
which could be useful for the analysis of APC production rate with Iiarge sample numbers.

The nonlinear relation between production and cDNA indicated that the rate of -

APC production per copy (The product of k,&,€, in Equation 3.8) was not constant.

Instead, the protein production rate per cDNA copy increased for up to 240 copies per cell
and then decreased at higher copy numbers (Figure 4.3). At high cDNA copy numbers,
not only the APC production rate per cDNA copy but also the production rate per cell

decreased (Figures 4.2 and 4.3).
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Figure 4.2 Production of total APC by BHK cells with a range of recombinant cDNA copy
numbers. APC production was expressed as APC produced per glucose utilized by the culture
(A) and as the rate of APC production per cell (B). Gaussian curves were fit to both sets of
data. In order of increasing cDNA, closed circles represent clones A-21, A-12, A-14, A-15, A-
20, A-27, A-8, and A-26 from the first transfection series. Open diamonds represent the two
highest producing clonies from a second transfection and open squares represent clone A-27
after additional MTX amplification. ' ;
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Figure 4.3 Total APC production rate per cDNA copy. Clones from the first transfection series
(closed circles) and clones from a second transfection (open diamonds) and clone A-27 after
additional MTX amplification (open squares) were analyzed.
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4.2.3 Intracellular APC Retention Time in BHK Cells

To further investigate the variations in the rate of APC production per cDNA copy,
pulse-chase experiinents were performed to analyze the secretion status of two clones,
A-26 and A-27, which had distinct production rates per copy (0.58 vs. 2.6 fg
protein/day-copy, respectively, Figure 4.3). After a pulse with 35S-methionine and
followed by 3 h of chase, A-26 and A-27 secreted, respectively, approximately 22% and
27% of labeled APC into the medium (Figure 4.4). The secretion rates were estimated as

approximately k;=0.11 and ky= 0.13 h-l for A-26 and A-27, respectively. The average

retention half-life for these two clones was 5.8 + 0.7 h. Only a small portion of the newly

synthesized APC was degraded within 3 h (1~2%), at a protein degradation rate of k, =

0.004 + 0.004 h-1.
4.2.4 Dependence of APC y-carboxylation on Production Rate

To determine if the post-translational y-carboxylation of APC was influenced by the
production rate, we developed an ELISA based on a monoclonal antibody specific for
y-carboxylated protein C (PCG-1). Total APC was measured by an ELISA based on an
antibody insensitive to the degree of carboxylation (PCH-1). Thus, by comparison of

these results, we estimated the proportion of y-carboxylated APC (Figure 4.5). Although

APC produced by BHK cells was not fully y-carboxylated at any of the expression levels,




Time(h): 0 3 3 0 3 3

A

C M C C M C
Clone A-27  Clone A-26

Chase Clone Clone |
Time (h) Location A-27 A-26

0 Cell extract 100% 100%
3 Cell extract 72% 68%
3 Medium 27% 22%

Figure 4.4 Pulse-chase analysis of APC secretion. Two APC producing clones were pulsed
with 35S-methionine then chased with unlabeled methionine for 0~3 h. Intracellular and
secreted APC on a 10% SDS-acrylamide gel are shown in (A). (B) Summary of the quantitated
results of intracellular and secreted APC from (A). The two clones analyzed by pulse-chase are
clones A-26 and A-27, which had APC production rates of 0.26 and 0.45 ug/106cells-day, and
c¢DNA copy numbers of 440 and 170, respectively.
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Figure 4.5 Percentage of fully y-carboxylated activated protein C produced by individual
clones with increasing APC production rates. The percentage of fully y-carboxylated APC was
estimated by ELISA using antibodies specific to total protein C and to y-carboxylated protein
C. Clones from the first transfection series (closed circles) and clones from a second
transfection (open diamonds) and clone A-27 after additional MTX amplification (open
squares) were analyzed.
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the proportion of APC that was y-carboxylated decreased from 19% to 6% as the specific

APC production increased from 0.06 to 1. 1 pg APC/106 cells-day.

4.2.5 Relation between mRNA Levels and APC Production Rates

The mRNA levels of the transfected clones were analyzed in exponential growth by
Northern blot analysis (Figure 4.6). The B-actin mRNA levels were used to normalize the
APC mRNA data to minimize‘ the deviations due to variable mRNA recovery. A
proportional increase of cell specific APC production rate with increasing clonal APC
mRNA level was observed (Figure 4.7A). This linear relationship (r - 0.94) indicated that
the mRNA levels limited the APC production rates. A non-liﬁear bell-shape relationship
between APC mRNA level and cDNA copy number was also observed which indicated
the clonal transcription efficiencies per APC ¢cDNA copy varied in these clones (Figure

4.7B).

4.2.6 Induction of APC mRNA Levels and APC Production Rates by Sodium

Butyrate

If APC mRNA level limits APC production rates then increasing APC mRNA levels
should increase APC production rates. Two strategies were employed to increase APC
mRNA transcripts (Figure 2.2 in Chapter 2). Sodium butyrate treatment was the first
strategy to increase the transcriptional activity of APC cDNA transiently and consequently

" increase the APC mRNA levels (Figure 4.8). The cell growth was reduced 30 to 40% by
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FIGURE 4.6 Representative Northern blot analysis. 2.5 ug of RNA was loaded onto each of
two 1.2% agarose gels which were run in parallel and hybridized with DIG labeled APC and
B-actin probes, respectively. (A) Analysis of RNA samples from a clone transfected with
pNUT vector (no APC insert) (lane 1) and APC producing clones A-15, A-14, A-20, A-8, A-
27, A-27a, A-26, A-21, A-12 and A-27b (lane 2 to 11). All these clones were from the first
transfection series except A-27a and A-27b, which were amplified clones from A-27. The gel
was hybridized with a DIG-labeled APC DNA probe. (B) The same RNA samples with the
same amount of loading as in (A), but the gel was hybridized with DIG-labeled B-actin DNA
probe.
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FIGURE 4.7 (A) APC secretion rates of the BHK clones with increasing APC mRNA level.
Open squares represent clones A-21, A-12, A-26, A-14, A-20, A-15, A-8, B-1, A-27, A-27a, A-
27b and B2 (in orders of increasing relative mRNA level). Linear fit to the data (r - 0.94) with
95% confidence is shown. (B) Relationship between relative APC mRNA level and cDNA copy
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number in the original transfected or amplified BHK clones.
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FIGURE 4.8 Northern blot analysis of sodium butyrate treated clones. 2.5 pg of RNA samples
extracted from clones without () or with (+) 5 mM sodium butyrate treatment were applied on
two gels and run in parallel. (A) gel hybridized with DIG-labeled APC probe with RNA
samples from clones A-27b (lane 1,2), B-2 (lane 3,4), A-15 (lane 5,6), A-8 (lane 7,8) and A-
27a (lane 9,10). (B) gel loaded with the same amount of samples as in (A) but hybridized with
DIG-labeled B-actin probe.
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sodium butyrate (Table 4.1) as previously reported for cultured myoblast cells (Leibovitch
and Kruh, 1979). The mRNA level of the housekeeping gene, p-actin (Figure 4.7), was
not affected by sodium butyrate treatment, whereas the APC mRNA levels increased
approximately 2 to 6-fold in five treated clones (Table 4.1). This specific induction of a
heterologous gene by sodium butyrate without induction of a housekeeping gene was
consistent with the report by Dorner et al. (1989). In general, the addition of sodium
butyrate treatment increased APC production rates with increasing APC mRNA levels up
to 2.7 pg/106cells-day. However, for the high producing clones (A-27b and B-2), despite
the 2-fold higher APC mRNA levels achieved by sodium butyrate induction than any other
clones, the APC production rate was not increased correspondingly (Table 4.1). A
limitation downstream from mRNA appeared to be reached at the highest mRNA levels

(Figure 4.9A).

4.2.7 Increased APC mRNA Levels and APC Production Rates by Re-transfection

The second strategy to increase intracellular APC mRNA levels was re-transfection
of the APC producing clone 27-4 (Figure 2.2 in Chapter 2). This clone was the highest
expressing clone recovered from the transfection series with ZMB3-1058 vector and had
been selected in a low methotrexate concentration (40 nM). By re-transfecting 27-4 cells
with the pNUT-1058 vector containing a mutant 'DHFR.gene‘,ythe resulting clones could
then be re-selected at 0.50 mM MTX. The ¢cDNA copy numbers and the mRNA levels of
13 re-transfected clones were analyzed by Southern and Northern blot analysis. Most of
the re-transfected clones produced higher APC mRNA levels than the parental 27-4 cells

and when combined with the mRNA résults from the original transfected clones (Figure
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FIGURE 4.9 (A) Relationship between APC mRNA level and APC secretion rates in sodium
butyrate treated clones (Table 4.1). The open triangles represent the 5 analyzed clones without
sodium butyrate treatment. The solid squares represent the same clones with sodium butyrate
treatment. (B) Secretion of APC by the original transfected clones, clone 27-4 and the re-
transfected clones at various APC mRNA levels. The original transfected and ampliﬁe(f clones
are presented as open squares. The open circle represents clone 27-4 and the solid squares
represent the new clones from re-transfection of clone 27-4 with pNUT-1058 vector. The re-
transfected clones were named LD1 to LD13 in the sequence of relative APC mRNA levels from
low to high.
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49B), a linear relationship was observed between APC production rate and relative
mRNA up to 2.2 ug/106cells-day. An apparent saturation in APC production rates was
reached for the 2 clones with the greatest APC mRNA levels (Figure 4.9B). The re-
transfected clones also contained higher APC ¢cDNA copy numbers than the parental clone

27-4 (Figure 4.10), although there was no clear correlation between production rates and

cDNA level.

The possible saturation in APC production was investigated by measuring the
intracellular APC content of 8 original or re-transfected clones. These 8 clones had a
range of intracellular APC contents from 0.8 to 1.5 pg/cell which were linearly correlated
with the relative APC mRNA levels (Figure 4.11A). The cell specific APC production
rates increased with increasing intracellular APC concentrations reaching a maximum at
an intracellular APC content of approximately 0.8 pg/cell (Figure 4.11B). These results
demonstrate an apparent saturation in the APC secretory pathway since increases in the
intracellular APC concentrations up to 1.5 pg/cell did not yield increased APC production
rates. The secretion rate could also calculated from Figure 4.11B using Equation (3.3) as

ks=0.11 £0.007 h-!.

The growth rates of the original clones and the re-transfected clones were also
investigated. An inverse correlation was observed between cell growth rates and APC
production rates (r - 0.93) (Figure 4.12), the clones with highef APC production rates had

lower growth rates.
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FIGURE 4.10 Relation between APC ¢cDNA copy number and relative mRNA level in re-
transfected clones (open squares). The parental cell clone 27-4 (solid circle) is also presented
for comparison.
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FIGURE 4.12 Relationship between cell specific growth rate and specific APC production rate
in all APC producing clones. The original transfected/amplified clones are shown as the open
squares. The open circle and the solid squares represent clone 27-4 and the re-transfected
clones, respectively.
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4.2.8 APC Production in Batch Culture

All of the studies described in previous sections were performed using the
exponentially growing cells to reach the quasi-steady state. To investigate the relationship
between mRNA level and APC production rate in cell gromh phases beside exponential
growth, a batch culture in T75 flasks with the cell line 27-4 was performed. The cells
grew exponentially for 120 h, followed by a stationary phase from approximately 140 to
190 h, then the cell numbérs declined (Figure 4.13A). The percentage dissolved oxygen
saturation (%p0O,) levels and the pH values of the culture declined from 18.5 % and pH
7.1 at inoculation, to 14.6 % and 6.7 during the stationary phase (Figure 4.1-3B). During
the decline phase, the pO, levels recovered while the pH decreased to 6.5. The glucose
concentrations declined rapidly during the exponential phase, ultimately leveling at 3 mM
in the decline phase (Figure 4.13C). The lactate concentrations increased during the

culture reaching a plateau at approximately 22 mM.

The levels of total RNA, APC mRNA and B-actin mRNA were relatively stable
duﬁng the lag and exponential growth periods, but rapidly declined once the cells reached
the stationary phase and stabilized at a much lower level in the decline phase (Figure
4.14A). The APC concentration produced during the batch culture increased with
increasing cell numbers to a maximum in the stationary phase at 5.5 mg/L (Figure 4.14B).
As the viable cell number declined, the APC concentrations detected by ELISA decreased
to 4 mg/mL by the end of the batch. During the growth phase, while APC concentration
increased, the proportion of y-carboxylated APC decreased and reached a lower percentage

(approximately 8% y-carboxylation) when the APC concentration was at its maXimum_ :
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(Figure 4.14B). Interestingly, the ratio of y-carboxylated APC increased when APC level

decreased in the decline phase.

The cell specific APC mRNA levels were stable during exponential growth, which
demonstrated that the cells were close to steady-state. Cell specific APC mRNA levels
declined sharply when cells reached the stationary phase and finally were reduced to a very
low level in the decline phasé (Figure 4.15). Cell specific APC production rates were
closely correlated to the cell specific mRNA levels through the exponential and stationary
phases. Although Iow levels of APC mRNA were detected during the decline phase, no
apparent APC production was measured (Figure 4.15). These results indicate that APC
mRNA levels limited the rates of APC production at least during the exponential and

stationary phases in the batch culture.

4.3 DISCUSSION

The effect of ¢cDNA copy number on the production and post-translational
modification of recombinant APC was quantitatively determined. At low ¢cDNA copy
number, there was an appafent cooperative effect of increasing cDNA dosage on APC
production per copy (Figure 4.3). The cell specific APC production rate increased ~35

fold while the cDNA copies per cell only increased from 50 to 240. Thus, APC

production per copy increased by 7 fold over this range. Since the term £,&, in Equation

(3.8) is a constant in this production range, this non-constant rate of APC production per

cDNA copy is likely due to the variations in transcription rate (k) or mRNA turn-over




rate (k, ). An increase of protein production per cDNA copy can also be calculated from

the data reported by Pendse et al. (1992). who studied MTX amplified CHO cells
producing HbsAg and by Gentry et al. (1987), who studied CHO cells producing
transforming growth factor beta. Pendse et al. (1992) argued that the high HbsAg mRNA
level observed in the highest expressing clone was due to integration of the amplified
HbsAg gene in a transcriptionally active chromosomél position. However, we observed a
consistent pattern of increasing protein production per cDNA copy in eight independent
clones. This consistency of results from independent clones derived from separate
experiments argues strongly for an effect of ¢cDNA copy number in this system, not
markedly influenced by the inevitable random events associated with transfection and
integration of DNA.

The increasing production of APC per cDNA copy observed below about 250 copies
of cDNA/cell (Figure 4.2) could be explained by the influence of heterochromatin on the
transcription of APC cDNA which is integrated primarily as tandem repeats.
Heterochromatin can inhibit the transcriptional activity of genes integrated within several
hundred kilobase pairs of the heterochromatin euchromatin junction (Wilson et al., 1990).
For higher cDNA copy numbers, integrating in tandem as we observed, a greater
proportion of c¢cDNA would be located away from the negative influence of
heterochromatin.

Despite the efforts to increase cDNA copy numbers, the maximum APC production
reached was only 2.2 nug/106cells-day (Figure 4.9B). Processing of the glycosyl core was
reported to be rate limiting for the secretion of protein C by a 293 cell 1jne (McClure et al.,

1992). Howéver, the saturation of a step in the secretion pathway would not directly
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explain the decline in the cell specific production rates at higher cDNA copy numbers
(Figure 4.3). At higher expression rates, intracellular degradation could be responsible for
the reduced secretion (Pendse et al., 1992). However, pulse-chase experiments of APC
production indicated that clones with low or high copy number had similar secretion rates
and low intracellular protein degradation. The average retention half-life of APC in BHK
cells was approximately 6 h, which was longer than the 2 h half-life reported by McClure
et al. (1992) for their protein C production By 293 cells. This retention time variation is at
least partially responsible for the production rate difference (maximum 25 pg/106cells-day
in 293 cells versus maximum 2.2 pg/106cells-day in BHK cells) as cell specific protein
production rate (g, ) is directly controlled by protein secretion rate (k) in Equation (3.3).
The retention time difference between.protein C in 293 cells and APC in BHK cells is
probably due to the modified structure of APC.

Cell lines expressing vitamin K-dependent factors, including APC, produce a
mixture of partially and fully y-carboxylated protein (Yan and Grinnell, 1989). Incomplete
y-carboxylation of vitamin K-dependent factors results in partial biological activity (Zhang
et al., 1992; Ratcliffe et al., 1993). It has been argued that y-carboxylase activity is
limiting in these cells and this has been the rationale for cotransfecting y-carboxylase in
recombinant cell linés producing vitamin K-dependent factors. However, overexpression
of y-carboxylase did not increase the carboxylation of factor IX (Rehemtulla et al., 1993).
We have investigated the degree of y-carboxylation for clones expressing from 1.13 to
0.06 pg APC per 106 cell per day (Figure 4.5). For the nearly 20-fold lower production

rates, if y-carboxylase activity were the only limit to APC processing then a corresponding




/

large increase in y-carboxylation might have been expected. Instead, there was only a
3-fold increase in the proportion of fully y-carboxylated APC. This result suggests that
incomplete modification of protein C is due to a more complex combination of factors
than a simple y-carboxylase limitation.

The dependence of recombinant APC production on the increasing mRNA levels
was investigated in 25 transfected, amplified and re-transfected clones (Figure 4.9B).
Analysis of the APC mRNA levels of the original 8 clones revealed a similar relationship
between mRNA level and cDNA copies (Figure 4.7B) as between APC production rates
and cDNA dosage (Figure 4.3). The reduction in APC production rate at higher cDNA
dosage was mainly due to the decline of APC mRNA level rather than to an increased
intracellular recombinant protein degradation rate as has been reported by Pendse et al.
(1992) for HbsAg production. The approximately linear increase in APC production rate
with increasing mRNA level indicated that the mRNA level limited the rates of APC

- production.

Sodium butyrate has a variety of morphological and biochemical effects on cultured
mammalian cells (Prasad and Sinha, 1976; Kruh, 1982). The induction of gene expression
by sodium butyrate has been used to increase protein production in mammalian cells
(Dorner et al., 1989; Palermo et al., 1991; Oh et al., 1993). Although the mechanism of
sodium butyrate induction is not certain, it is believed that the hyperacetylation of the
chromatin structure at the ¢cDNA integration sites may increase recombinant protein
production (Prasad and Sinha, 1976; Boffa et al., 1981; Cuisset et al., 1997). Dorner et al.
(1989) reported mRNA induction by sodium butyrate treatment from 1.5 to 19-fold for a

" number recombinant proteins. In our study, there was a 2- to 6-fold increase in mRNA
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levels for the five APC producing clones treated with 5 mM sodium butyrate. Although
the mRNA level still limited APC production up to 2.7 pg/10%cells-day, further induction
of mRNA levels by sodium butyrate did not increase APC production rates. This could
have been due to saturation in the APC secretion pathway or to the inhibitory effects of
sodium butyrate on the cells and secretory pathway. The létter hypothesis is consistent
with the 18% to 68% decrease in the production rate to mRNA ratio of all the sodium
butyrate treated clones (Table 4.1). Sodium butyrate also inhibited cell growth by 30 to
40% as has been previously reported. Dorner et al. (1989) have reported that the secretion
of factor VIII was severely reduced foilowing sodium butyrate treatment. Increased GRP
levels in factor VIII were believed to be responsible for the decreased secretion.
Nonetheless, there was an indication of secretory pathway saturation at approximately

2.7 ng/100c¢ells-day for butyrate treated cells (Figure 4.9A).

Similar saturation results were observed in the re-transfected clones (Figure 4.9B).
The APC production rate was limited by mRNA level up to approximately
2.2 ug/106cell-day, then an apparent saturation was reached at higher APC mRNA levels
where there was no further increase in APC production. The additional expression of APC
mRNA levels in the re-transfected clones is probably due to the increas.e of pNUT-1058
insertion, although there might also have been some amplification of the initial insert,
ZMB3-1058. The linear correlation between intracellular APC content and mRNA levels
(Figure 4.11A) revealed that the intracellular APC levels were proportionally increased
with increasing mRNA. However, above 0.8 pg/cell, increased intracellular APC levels

did not yield increased APC production rates, apparently due to saturation of the secretory

pathway (Figure 4.11B).




Table 4.2 The intracellular kinetic parameters of recombinant APC production by BHK cells.
The parameters presented in the table are k,,: transcription rate, &k, : mRNA turnover rate,

p: cell growth rate, &,: transcription efficiency, k,: translation rate, k: secretion rate,
which two values are reported in the table as (a) data obtained from intracellular t-PA content
and APC production rate, and (b) data from pulse-chase analysis, k,: intracellular protein
degradation rate, and &, : translation efficiency. NA: not available. The sample nurnber

indicates the number of clones analyzed to generate the results.
*In the range of secretory pathway saturation, and **assuming the cells are still at quasi-
steady-state without intracellular APC accumulation.

Parameter Value + SD Sample number Units |
k, NA NA range of ngRNA/éDNA-h
k, NA NA hel
w 0.008 ~ 0.04 26 h!
& 0.002~0.1 26 range of mRNA/cDNA
k, 0.005 + 0.001 8 pg APC/mRNA-h
kg 0.11+0.007 (a) 6 he!
0.12+0.01  (b) 2 h-l
0.05* 3 h-1
k, 0.004 + 0.004 2 h-!
0.04 ~ 0.05%* 3 h-!

£, 0.04 £ 0.01 8 pg APC/mRNA




The secretion rate (kg ) was estimated independently in both pulse-chase experiments

and intracellular APC content analysis, with the average values of 0.12 + 0.01 and 0.11 +
0.007 h-1, respectively (Table 4.2). These similar results indicate that the measurement of
intracellular APC concentration and APC production rate may be an easier approach to

accurately estimate the secretion rate of mammalian cells.

The substantial drop in the cell growth rates as APC production increased
(Figure 4.12) revealed significant negative consequences from amplified production of this
recombinant protein. It is not expected that APC production represents a ‘signiﬁcant
overall metabolic burden for the cells (Gu et al., 1996) since even the maximal APC
production rates were less than 1% of total cellular protein production. Also, it is unlikely
that the low growth rate is a consequence of expressing an active protease since higher
production rates of the protein C zymogen have not been obtained using the same
expression system. The negative effect of APC production on the growth rate may be an
indirect consequence of APC filling the .secretory pathway capacity of cells. Several
intracellular factors in the ER may be limiting at high APC production rates. For instance,
saturation of the glycosylation system inside the ER could cause incomplete N-linked
glycosylation of APC at amino acid position 97. Incomplete glycosylation reduces protein
C secretion by 70-75% in 293 cells (Grinnell et al., 1991). The reduction in secretion may
also be due to the binding of improperly folded proteins to GRP78, which in turn can

cause the retention of the proteins inside the ER until they are re-folded or transported for

proteolytic degradation (Dorner et al., 1987, 1988).




When the APC production was saturated at higher mRNA levels, according to
Equation 3.2, the excess intracellular APC either caused intracellular accumulation as
d[P]

i

7> 0 and/or there was an increase in the intracellular degradation rate k, (Table 4.2).

An accumulation inside the cells would result in dilation of the ER, which has been
observed for the secretion of factor VIII by CHO cells (Dorner et al., 1989). In other
cases, cells have responded by increased protein degradation rates (e.g. HbsAg, Pendse et
al., 1992)

The results reported in this chapter underline the importance of selec:ting
appropriate strategies to amplify mammalian cell recombinant production. For example,
efforts to increase the cDNA copy number or the mRNA levels (by increasing k,, or
reducing &, ) would be appropriate for_ clones with a non-saturated secretory pathway. On
the other hand, it could be useful to increase levels of secretory processing proteing such as
PDI or to reduce the levels of GRP 78 (Tuite and Freeman, 1994) to increase the

production rate (g, ) in clones not limited by mRNA levels.

The batch culture results revealed a growth related APC production profile. During
the exponential growth phase, the cell specific mRNA levels remained high and
consequently, the production rates of APC were relatively high. Entry into the stationary
phase was correlated with a decrease in the mRNA for B-actin and recombinant APC as
well as total RNA (likely due to the decrease in the major extractable component, rRNA).
A similar total RNA decrease was reported by Dalili and Ollis (1990) in the analysis of a
batch hybridoma cell culture by flow cytometry. The rapid decrease in the APC mRNA

‘(decreased /[mRNA]) and cellular rRNA (decreased k,) explain the rapid. decrease in the

92




APC production rate as the cells entered the stationary phase. The change in the RNA
levels between the exponential and stationary phases underlined the importance of

consistently using exponentially growing cells for our studies comparing different clones.

Since incomplete y-carboxylation reduces APC anticoagulant activity (Zhang et al.,
1992), it is essential to monitor APC y-carboxylation as well as maximize the amount of
APC produced. The quality of the APC varied during the batch culture as the ratio of
y-carboxylated APC decreased from 22% in the early exponential phase to 8% in the
stationary phase (Figure 4.14B). Changes in recombinant protein quality have also been
reported by Curling et al. (1990) for y-interferon production where the non-glycosylatgd
y-interferon increased 30% during 195 h in a batch culture and by Sugiura and Maruyama
(1992) who reported 46% less y-carboxylated protein C in a larger culture (2 L vs. 125

mL).

In conclusion, the analysis of APC production in mahy clones as well as in batch
culture suggested that at most lower expression rates the mRNA levels limited APC
production, indicating transcriptional rather than secretory pathway limitations (Pendse et
al., 1992; Schroder and Friedl, 1997). Treatment with sodium butyrate or re-transfection
did yield clones with decreased APC production rate per mRNA. Analysis of the
intracellular APC content suggested that this decrease was due to secretory pathway

limitations.
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CHAPTER 5

LIMITATIONS TO THE AMPLIFICATION AND STABILITY OF
HUMAN TISSUE-TYPE PLASMINOGEN ACTIVATOR
EXPRESSION BY CHINESE HAMSTER OVARY CELLS

5.1 INTRODUCTION

Although gene amplification has been widely studied, only a few reports attempted
to address the production stability after amplification, and in even fewer cases, to define
, the maximum stable protein production rates that could be achieved by amplification.
With the aim to understand these two issues, t-PA production was chosen in this study
since it allows comparison of our results with those obtained by several other groups.
CHO cell growth rates and cell specific t-PA production rates were closely monitored
during stepwise amplification and subcloning in increasing MTX concentrations. These
approaches were to analyze the amplification kinetics and to investigate the limitations to
the maximum t-PA production rate that could be achieved in the presence of selective
pressure. Moreover, stability of t-PA expression without MTX selection was also studied
in serum-containing and serum-free cell cultures, and subcloning in different culture
conditions was performed in an attempt to acquire high and stable t-PA pfoducing clones.
Taken together, these investigations provided the rationale for developing a bulk
amplification strategy to shorten the usually tedious and labor-intensive amplification
work, and finally leading to selection of a reasonably high and stable clone for

recombinant protein production.
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5.2 RESULTS
5.2.1 Amplification of CHO Cell t-PA production

The MTX amplification of three out of the four initial clones increased their cell
specific t-PA production by 5- to 17-fold, from the basal levels of 500 and 600
U/106cells-day to 2,600 and 10,600 U/lOfcells-day, respectively (SI12-5 and SI9-24 in
Figure 5.1), while the cell specific t-PA production rates of the fourth (SI12-7) decreased
4-fold from 1,500 to 400 U/106cells-day. A replibéte amplification of the SI12-5 clone
was performed with a more detailed analysis of the cell growth and t-PA production rate.
A high growth rate was maintained during the selection in 0.04 pM MTX, but this
decreased dramatically after transfer to 0.2 pM MTX (Figure 5.2). The decrease and
variability in cell growth rates indicated significant selection pressure. After each
subsequent MTX concentration increase, the cell specific growth rates declined sharply as
the cells adapted to the new level of selection. The criterion for transferring the cells to a
5-fold higher MTX concentration was that their growth rates had recovered to 0.02 h'! or
above. The amplified population growth rate usually recovered within 10 to 20 days
(Figure 5.2).

Aé the MTX concentration was increased, the cell specific t-PA production rates of the
cell population increased in a fluctuating pattern gradually for MTX concentration

increases up to 1 pM MTX (Figure 5.3). At 5 uM MTX, a rapid increase in cell specific
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FIGURE 5.1 Four parental t-PA producing cell lines, SI9-11, SI9-24, SI12-5 and SI12-7 were
amplified with increasing MTX concentrations from 0.04 to 5 uM. The culture duration in
each MTX concentration was approximately one month.
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FIGURE 5.2 The specific growth rates during the replicate SI12-5 amplification. The vertical
dashed arrows indicate the times in which MTX levels were increased.




MTX Concentration (uM)

° 00402 1 5 25125625
-'(-6 | : : : : : :
4 E o
S 25
-'8 % ) Y \i O' \ \J
5 9 20
g 2 S o
< S .
o = 8 . & uJNn
o & 10 g g F'% .
= 9 [ w-e™ L=
o T | 8 o) .-
8 st 9 = -
|

2 gl N \./8 Q o)
8 OIF' | v L v | M ] M ¥ v T I | v

0 20 40 60 80 100 120 140 160

Days of MTX Amplification

FIGURE 5.3 The t-PA production rates (solid squares) during the replicate SI12-5
amplification. The vertical dashed arrows indicate the times in which MTX levels were
increased. The bulk amplified cells were subcloned at 0.2, 1, 5 and 125 uM MTX and the
cell specific t-PA production rates of the resulting subclones are shown as the open circles.
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t-PA production rate from 4,000 to 11,000 U/ 106cells-day was obtained. Further
amplification at 25, 125 and 625 uM MTX yielded a bulk population having a t-PA
production rate as high as 15,000 U/10%¢ells-day. However, this higher t-PA production
rate was not stably maintained. The production raté was more unstable at 125 and 625 pM
MTX while no significant additional increase in t‘he t-PA expression was measured.

The average ¢cDNA copy numbers (Figures 5.4A and 5.4B) of the SIl?.-S cell
population increased from 50 copies per cell to 160 copies per cell, when the t-PA
productioﬁ rates reached 11,000 U/100cells-day at 5 uM MTX (Figure 5.3). Interestingly,
the highest cDNA copy number of approximately 400 was observed at 25 pM MTX, but
the cell specific t-PA production rate at this MTX level (maximally 12,000
U/106cells-day) was not significantly higher. At higher MTX concentrations, the average
cDNA copy number declined, ultimately reaching 140 copies per cell at 625 uM MTX.

Limiting dilution of thg cells was used to analyze the heterogeneity of the bulk
amplified populations at 0.2, 1, 5 and 125 uM MTX (Figure 5.3). The clonal distribution
at 0.2 uM MTX showed a range of cell specific t-PA productiprl rates from 1,100 to 4,700
U/100cells-day, with a mean of 2,500 U/ 106cells-day compared to 2,800 U/106cells-day for
the bulk amplified cells at the same MTX level (Table 5.1). "The range of clonal
production rates increased with increasing MTX concentrations up to 5 uM, where t-PA
production rate ranged from 1,600 to 26,000 U/10cell-day. Thus, the bulk amplified cell
populations were highly heterogeneous.

The integration of transfected t-PA cDNA in chromosomes was localized by FISH at

~ three MTX selection levels (Figure 5.5), 1.uM, 125 pM, and 625 uM. The t-PA
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FIGURE 5.4 (A) Southern blot analysis of genomic DNA isolated from SI12-5 cells during the
replicate amplification. DNA loaded in Lane 1: day 0 (no MTX); Lanes 2 and 3: days 15 and 30
(0.2 uM MTX); Lane 4: day 50 (1 uM MTX); Lanes 5 and 6: days 64 and 79 (5 uM MTX); Lane
7: day 93 (25 pM MTX); Lane 8: day 116 (125 uM MTX); Lanes 9 and 10: days 129 and 136
(625 uM MTX). Each lane of the agarose gel (1.2%) was loaded with 2 nug of genomic DNA.
The material was transferred to a membrane and hybridized with a DIG-labeled t-PA DNA probe.
(B) The calculated t-PA ¢cDNA copy numbers during the replicate amplification. The vertical
dashed arrows indicate the times in which MTX levels were increased.
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TABLE 5.1 Cell specific t-PA production rates (A) and cell specific growth rates (B) of the
amplified bulk populations and subclones shown in Figure 5.3.

A
MTX Cell Specific t-PA Production Rates
Concentration (U/106cells-day)
(M)
Bulk Subclones
Amplified Cells ,
Mean Range
0.2 2800 2500 1100 - 4700
1 5800 5300 - 1260-11610
8600 12200 1600 - 26300
125 11800 10700 2700 - 17000
B
MTX :
Concentration Cell Specific Growth Rate (h-1)
(M)
Bulk Subclones
Amplified Cells _
Mean . Range
0.2 0.020 0.019 0.014 - 0.028
1 0.019 0.017 0.008 - 0.023
5 0.018 0.015 0.003 - 0.026

125 0.022 0.023 0.014 - 0.032
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FIGURE 5.5 FISH analysis of the replicate SI12-5 amplification. SI12-5 cells analyzed at
some MTX selection levels as (A) 1 uM (day 64 in Figure 5.3) (B) 125 uM (day 110) and (C)
625 uM (day 145).
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cDNA integrated as small cDNA clusters whose numbers increased with increasing cDNA
copy number up to 3~4 clusters at 125 uM MTX (Figure 5.5B), when the average t-PA
cDNA copy number was close to the maximum (approximately 400 copies). Each cluster
possibly contained more than 100 t-PA c¢cDNA copies as shown in Figure 5.5A
(approximately 250 ¢cDNA copies in 2 clusters), which implying integration in tandem
repeats. All t-PA ¢cDNA clusters localized in chromosomes, no transfected genes were
observed in small circular DNA.

Interestingly, high t-PA producing clones were maintained and recovered from these
bulk amplified populations despite the presence of many low producing cells. The cell
growth rates of the clones were evaluated to assess whether low producing clones would
have higher growth rates. Instead, these rates were randomly distributed over a wide
range, from 0.003 to 0.032 h-1 (Table 5.1), without a correlation between t-PA production
rate and cell growth rate, as illustrated by the values obtained for the 0.2 pM MTX
subclones (Figure 5.6). Overall, the mean t-PA production rate and cell growth rates of

the subclones correlated with the values for the corresponding bulk cell populations (Table

5.1).
5.2.2 Stability of t-PA Production in MTX Amplified Cells

Two clones isolated from the SI9-24 cell bulk amplification at 1 uM MTX (SI9-
24.16 and SI9-24.17) and two isolated at 5 pM MTX (SI9-24.m and SI9-24.r) were

cultured for another 89 days, in the presence or absence of the cloning MTX levels (Figure

5.6). When cultured in MTX, the two lower producers-‘, SI19-24.16 and SI9-24.m, were
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FIGURE 5.6 The cell specific t-PA production rates and cell specific growth rates of the
clonal subpopulations (open squares) obtained from bulk amplified SI12-5 cells. The cells
were selected and cloned at 0.2 pM MTX on day 30. The solid square represents the t-PA
production rate and cell specific growth rate of the bulk population from which the clones
were derived.
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relatively stable. The S19-24.17 and SI9-24.r cells, which both originally produced greater
than 10,000 U/106cells-day, lost 35% and 40% of their t-PA production rates, respectively.
In the absence of MTX, the t-PA production rate of all four clones decreased by more than
60% within the first 50 days, and all tended toward a more stable rate around 1,500
U/106cells-day at 89 days.

In an effort to isolate more stably expressing clones, the S19-24.17 cells were cloned
again after 108 days of culture in the absence of MTX. These new clones showed a range
of t-PA production rates from 270 to 3,500 U/106cells-day (Figure 5.7B). Three of the
high producing subclones were cultured without MTX for another 116 days and had lost
from 30 to 60% of their t-PA production rate by the end of the culture. However, the
slower decrease in t-PA production rate of these 3 clones compared to their parental cells
(Figure 5.7A) appears to reflect a stabilization in the t-PA production rate.

To compare these rates of production rate decay more quantitatively, a first order

equation was formulated:

—L=-kg, (5.1)
where g, is the average cell specific t-PA production rate (U/ 106cells-day), ¢ is the time

(day), and k, is the cell specific t-PA production decay rate (day!). The k. for the cells

in MTX and the cells after adaptation to MTX-free culture were similar, while in the
period after transfer from MTX-containing to MTX-free medium, the decay constant was
approximately an order of magnitude higher (Table 5.2).

The decline of t-PA production rate observed for the SI9-24.17 and S19-24.m cells

following transfer to MTX-free medium was aécompanied by a decrease of the t-PA -
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FIGURE 5.7 The stability of SI9-24 subclones cultured in the presence and absence of MTX.
(A) Celis cloned in 1 uM -MTX (SI9-24.16, solid triangles and S19-24.17, solid squares) and 5
uM MTX (SI9-24.m, solid diamonds and SI9-24.r, solid circles) were transferred to MTX-free
culture (solid lines). The same clones cultured in their cloning MTX concentrations are shown
as the open symbols and dotted lines. (B) Clone SI9-24.17 was subcloned after 108 days
without MTX (28 subclones are represented by open circle symbols on day 108) and three of
these subclones were further cultured without MTX (C17.5, solid triangles, C17.11, solid
diamonds, and C17.21, solid circles).
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TABLE 5.2 Summary of the kinetics of cell specific t-PA production rate decrease with or
without MTX selection.

Initial Analyzed
MTX MTX Clones Average k,
Concentration Concentration Analyzed @
(M) (M)
lor$ lor$ 4 0.003 + 0.002
lor$ 0 6 0.03 £ 0.02
0 0 8 0.005 £ 0.002

The first row includes 4 clones in MTX, where the average k, was calculated based on the

period of 90 days in Figure 5.7A. The second row includes the same 4 clones (90 days in
Figure 5.7A) without MTX as well as the SI12-5.23 cells (148 days in Figure 5.9). The
third row includes 8 clones, 3 of them were SI9-24 derived clones without MTX (116 days
in Figure 5.7B), the rest 5 clones were derived from SI12-5.23 in serum-free culture (144
days in Figure 5.9).
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FIGURE 5.8 Decrease of cell specific t-PA production rates with decreasing cDNA copy
number in the absence of MTX for S19-24.17 (open circles) and SI9-24.m (open
triangles).
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cDNA copy number (Figure 5.8). However, while the t-PA production rates both
decreased by approximately 7-fold, the t-PA cDNA copy numbers declined by only 1.9-
and 2.5-fold, respectively. This decreasing expression per cDNA copy number would
indicate that cDNA copies responsible for high expression were more prone to being lost.
Upon adaptation of these cells to serum-free culture over 20 days, SI9-24 derived clones
lost t-PA expression rapidly to below 250 U/106cell-day. Because of this phenomenon,
subsequent clone selection was always performed after adaptation of the cell populations
to serum-free medium.

The stability of the t-PA production by independently derived SI12-5 cells was also
investigated. The highest t-PA producing subclone, SI12-5.23, isolated at 5 pM MTX
(Figure 5.3) was adapted at the same time to serum-free and MTX-free medium. The t-PA
production rate declined from 15,000 U/106cells-day to approximately 6,000
U/106cells-day (60% loss) within 54 days of culture in both serum-free (Figure 5.9, solid
line) and 10% FBS serum-containing cultures (Figure 5.9, dotted line). This indicated that
the removal of the MTX selective pressure and not the adaptation to serum-free conditions
was responsible for the instability and decline in t-PA production rate. The t-PA
production rates subsequently stabilized at approximately 6,000 U/106cells-day, for 60
days in serum-free medium. The SI12-5.23 cells were then re-cloned after 121 days,
yielding 9 subclones .with t-PA production rates varying from 2,000 to 11,500
U/100cells-day (Figure 5.9). Five of the subclones were cultured for another 144 days and
again, a progressive decline in t-PA production rates was observed. However, further
cultivation of the 23SFM1 subclone cells yielded a stable and relatively high level t-PA

production (approximately 7,000 U/106cells-day), which was maintained for over 250 days
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FIGURE 5.9 The SI12-5.23 cells (solid square symbols) were transferred to MTX-free
medium on day 0 and adapted to serum-free medium within the first 21 days of this
culture. A parallel culture of these cells in MTX-free IMDM/10% FBS medium is shown
using the same symbols and dotted lines. After 130 days of serum-free culture, the 5I12-
5.23 cells were subcloned and 5 of the resulting clones were further cultured for an
additional 150 or more days (23SFM1, open triangles; 23SFM2, open squares; 23SFM3,
solid circles; 23SFM4, solid triangles; 23SFMS5, open diamonds). An additional
subcloning of 23SFM1 cells was performed and these subclones are prepared by the open
circles on day 340.
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in serum-free medium. Interestingly, this result was obtained despite a limiting dilution
which indicated that this cell population was approximately as heterogeneous with respect
to t-PA production rate at day 340 as its parental population was at day 121 (Figure 5.9).
The average stability kinetics are tabulated in Table 5.2 for the comparison of cell cultures
in the presence of MTX, in the transition state from MTX to MTX-free, or in the MTX-

free state.

5.3 DISCUSSION

Amplification of cDNA has been a common strategy for increasing recombinant
protein production in mammalian cells. However, cDNA amplification is a labor intensive
task and clonal specific protein production rates are often unstable when the selective
pressure is removed. The amplification and stability of t-PA expression in this study
illustrate recommendations for efficient amplification and cloning in order to obtain a high
production rate and stable production cell line.

The considerable time and labor required for MTX selection has motivated the
development of alternative methods to more rapidly obtain high t-PA production rate. For
instance, high copy electroporation (Barsoum, 1990) transfects more cDNA into the cells,
allowing rapid selection of higher producing cells and thereby eliminating the need for
amplification. Using this method, CHO clones with a maximum t-PA production rate of

21 pg/106cells-day were obtained within 1 month after electroporation (Barsoum, 1990).
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High copy number transfection can be expected to reduce the duration and labor of
amplification by more rapidly isolating relatively high producing cells.

Rather than subcloning and amplifying multiple subclones at each MTX level as
reported by others (Michel et al., 1985; Zettlmeissl et al., 1987), bulk amplification was
chosen as a less labor intensive method to generate high producing clones. After each of
the 5-fold MTX concentration increases above 0.2 uM, a sharp decrease in growth rate
followed by é recovery. over approximately 10 days was observed. Although a recent
report (Kim et al., 1998a) described a continuous decrease in CHO cell growth rates with
increasing MTX levels, we observed no significant effects of increasing MTX
concentrations on the maximum cell specific growth rate at each MTX level. The good
correlations in cell specific growth rates and t-PA production (r - 0.88 and 0.98,
respectively) between the mean clonal values and the corresponding bulk amplification
data (Table 5.1) indicated that the cell population in the mixed bulk amplified cells was
well-represented by the subclonles. This result verified the significance of using the cell
clonal approach for characterizing the heterogeneous cell populations in amplified cells as
reported by other groups (Sinacore et al., 1995; Kim et al., 1998a).

The cell specific t-PA production rate increase during the amplification was
correlated (r - 0.87) with the average change in cDNA copies (Figure 5.3 and 5.4B) before
reaching 25 uM MTX. At 25 pM MTX, the additional t-PA cDNA copies were
apparently transcriptionally less active. These results indicate that the maximum t-PA
production rate that could be achieved is limited by simply increasing cDNA copies.
Using FISH analysis of ¢cDNA in MTX selected cells, Wurm and co-workers reported

- increased heterogeneity of c-myc or CD4lIgG integration upon-amplification (Pallavicini et
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al., 1990; Wurm et al., 1992; Wurm and Petropoulos, 1994). They also demonstrated that
these integrated amplicons, which existed in 40-60% of the amplified CHO cell
populations were genetically unstable. The different locations of integrated t-PA cDNA
clusters in our FISH analyses at various MTX levels supported their conclusion, and
showed that the unstable t-PA amplicons may undergo frequent re-arrangement both
during the amplification and in MTX-free medium, resulting in the observed high t-PA
production variations. However, the dissociation between DHFR and t-PA cDNA at high
MTX selection could élso contribute to these production rate variations (Kaufman et al.,
1985).

The rapid 5 to 10-fold t-PA expression decrease in both serum-containing and
serum-free cultures within the first 50 days without MTX was similar to that observed in
the reports of Weidle et al. (1988) and Sinacore et al. (1994), as their t-PA production rate
declined from 37 to 10 pg/106cells-day or the production levels of a recombinant protein
decreased from 6 to 1 pg/106cells-day by CHO cells, respectively. Our study as well as
these two reports also observed a final stabilized recombinant protein production rate after
approximately 50 days without MTX. Apparently, the average decrease in the rate of t-PA
production rate, as presented by the production rate decay rate ka, was approximately 10-
fold faster for the cells being transferred from MTX-containing to MTX-free culture than
for their counterparts maintained in the MTX-containing culture but without significant
change in specific growth rate (Table 5.2). These results are consistent to a recent report
(Kim et al., 1998b) that a significant decrease in antibody production rate but not cell
growth rate was observed for the CHO cell clones cultivated from MTX to MTX-free

medium for 8 weeks. Interestingly, while high producing clones generally had cell
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specific production rate loss in the absence of MTX, the production stability was more
controversial when the t-PA production rate was lower than 10 ug/106cells-day. Kaufman
et al. (1985) observed no production rate decrease in two relatively high producing clones
(gr=2 and 5 pg/106cells-day, respectively) after 30 and 38 cell doublings in the absence
of MTX, whereas other low producing clones suffered great production rate loss (up to 6-
fold) during the same period of time. Similar stability trends were observed by Kim et.al
(1998b) on the studies of chimeric antibody production by CHO cells, and based on the
observation that high producing clones stabilized at'higher production rate levels, they
suggested that this relationship could be used to predict the clonal stability after MTX
amplification. However, we did not observe such an apparent trend between amplified
and stabilized expression levels; instead, the final stable t-PA production rates seemed to
be unpredictable from the clones we have analyzed.

Clones with low t-PA production rates of between 1,100 and 2,700 U/10cells-day
were frequently isolated from the amplified populations. However, the growth rates of the
subclones were found to not correlate with the t-PA production rates (Figure 5.6), and the
low producers did not come to dominate the populations, at least up to 5 uM MTX. These
results were consistent with the reports that higher production rates of recombinant
CD4IgG were not correlated with lower population growth rates (Wurm et al., 1992).

Goeddel et al. (1989) reported the highest production rate of 18 pg/106cells-day
without MTX selection (Table 5.3), but the stability of this production level was not
reported. Those cells could have be¢n recently transferred to MTX-free medium, such as
the day 130 cells (Figure 5.9) producing 12,000 U/106cells-day (~ 20 ng/ 106cells-day).

The unstable t-PA production up to ~43 pg/ 106cells-day and stable production up to

114



SI

311/ 009 Jo oner Fursn Lep-s[[a0g([/31 0} PALIGAUOD SANLY 4

a[qe[IeA® 10U - YN

0 0 0ST U
0 0 0> 0z
01 S SI> (5% SIOM STYT 4
VN 0 VN VN
01 S1°0 VN St (0661) wnosreg
VN 0 VN 81
VN 01 VN 0S (6861) ‘Te 12 [9pPPa0OD
VN 0 ot 01
VN S VN 9¢ (8861) Te 19 [pIom
01 0 8¢ S
01 SO0 VN 01 (S861) ‘Te 10 ueuyney,
(am) (sAep)
(%) uono9es X LA uorssaidxyg (Kep-s1[9990 1/31)
WIS WNIPIA amyn) J[qe1s pauoday #5918y Uononpold SOUIJY

‘S[[29 OHD Aq 91ex uononpoid v -1 Jueurquiodal Y3y paupodal jo Arewrung ¢°¢ 41gvV.L




~12 pg/100cells-day observed in this work appears to be confirmed by t-PA literature data
(Table 5.3). The limitation in stable production rate is not likely due to a cytotoxic effect
or metabolic burden (Gu et al., 1996; Morrison et al., 1997) of t-PA production, since no
growth inhibition or decrease in viability was observed for the high producing clones-. The
mechanism responsible for the limitation to stable t-PA production may involve saturation
of the secretory pathway (Pendse et al., 1992; Schroder and Fridel, 1997), or instability of
high copy number t-PA ¢cDNA (Weidle et al., 1988).

Southern blot analysis of the t-PA producing cells revealed that the decline of cell
specific t-PA production rate was related to the loss of cDNA copies. Interestingly,
preferential loss of transcriptionally active cDNA copies indicates that the transcriptionally
active t-PA ¢cDNA copies were less stable. The loss of copy number may be due to the
loss of double minute chromosomes that have been associated with the loss of DHFR in
unstable amplified cells (Brown et al.,, 1981; Kaufman et al., 1979), whereas stable
amplified cells usually had DHFR gene integrated in homogeneous staining regions
(HSRs). Kaufman et al. (1981) reported that extended culture for at least 30 cell doublings
in the presence of MTX could obtain amplified CHO cell clones with more stable DHFR
genes, likely due to the integration of DHFR genes in DMs to the HSR of chromosomes.
However, our results showed that extended culture for more than 50 days in MTX did not
stabilize t-PA producing clones in the cultures without MTX (Figure 5.7), which may due
to the fact that no t-PA ¢cDNA has ever been observed localizing in DMs (Kaufman et al.,
1985; Weidle et al., 1988), hence, extended culture could not increase t-PA copies in HSR

and had no effect on expression stability.
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Regulatory agencies require two clonings of production cell lines (Kittle and
Pimentel, 1997). A third limiting dilution (day 340, Figure 5.9) revealed a mixed
population of high and low producing cells. Thus, production cells may often be
heterogeneous; however, the t-PA production levels of this mixed population was stable
for 8 months. A similar stable co-existence in mixed populations of high and low
recombinant antibody producing transfectomas was also reported by Bae et al. (1995).
Within these populations, both higher and lower producing subpopulations appear to
co-exist due to the absence of a growth advantage for low producing cells. A similar
conclusion was reported by Wurm et al. (1992) from the stable production of CD4IgG in a
perfusion culture for 100 days, despite of the heterogeneous CHO cell populatidns. These
results contrast with reports (Chuck and Palsson, 1992; Kromenaker and Sirenc, 1994) of
higher growth rate, low producing hybridoma populations which limit stable long-term
production of monoclonal antibodies. Morrison et al. (1997) reported a similar loss of a
recombinant membrane protein production. In this case, high producing cells had lower
growth rates, and based on this fact, a segregated model was proposed to describe the
conversion of pfoducers to nonproducers in the mixed cell population. However, although
this model successfully illustrated the instability of growth-associated CHO cell
production, it could not apply to non-growth associated protein expression such as t-PA in
this study.

In conclusion, the bulk amplification was a valid strategy to obtain cell populations
with high cell specific t-PA production rates. However, the maximum unstable and stable
t-PA production rates that could be 'achieved were limited to 43 and 12 pg/106cells-day,

respectively. These differing limitations are consistent with our analysis of previous
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literature reports (Table 5.3). Thus, when establishing stable recombinant protein
producing clones, it appears important to recognize that such difference may exist and
thereby reduce delays due to fruitless attempts to amplify ébove the stable t-PA production
range. Our results also provide some implications for amplification and isolation of stable
production cell clones. Because of the potential for rapid loss of cDNA upon transfer to
MTX-free medium (and sometimes to serum-free medium), it can be recommended that
cells be adapted to MTX-free, serum-free medium before recloning to establish candidate
cell lines for high and stable t-PA production. Apparently, these stable clones could be
suitable for long-term (i.e. 6 months) perfusion culture. This study also indicated that
clones with higher stability could be obtained from the subcloning of stabilized cell
population in MTX-free culture, and stable or unstable clones could also be isolated by
subcloning. Analysis of t'he intracellular factors limiting t-PA production should provide
more insights into the difference between the stable and unstable ranges of cell specific

t-PA production rates.
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CHAPTER 6

TRANSCRIPTIONAL LIMITATION TO THE RATES OF
RECOMBINANT HUMAN TISSUE PLASMINOGEN ACTIVATOR
PRODUCTION BY CHINESE HAMSTER OVARY CELLS

6.1 INTRODUCTION

All of the limitation studies of recombinant mammalian cells described in the
literature and our studies for APC produced recombinant proteins in a range between 0.03
to 10 pg/106cells-day (Chapter 4 and Pendse et al., 1992; Schroder and Friedl, 1997). In
this chapter, we investigated the limitations to CHO cell production of t-PA, a protein
previously reported to be produced in the amount of 50 pg/106cells-day. However,
although high t-PA production rates have been reached, the maximum reported stable t-PA

production rate has only been 12 pg/100cells-day (Table 5.3).

In this work, CHO cell clones with a range of t-PA production rates from low and
high were obtained by stepwise methotrexate selection. The intracellular factors which
limited production rate were investigated to determine if the maximum production rate for
these cells was achieved. Based on the results and a structured mathematical model
described in Chapter 3, we provide an analysis of the limiting factors to help in the
selection of strategies to optimize recombinant protein production. Possible limitations,
including CDNA copy number, rﬁRNA levels and secretion rates were analyzed. Further

investigation of the localization of transfected t-PA cDNA, t-PA intracellular residence

119




time and mRNA half-life were also performed in the stable clones with the attempt to

reveal the intracellular step which limits stable level of recombinant t-PA production.

6.2 RESULTS
6.2.1 t-PA cDNA Copy Numbers and Specific t-PA Production Rates

The t-PA production by CHO cells was amplified by MTX selection up to 5 uM by
the methods described in Chapter 5. This population was cloned in the presence of 5 uM
MTX. Clone SI12-5.23, with t-PA production rate approximately 24,000 U/106cells-day,
was cultured for 57 cell doublings in the absence of MTX and the t-PA production rate
declined rapidly within the first 50 h and then more slowly to 7,000 U/106cells-day (Figure
6.1). These SI12-5.23 cells were then subcloned to obtain 24 clones with t-PA production
rates from 300 to 25,000 U/106cells-day (Figure 6.1). These clones were used for all the

following analysis.

The wide range of cell specific t-PA production rates had no apparent correlation
with cell specific growth rates of 0.03 + 0.004 h-! (Figure 6.2). The cDNA copy numbers
of these clones were estimated by Southern blot analysis (Figure 6.3). Up to
approximately 200 cDNA copies, t-PA production rates were very low at 800

U/106cells-day, but these production rates increased to 25,000 U/106cells-day at a t-PA
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FIGURE 6.1 Generation of 24 t-PA producing CHO clones. SI12-5 cells were first amplified by
step-wised increase of MTX concentrations (indicated by the dash arrows) from 0.04 to 5 uM
(solid squares). A limiting dilution cloning was performed on day 110 at 5 pM MTX (open
circles on day 110). Several clones including SI12-5.23 (solid circles) were cultivated in the
absence of MTX (after day 110) for 100 more days when another limiting dilution was
performed (the second set of open circles, performed on day 210), these 24 clones were subjected
to the following analysis in this chapter.
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FIGURE 6.3 Representative Southern blot analysis of genomic DNA isolated from different
clones. (A) Different amounts of plasmid pSL-11 were used as the standards for t-PA
quantitation. Lanes 1-10: 1 ng, 750, 500, 250, 100, 75, 50, 25, 10 and 5 pg of Bg/II digested
pSL-11. A standard plot was generated from the densitometry of the bands, and the t-PA
cDNA copy number was calculated by interpolating the standard curve. (B) The genomic DNA
isolated from each clone was restriction digested with Bg/Il and loaded at 2 pg per lane then
hybridized with dig-labeled t-PA DNA probe after transferring onto the nylon membrane.
Lanes 1-10: Clones SI12-5.23.1 to SI112-5.23.10.




copy number of 340 (Figure 6.4). At higher than 340 cDNA copies, the t-PA production
rates were more randomly distributed, but the clones with maximum cell specific

production rates generally declined with increasing cDNA copy numbers.

The cleavage of genomic DNA by Kpnl, which only cut the transfected vector
pSL11 once, was performed to determine if the t-PA cDNA integration occurred in tandem
repeats (Figure 6.5). 'A predominant DNA fragment approximately 8 kb long was
gencrally observed as the linear conformation of the integrated vector in all the analyzed
clones. This result revealed that most t-PA amplicons were in tandem repeats. Minor
bands with smaller DNA fragments were also observed which may be due to linear or
circular conformations of the t-PA vector and also due to head-to-head or tail-to-tail

integration arrangement as reported (Handeli et al., 1989; Riggs and Bates, 1989).

Further invéstigation using fluorescence in-situ hybridization (FISH) was aimed to
study the difference in chromosomal integration of t-PA cDNAs between high and low
producing clones (Figure 6.6). Up to 9 t-PA cDNA clusters were observed in the 8 clones
analyzed by FISH (Figure 6.7). Although clones with higher copy number had the
tendency to have more integration sites, the number of clusters were not closely correlated
with cDNA copy number (r - 0.7) (Figure 6.7A), and had no apparent correlation with cell

specific t-PA production rate (Figure 6.7B).
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FIGURE 6.5 Representative Southern blot analysis of genomic DNA digested with
restriction enzyme Kpnl. The genomic DNA isolated from each clone was restriction

digested and loaded at 2 pg per lane similar as described in Figure 2. Lanes 1-8: Clones
SI12-5.23.1 to SI12-5.23.8.
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FIGURE 6.6 Fluorescence in-situ hybridization analysis. The chromosomes shown here
were from (A) clone SI112-5.23.6, which contained approximately 250 t-PA ¢cDNA copies and
(B) SI12-5.23.22, which contained approximately 480 t-PA cDNA copies. - The arrows
indicate the locations of integrated t-PA cDNA.
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6.2.2 Dependence of t-PA Production Rates on mRNA Levels

Northern blot analysis was performed on t-PA mRNA using B-actin mRNA to
nprmalize the loading (Figure 6.8). A pattern similar to Figure 4 was observed between
relative t-PA mRNA level and cDNA copy number (Figure 6.9A). The linear relation (r -
0.94) between production rates and mRNA levels (Figure 6.9B) indicated that t-PA
mRNA levels limited cell specific t-PA production rates. A duplicated analysis was
performed after two weeks and the highest t-PA expression was reduced from 25,000
(solid symbols, Figure 6.9B) to 16,000 U/106cells-day (open symbols, Figure 6.9B).
Although the high t-PA production rates of over 16,000 U/106cells-day only seemed to be
transiently obtained, the limitation of t-PA production by mRNA levels existed even in the
unstable high expression range (Figure 6.9B). To confirm the result that secretory
pathway capacity did not limit t-PA production rate, the following analyses of intracellular

t-PA contents and t-PA intracellular retention time were performed.

6.2.3 Intracellular t-PA Content

To test the secretion efficiency of t-PA, an ELISA assay was developed to determine
the intracellular content. For t-PA production rate up to 36 pg/106cells-day, a linear
correlation was observed between intracellular t-PA level and relative mRNA level (r -
0.97, Figure 6.10A) as well as between t-PA production rates and intracellular t-PA
- content (r - 0.98, Figure 6.10B). These results confirmed that the t-PA secretory pathwgy

- capacity was not limiting, even for cells expressing t-PA in the unstable range of
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FIGURE 6.8 Northern blot analysis of t-PA mRNA. Same amount (5 pg) of total RNA from
individual cell line was loaded in two separated gels. One was hybridized with the t-PA DIG-
DNA probe (A), the other was hybridized with B-actin dig-DNA probe (B). Clones SI12-
5.23.1 to SI12-5.23.12 are shown. '
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FIGURE 6.9 (A) Relationship between relative mRNA level and cDNA copy number of SI12-
5.23 derived clones. (B) Correlation between cell specific t-PA production rate and relative
mRNA level of SI12-5.23 derived clones. Two sets of data are presented in this figure. The
solid squares represent the first data set which the 13 clones were analyzed right after limiting
dilution cloning. The open squares represent the second data set which including more clones
(24) were analyzed two weeks after the first data set.
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FIGURE 6.10 Correlations between (A) intracellular t-PA content and relative mRNA level and
(B) cell specific t-PA production rat¢ and intracellular t-PA content.
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production levels. Based on the production rates in Figure 6.10B and using Equation 3.3,

the t-PA secretion rate was calculated to be k; =2.25 +0.35 h-l.

6.2.4 t-PA Cellular Residence Time

The intracellular residence time of t-PA was determined by pulse-chase analysis
(e:g., Figure 6.11A) to confirm that the secretion rates (ké) of t-PA was not reduced at
higher production rate. The maximum intracellular t-PA concentration was obtained after
30 min of chase. The intracellular t-PA rapidly decreased within the following 60 min and
almost all intracellular t-PA was sécreted within 120 min. This intracellular decline
pattern was consistent with the increase of secreted t-PA in the medium (e.g., Figure
6.11B), and all t-PA producing clones secreted over 90% of labeled t-PA within 120 min
(Figure 6.12).

The t-PA protein residence time inside the cell was calculated assuming negligible

intracellular degradation (k, ~ 0), and negligible dilution by cell growth (£, >> p = 0.03
h-1). In this case, Equation 3.2 can be simplified to

dir]

" ~k[P] (6.1)

Estimating from the decrease between 30 to 90 min during the chase (Figure

6.11B), the t-PA secretion rate (k) for individual clones ranged from 0.91 to 2.21 h-l
with an average k, value of 1.63 £ 0.52 h"! and an average retention half-life of 30 + 10

min.
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FIGURE 6.11 Pulse-chase analysis of t-PA secretion. A range of t-PA producing clones were
pulsed with 35S-methionine then chased with cold methionine for 0, 30, 60, 90 and 120 min.
Representative intracellular and secreted t-PA of clone SI12-5.23.6 on a 10% SDS-acrylamide
gel are shown in (A). (B) The time course of intracellular t-PA decrease and t-PA secretion of
clone SI12-5.23.6. ' '
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This kg value is close to the k; of 2.25 h-! estimated from the Figure 6.10 data, despite

the completely distinct approaches.
6.2.5 t-PA Percentage of Total Protein Production

The percentage of t-PA out of the total protein synthesized or secreted were
determined in two representative clones, SI12-5.23.3 and SI12-5.23.9, which produced
t-PA at 870 and 16,100 U/106cells-day, respectively. Pulse-chase samples labeled with
[35S]-methionine were used to measure the radioactivity in t-PA versus total protein, from
supernatants or cell extracts. For clones SI12-5.23.3 and SI12-5.23.9, the synthesized
t-PA accounted for 0.18 and 3.2% of total synthesized proteins, and the secreted t-PA
represented 26 and 87% of total secreted proteins, respectively (Table 6.1). These results
show that at high expression levels t-PA was the predominant secreted protein in
recombinant CHO cells, but only represented a small fraction of the total synthesized

proteins.

6.2.6 t-PA mRNA Half-life Analysis

Since all of the above results supported the role of mRNA as the limiting factor in
t-PA production rate, the stability of mRNA (k, ) was investigated to see if mRNA

stability was decreased in the range of unstable t-PA production rate. The t-PA mRNA

half-lives of a range of clones were measured in the 10 h following blocking transcription




TABLE 6.1 t-PA Percentage in Cellular Protein Production

Production Rate t-PA/total ‘t-PA/secreted
Clone (ng/106¢ells-day) protein protein
x 100% x 100%
SI112-5.23.3 1.5 0.18% 26%

SI112-5.23.9 26.8 , 3.2% 87%
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FIGURE 6.13 Decline in the t-PA mRNA levels following actinomycin D inhibition. (A) Two
representative clones, the lower producer SI12-5.23.3 and the higher producer, SI12-5.23.9. (B)
The first-order mRNA decay of SI12-5.23.3.
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FIGURE 6.14 Comparison of cell specific t-PA production rate and t-PA mRNA half-life. The
t-PA mRNA half-lives for eight SI12-5.23 derived cell clones were determined. A duplicated
experiment was carried out for five of these clones (error bars represent standard deviations).
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(k,) using actinomycin D (Figure 6.13). The average k, was 0.1 + 0.01 h'l,

corresponding to mRNA half-lives of approximately 7 + 2 h (Figure 6.14). Thus the levels

of t-PA mRNA did not appear to be regulated by variable half-lives.

6.2.7 t-PA Production in Batch Culture

Since all of the analyses described above were conducted with exponentially
growing cells in T flasks, batch cultures were performed to analyze the relationship
between mRNA level and t-PA broduction rates in other batch phases besides the
exponential growth. The serum-free adapted SI12-5.23 cell population used was from a
cell bank approximately 60 days after serum-free adaptation (solid squares, Figure 5.9).
The t-PA production rate of these cells was stable for at least another 60 days (Figure 5.9).
Despite the better pH control in the reactor (Figure 6.15 II-B), the cell concentration,
viability and glucose consumption in both the reactor and spinner vessels were very
similar (Figure 6.i5 I-B, II-A), whereas the maximum t-PA concentration was higher in
the spinner culture (Figure 6.15 I-A). The cells grew exponentially for 5 days, then were
in the stationary phase for approximately 24 h, followed by a rapid decline in both viable
cell concentration and viability (Figure 6.15 I-B). The glucose concentrations declined
rapidly during the exponential phase, then were maintained at a lower level of between 1
and 2 mM in the stationary and decline phases (Figure 6.15 II-B).

The cell specific t-PA production rates correlated with the mRNA levels during the

lag and exponential growth periods (Figure 6.16), but rapidly declined once t.he cells

reached the late exponential phase in the reactor (Figure 6.16B) and the stationary phase in
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FIGURE 6.15 (I) t-PA Production and cell growth of SI12-5.23 cells in the serum-free viable

culture experiments.

The triangles represent the change of t-PA concentrations (A), cell
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circles represent the same parameters in the reactor culture with pH control.
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FIGURE 6.16 Cell specific t-PA production rate and t-PA mRNA level of SI12-5.23 cells
during serum-free batch culture. (A) Batch culture in spinner without pH control. The filled
triangles represent the cell specific mRNA level and the open triangles represent the cell
specific t-PA production rate. (B) Batch culture in bioreactor with pH control. The filled
circles represent the cell specific mRNA level and the open circles represent the cell specific
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the spinner (Figure 6.16A). No apparent t-PA production was observed after 6 days in
both batch cultures. Interestingly, although t-PA mRNA levels also declined in parallel
with the decreasing production rate, cellular t-PA mRNA expression did not completely
cease until day 8 (Figure 6.16). Similar to what we observed in APC batch culture, the
mRNA levels and cell specific t-PA production rates were relatively stable in the

exponential phase, indicating a quasi-steady-state.

6.2.8 Cell Apoptosis Analysis

To investigate whether increased apoptosis may limit t-PA production of high
producing cells, cell apoptosis analysis was performed on three representative cell

populations, untransfected CHO cells (DHFR"), low producing SI12-5.23.3 cells (¢, = 900
U/106cells-day), and high producing SI12-5.23.11 (g,= 16,000 U/106cells-day) (Figure

6.17). A shift toward the higher FITC-dUTP fluorescence indicated higher cell numbers
undergoing apoptosis. As shown in Figure 6.17, both t-PA producing cells had higher
apoptosis rates than the untransfected CHO cells, and the high producing clone seemed to
have more distinguishable apoptosis pattern than the low producing clones. However, this

difference was marginal compared to the reported cell apoptosis analysis (Sgonc et al.,

1994) in which drug treatment was used to accelerate cell death.
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FIGURE 6.17 Apoptosis analysis of SI12-5.23 Clones. (A) Control untransfected CHO cells. (B)
" Low producing S112-5.23 cells. (C) High producing S112-5.23.11 cells.
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6.3 DISCUSSION

Secretory pathway saturation has been reported to lim'it the maximum recombinant
protein expression rates of HbsAg at 10 pg/106cells-day (Pendse et al., 1992), hATIII at
7.4 ng/108cells-day (Schroder and Friedl, 1997) and APC at 2.1 pg/109cells-day (Chapter
4). At the maximum production rates of these prdteins, the secretion rates were decreased
and intracellular recombinant protein levels increased. In this work, despite higher .t.-PA
production rates, up to 42 pg/ 1O6cells-ciay, there were no indications of secretory pathway

saturation limiting production.

The half-life of t-PA retention was only 30 + 10 min, comparable to the rapid
~ secretion of albumin from rat hepatoma cells (Strous and Lodish, 1980), with a half-life of
23-30 min. Longer retention half-lives have been reported for HbsAg in CHO cells
(approximately 14 h) (Pendse et al., 1992), protein C in 293 cells (épproximately 2 h)
(McClure et al., 1992) and monoclonal antibodies in hybridoma cells (1~1.5 h) (Choi et
al., 1971; Baumal and Scharff, 1973). The high t-PA secretion rates are consistent with
the need for t-PA production within minutes in vivo in response to fibrin formation by
endothelial cells (Kooistra et al., 1994). Although t-PA only represented up to 3.2% of the
total synthesized proteins (close to the 5% reported by Kaufman et al, 1985), it was the
major secreted protein (up to 87%, Table 6.1). Schroder and Friedl (1997) suggested an
intracellular hATIII threshold concentration between 0.5 and 2.1 pg/cell for the secretory
pathway to become limiting for their production rates between 2.2 and 7.4 pg/ 106c¢ells-day.

In our studies, the maximum t-PA and APC intracellular contents were 0.7 and 1.5 pg/cell,
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at maximum production rates of 36 and 1.8 pg/106cells-day, respectively (Figure 6.10 and
Figure 4.10). For such different proteins, the similar reported maximum intracellular
recombinant protein contents imply that a general intracellular recombinant protein
processing/secretion saturation concentration may exist at around 1 pg/cell for mammalian
cells. Proteins with longer intracellular retention time (i.e. lower secretion rate) would
therefore be predicted to saturate this concentration at lower maximum cell specific
production rate. Measurement of the recombinant protein secretion rate and the
intracellular protein concentration provide an easy estimate of the maximum production

rate using the following equation:
g, =k{F™] (6.2)

where ¢;* is the predicted maximum cell specific protein production rate, ksis the

protein secretion rate, and [P™] is the intracellular recombinant protein secretory
pathway saturation concentration (approximately 1. pg/cell) Using this equation, the
estimated maximum production rates would be 2.6 pg/106cells-day for APC and 54
ng/106cells-day for t-PA (based on k,= 0.11 and 2.25 h-l in Tables 4.2 and 6.2),
respectively. These estimated results (Table 6.3) are impressively similar to the reported
maximum production rates of APC (2.2 pg/106cells-day, Figure 4.11B) and t-PA (50
ug/106cells-day, Table 1.2 and Goeddel et al., 1989), and suggest Equation 6.2 may
provide a valid estimate of the maximum cell specific rate for mammalian recombinant
protein production. | Since BHK and CHO cells generally have similar maximum

recombinant protein production rates (Table 1.3), the maximum APC and t-PA production
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TABLE 6.2 Intracellular parameter values for t-PA production in CHO cells at steady-state with
standard deviations. The parameters presented in the table are: transcription rate k,,, calculated

from Equation 3.4; mRNA turnover rate k,, from Figure 6.14; cell growth rate p, average of
data in Figure 6.2; range of transcription efficiency &, calculated from Equation 3.5; translation
rate k,, calculated from Equation 3.9; secretion rate kg , calculated (a) from Figure 6.10B and (b)
Figure 6.12 data; intracellular protein degradation rate k,, calculated from Figure 6.11, and
transcription efficiency £, , calculated from Equation 3.7. mRNA levels are relative.

Parameter Value = SD Sample number Units

k, 0.0004 ~ 0.0031 24 range of mRNA/cDNA/h

k, 0.1+0.01 10 h-l

1 0.03 £ 0.004 24 h-1

Ex 0.0016 ~ 0.02 24 range of mRNA/cDNA

k, 0.22 £0.07 9 pg t-PA/mRNA/h

ke 2254035 (a) 9 hel
1.63£0.52 (b) 8 h-1

k, 0.01 +0.01 8 h-l

&, 0.140.02 9 pg t-PA/mRNA
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TABLE 6.3 Comparison of estimated maximum recombinant protein production rates
to reported results. The estimated productivities were calculated using Equation 6.2.

max

q,” is the predicted maximum productivity, k, is the protein secretion rate. [ 5™ ] is

the intracellular recombinant protein secretory pathway saturation concentration

(approximately 1 pg/cell). The ATII results were calculated from the report of
Schroder and Friedl (1997). '

Recombinant =~ Average g5 Reported g,*
protein k, (ng/100cells-day) (ng/106cells-day)
(b1
ATIII 0.32 7.7 7.4
APC 0.11 2.6 2.2
t-PA 2.25 54 50%*

* Goeddel et al., (1989)




rates is not likely due to the different cell types used for production. The longer retention
time of some recombinant proteins may be due to selective binding to secretion processing
proteins in the ER. Dorner et al. (1987) reported that different recombinant proteins had
different binding affinity to the chaperone protein GRP78. The secretion of wild-type

t-PA and vWF were not influenced by the elevated GRP78 levels, whereas the secretions

of factor VIII and unglycosylated mutant t-PA were severely retarded by GRP78.

Since for all 24 t-PA producing clones, the t-PA mRNA levels and production rates
were correlated, it was concluded that the mRNA levels and not the secretory pathway

limited t-PA production. Under this condition, the translation efficiency (& ) and the

apparent secretion rate (ky) were constants (Table 6.2), indicating all translational and

" post-translational steps were not limiting, even in the unstable t-PA production rate range

from 7,000 up to 25,000 U/106cells-day (12 up to 42 pg/106cells-day).

At the lower rates of expression, production of t-PA appeared to require a minimum
mRNA level (approximately 1 in Figure 6.9B), perhaps due to translation blocking at low
mRNA levels in which case mRNA are associated with messenger ribonucleoprotein
particles (mRNPs) and are not recruited to ribosomes (Wolffe and Meric, 1996). This

threshold [mRNA]r requirement could be included in Equation 3.2 to account for this

inactive t-PA mRNA by adding one term:

L UnRNAY - [mRNAY ) - K [P~ B R) - ) (63)

The translation rate &, in Table 6.2 was calculated from the steady-state form of this

equation.
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The highly variable transcriptional efficiency (£, ) (Table 6.2) could be due to variations

in the transcription rates (k,) and/or the mRNA turnover rates (k, ). However, the
narrow range of mRNA turnover rates (k, = 0.1 = 0.01 h'! ) of all the analyzed clones

demonstrated that the clonal variations in t-PA production rates were due to differences in

the transcription rates.

Although the transcription rates are dependent on the site of integration, two general
trends between cDNA copy number and cell specific protein production rate have been
observed. The cooperative increase of t-PA production rates with increasing cDNA copy
numbers at lower copy number (less than 300 copies) is similar to APC production rates
(Figure 4.2). This cooperative pattern may be due to the decreased negative influence
(Wilson et al., 1990) of heterochromatin on the transcriptional activity of integrated genes
at increasing cDNA copy numbers (Figure 6.4). Hendricks et al. (1989) reported a t-PA
production rate increase with increasing copy numbers up to 10 pg/106cells-day at 40
copies in myeloma cells, whereas Jalanko et al. (1990) reported no correlation between
copy numbers (up to 30) and cell specific t-PA production rates (up to 11 pg/106cells-day)
in CHO cells. Thesé contradictory results may due to the cooperative pattern at the lower
t-PA ¢cDNA copy number, which could generate conflicting results if only a few clones
were analyzed in this region.

Amplification to higher cDNA copy numbers eventually yielded decreasing t-PA
production rates (Figure 6.4), these results are similar to the relationship between APC
cDNA copy number and cell. specific APC production rate (Figure 4.2). Recent studies

have reported cosuppression of multiple copies of heterologous genes in fungi (Cogoni et
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al., 1996), plants (Joergensen, 1995; Matzke and Matzke, 1995) and Drosophila (Dorer
and Hgnikoff, 1994; Pal-Bhadra et al., 1997). Although cosuppression has not previously
been reported in cultured mammalian cells, the decreases in BHK cell APC expression and
CHO cell t-PA expression at higher cDNA copy number is consistent with reports of -
cosuppression in other systems. This cosuppression could limit t-PA expression by
limiting the transcription rates (Equation 3.5).

FISH analysis showed ¢cDNA integration in the chromosome and no doublé mirnute
chromosomes, which was in agreement with the observations by Wiedle et al. (1988) and
Koehler et al. (1995). Although amplified up to 760 t-PA cDNA copies, only up to 9
integration sites were observed by FISH analysis. These integration site copy numbers-are
similar to the Robins et al. (1981b) report of up to 100 copies of plasmid DNA
incorporated into a single chromosomal site in rat liver cells. The approximately vector
sized t-PA tandem repeats (Figure 6.5 and 6.6) are consistent with our APC results, but
much smaller than the large amplicons (larger than 200 kb) described by Looney and

Hamlin (1987).

Although mRNA levels limited all 24 analyzed clones in the exponential growth
phase, batch cultures revealed that cell specific t-PA production rate in the decline phase
was not well correlated with the mRNA level (Figure 6.16). Low levels of t-PA mRNA
remained at the end of batch cultivation when t-PA production had ended. These results
implied that other factors, such as secretory pathway proteins or energy requirements, may
become limiting when cells are in the decline phase. This shift in intracellular limitation
was very likely due to the deﬁciency of essential nutrients (i.e. glucose or glutamine).

These results imply that in batch cultures, the limitations to recombinant pro»tein
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production could be controlled by manipulating the levels of essential nutrients in the

medium.

Instability of recombinant protein production. can also reduce long-term process
yields. Since t-PA production was not growth-associated (Figure 6.2), the instability of
high t-PA producing cells could not be explained by the structured model proposed by
Morrison et al. (1997). This is due to the fact that the low recombinant protein producing
cells had a growth advantage that lead them eventually dominate the cell population in
long-term culture. One possible mechanism to explain this non-growth-associated
instability is that the high producing cells may have higher apoptosis rates, which reduce
their numbers over time. Although the death of CHO K1 cells has been shown to be
mainly due to necrosis (Singh et al. 1994), CHO DUKX cells in protein-free batch culture
demonstrated apoptotic morphology and nuclease-mediated DNA cleavage (Moore et al.,
1995). Several factors, such as nutrient limitation, the hydrodynamic environment, and
dissolved oxygen level, may influence the rate of cell apoptosis (Al-Rubeai and Singh,
1998).

Our preliminary analysis results revealed that apoptosis rates may be increased for
high t-PA producing cells (Figure 6.17). However, these results were not conclusive since
the high producing clone had only a small increase in apoptosis (compared to high rates of
drug-induced apoptosis; Sgonc et al., 1994). Nevertheless, it has to be noted that a slightly
elevated rate of apoptosis could explain the gradual loss of t-PA production rate over 50
days. Further studies would be required to confirm the significance of this apoptosis

mechanism in controlling maximum recombinant production stability.
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CHAPTER 7

CONCLUSIONS

Mammalian cell recombinant protein production is complex and involves many
intracellular steps. We developed a structured mathematical model to assist the

experimental analysis of intracellular limitations. Taking APC and t-PA together,' many of

the rates (7 out of 10) were constant (Table 7.1). The £, u*™, and k™ did vary and

these results are summarized in Table 7.2. The k, was likely the most variable parameter,

apparently dependent on the site of integration. The integrated cDNA copies in both cases
were mainly in vector-sized tandem repeats and for t-PA producing CHO cells, up to 9
integration clusters were observed. Nonetheless, two patterns emerged from both the APC

and t-PA results up to 240 or 300 copies, respectively. The k, of both APC and t-PA
increased in a nonlinear cooperative trend as the cDNA copy number was increased. At

higher ¢cDNA copy numbers, the k, and the g, were decreased, likely due to

cosuppression at higher copy numbers. This appears to be the first report of cosuppression

for mammalian cell lines (Bingham, 1997).

The growth rates of APC producing BHK cells were decreased at increasing ¢ ,,.
The t-PA producing CHO cells had no such g, dependence even though they produced

20-fold more recombinant protein. The translational rates and protein degradation rates




TABLE 7.1 Comparison of intracellular parameter values for APC and t-PA productions in BHK
and CHO cells at quasi-steady-state with standard deviations. The parameters presented in the
table are: transcription rate k,; mRNA turnover rate &, ; cell growth rate p ; translation rate k;

secretion rate kg ; and intracellular protein degradation ratek,. The mRNA levels are relative.

This table combines Tables 4.2 and 6.2. *The parameters in the secretory pathway saturation
range. (a) kg data from intracellular protein content. (b) k, data from pulse-chase method.

APC t-PA
Parameter Value + SD Value £ SD Units
kp NA 0.0004 ~ 0.0031 range of mRNA/cDNA/h
k, NA 0.1+0.01 hl
v 0.008 ~ 0.04 0.03 £0.004 h-1
kg 0.005 £ 0.001 0.22 £0.07 pg t-PA/mRNA/h
k 0.11£0.03 (a) 2254035 (a) hel
0.12£0.03 (b) 1.63+0.52  (b) bl
0.05* | h‘i
kp 0.004 £ 0.004 0.01 £0.01 h-1
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Table 7.2 Summary of intracellular factors influencing recombinant protein production rates
for APC by BHK cells and t-PA by CHO cells.

CLONAL PARAMETER VARIABILITY

[eDNA*] up to 660 copies/cell

cDNA copies o [cDNA™ ]up to 780 copies/cell
[cDNA]
| e k¢ increased up to 240 ¢DNA*", decreased above 240
Trarll‘scrlptlon e k"™ increased up to 300 cDNA™ , decreased above 340
p Turnover e Maximum g, limited by maximum k" (even in the
(k) | range of unstable ¢},*)
mRNA transcripts / .
[MRNA] \ e k,” constant
APC tPA
. Dilutionby cell * ¥z and k" constant
-Translation .
K division ()
R
Degradation ® k,  increased when secretory pathway saturated
(kp) e k" constant
Intracellular '

proteins [P}] o [APC,] < 0.8 pg/cell, except when secretory pathway
saturated at 0.8<[4PC,]< 1.5

Unsaturated [tP4,] < 0.7 pg/cell (saturation not detected)

/ N\

Dilution by cell

Secretion division ()

kg

ek decreased as g ¢ increased

PA -
e pco constant as ¢)," increased

Secreted proteins
[P.] e kI constant

e at saturation, k**“ decreased and [4PC,] increased

e Maximum ¢,™ limited at saturated [4PC,]




were constant for all APC or t-PA clones, as were the t-PA mRNA turnover rates. At the
maximum APC production rate, a saturation of the secretory pathway was detected.
Surprisingly, the 20-fold higher cell specific t-PA production rate was limited by
transcription rates and not apparently by the secretory pathway. These distinctive
limitation patterns were confirmed by pulse-chase and intracellular protein analysis. APC
producing BHK cells had higher intracellular APC accumulations due to the 20-fold lower
secretion rate for APC from BHK cells compared to t-PA from CHO cells (0.11 = 0.007
versus 2.25 + 0.35 h-1) (Table 7.1). This difference in recombinant protein retention half-
lives may be responsible for the differences in maximum expression levels. [t is
hypothesized that a threshold intracellular secretory protein level may exist that limits
secretion of many proteins at approximately 1 pg/cel.l. The results for ATIII (Shroder andd
Friedl, 1997) support this conclusion. Other recombinant proteins and cells would need to
be investigated to determine how much this threshold concentration is protein or cell-type
specific.

Although some kinetic parameters could be directly compared between APC and
t-PA (Table 7.2), it should be noted that due to the difficulty in quantifying exact APC or
t-PA mRNA transcript numbers, the mRNA levels described in this report are in different
arbitrary units. Therefore, the high transcription rate (k,,) and translation rate (k) shown
for APC should not be taken to imply that APC had higher transcription or translation
rates than t-PA. Although both proteins seem to have similar mRNA levels judging from
their amount relative to B-actin mRNA (Figures 4.6 and 6.8), it is still premature to make

any conclusion since many factors could influence the absolute mRNA levels, such as the




amount of DIG molecules in each probe, the exposure time to the film, and the levels of

B-actin expression in different cell types.

Many groups have reported clonal variations in recombinant protein secretory
pathway. Table 7.3 compares our own results to literature results from Table 1.4.
Identification of intracellular limitations provides a basis for selecting appropriate
strategies for increasing recombinant expression, depending on whether transcription or
secretion limits protein production. When transcription rate limits protein production,
further amplification of cDNA or using more powerful promoters can increase mRNA
levels and ﬁroduction rates. At secretion limited rates, engineering the concentrations of
secretory processing proteins may increase the recombinant protein production rates
(Dorner et al., 1988; Lee et al., 19§3; Robinson et al., 1994). Thus, it is important to

analyze if secretion is limiting, i.e. k; decreased at the highest production rate obtained.
The secretion rate (kg) can either be measured directly by pulse-chase analysis or

calculated using Equation 3.3 from the intracellular t-PA content and the cell specific
production rate. The second approach is much simpler and less labor-intensive approach
than the pulse-chase method. Alone, the comparison of secretion rates and intracellﬁlar
protein levels detected secretory pathway limitations for hATII (Schroder and Friedl,
1997) and APC (Figure 4.11). In the case of t-PA, the constant secretion rate, even in the
unstable range of production (Figure 6.10), indicates a transcription level limitation as

discussed above.

Batch culture analysis revealed that for both APC and t-PA production, mRNA

levels were stable and correlated with recombinant protein production rate during the
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exponential growth. Rapid declines in the APC and the t-PA production rates were
observed when the cells entered stationary or decline phases. Although mRNA levels also
declined in these phases, they did not correlate as well with protein production rate,
especially for CHO cell t-PA production. These results indicate a shift in limiting
mechanism that could be further investigated.

Overall, the results in this report could provide some general recommendations for
mammalian recombinant protein production. First, our amplification results suggested
that bulk amplification provide a less labor-intensive method to obtain high producing
clones, at least for non-growth-associated recombinant protein production. Second, stable
clones with relativély high production rates should be cloned after adaptation to MTX-free
medium without serum. Finally, and most importantly, analysis of intracellular protein
content could be used to monitor when intracellular production limitations are reached.
This simple analysis indicates at what level further cDNA amplification or vector
optimization would be fruitless. If the hypothesis of an apparently 1 pg/cell saturation in
the secretory pathway proves correct, Equation 6.2 can be used to estimate the maximum

cell specific production rates that could be attained.
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CHAPTER 8

FUTURE PERSPECTIVES

In this study, the roles of intracellular factors as the limitations in protein production
and the amplification strategy as well as production stability in mammalian cells have been
systematically investigated. Although the results clearly demonstrated the distinguished
limitation patterns in two different mammalian recombinant protein production systems,
this work should be regarded as the preliminary step to understand the limitations in
mammalian cell production, and to develop new strategies to increase recombinant protein
production rate and to optimize mammalian culture conditions. Advanced investigations
need to be carried out to extend our understanding about these issues, and provide us
guidelines to apply these concepts in recombinant mammalian production for practical

purposes.
8.1 Further Investigation of Production Instability in t-PA Producing CHO Cells

The mechanism which caused the instability of high producing CHO cells in culture
is still unclear. Since there was no correlation between cell growth rate and cell specific
t-PA production rate, cell apoptosis is the most possible mechanism to dismiss high

producing CHO cells in long-term culture. Although the apoptosis analysis in this study

-did .not provide conclusive evidence to verify the relation between instability and cell

apoptosis, a higher portion of apoptotic cells was observed in the high producing clone.
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Further studies should be conducted using other culture conditions, such as in over-
crowded cell culture, different culture pH, different dissolved oxygen concentrations, low
cell viability condition, and nutrient-deficient culture to mimic the possible conditions that
may occur in the long-term cell culture. These analyses may provide us more information
about the effect of apoptosis on long-term protein production rate. Moreover, the results
may be useful to develop a new strategy such as co-expression of bcl-2, a apoptosis
suppressing protein, with t-PA in the high producing clones to reduce cell apoptosis and
preserve these cells in long-term cell culture. This strategy has recently been applied to
recombinant mammalian cells to increase cell production rate (Fusseneger et al., 1997),
and may have the potential to enhance the stability of t-PA production in high producing

CHO cells.
8.2 Production Limitations in Various Cell Culture Methods

The investigation of the intracellular factors reported as discussed in this work was
performed with cells in exponential growth and during the whole batch culture. The
influence of these intracellular factors on speciﬁc protein production rate could also be
further investigated in other culture conditions, such as in fed batch culture, semi-
continuous culture, or continuous culture. Similar research has been applied to
monoclonal antibody production by hybridoma cells (Merten et al., 1994), but no reports
for recombinant mammalian cells have been published. These studies could reveal the

relation between dilution rate and intracellular limiting factors, and provide information




about the various limitations in different culture stages. These data could be important for

selecting culture methods and optimizing culture conditions.

8.3 The Influence of Environmental and Nutritional Factors on the Intracellular

Rate Parameters

Environmental factors such as dissolved oxygen level and pH, and nutrients such as
glucose, glutamine and amino acids have been shown to affect recombinant protein
production rates in culture. However, the influence of these environmental and nutritional
factors on intracellular limiting factors has not been fully investigated. Using small-scale,
multiple culture wells with various culture conditions and statistical analysis, these
extracellular factors can be analyzed for their effects on the rates and limitations of
recombinant protein production. These results will be critical for metabolic engineering of
recombinant mammalian cells, and provide the critical information to control protein

production rate by manipulating culture conditions.

8.4 Maximum Protein Production rate for Different Recombinant Proteins

The mechanism responsible for the difference in maximum protein production rate
between APC production by BHK cells and t-PA Production by CHO cells is an
interesting topic for further investigation. The difference in host cell types may be part of

the reason, but by itself this is hard to fully explain the variation in protein production rate,

since both cell types have been widely used with reasonable high ‘recdmbinant protein
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production rates (Table 2.1). Although the different affinity to GRP78 has been reported
to be responsible for the distinctive production rates between factor VIII and von
Willebrand factor (Kaufman et al., 1989), it is not clear if it is also the case in the
production difference between APC and t-PA. Analysis of the association between
recombinant proteins and GRP78 or other ER-based processing proteins, and the
concentrations of ER-based processing proteins such as PDI, will provide more insight in
this issue. Furthermore, coexpression of APC and t-PA in the same host cells may also
provide valuable information to help us answer the qﬁestion why some proteins, such as
t-PA and recombinant antibody, have higher maximum production rate than other

recombinant proteins, such as APC and factor VIII.
8.5 Limitation Studies of Other Recombinant Protein Production

Two different recombinant protein productions were investigated in this work with
distinctive limitation patterns. It is concluded that the limitation on recombinant protein
production is highly protein specific. It will be interesting to investigate the intracellular
parameters such as ¢cDNA copy number, mRNA level, intracellular protein content,
secretion rates, etc., in other recombinant protein productions to confirm the general
limitation patterns in mammalian cells, and determine the threshold between different

intracellular limitations.
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