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Abstract

The aim of this study was to better understand the role of conditioned medium (CM) in
Spodoptera frugiperda Sf9 insect cell proliferation and recombinant protein production
using the baculovirus expression system.

CM was found to stimulate cell proliferation. Addition of CM and 10 kDa CM filtrate to
an Sf9 culture decreased the lagphase and the maximum cell density was reached earlier
than for cultures in fresh medium. The positive effect of 10 kDa CM filtrate showed that
CM contains at least one small growth promoting factor. The effect was not eliminated by
trypsin treatment. Addition of CM or 10 kDa CM filtrate to Sf9 cultures was found to
have a negative effect on the recombinant protein production. The effect was thought to
be indirect and most probably via the impact of CM on cell physiology. CM was also
found to contain proteinase activity. The proteinase was identified as Sf9 cathepsin L. A
proform with a molecular mass about 49 kDa and two active forms at about 39 and 22
kDa were found. The role of cathepsin L in Sf9 cultures is not yet clear. However, the
knowledge of the presence of this proteinase in CM can be of great value for improving
product quality and yield. Further, CM was found to have other properties as well: a
concentrated fraction of CM exhibited strong antibacterial activity towards Bacillus
megaterium and a weaker activity towards Escherichia coli. B. megaterium lysed rapidly
after incubation in the CM fraction.

Repeated subculturing of Sf9 cells provoked a switch in growth kinetics. After 30-45
passages the cells started to proliferate earlier after inoculation and addition of CM had
no longer a growth stimulating effect. However, CM still stimulated growth of a culture
with low passage (LP) number (up to 45 passages). High passage cells (HP cells, over
100 passages) displayed a shorter lagphase than LP cells and the culture reached the
maximum cell density 24-48 h earlier. Cell cycle analysis showed that the Sf9 cells were
transiently synchronised in the G2/M phase 10 h after inoculation, before proliferation
was initiated. This synchronisation was more pronounced for HP cells than for LP cells,
which correlated to a higher recombinant protein production in baculovirus infected HP
cells than in LP cells. Synchronisation of cells in G2/M by yeastolate-limitation before
infection with baculoviruses suggested that the degree of synchronisation is connected to
the cell density dependent decrease in recombinant protein production of Sf9 cultures.
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dynamics, proteolytic activity, antibacterial activity, recombinant protein production
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1 Aim of this study

Production of recombinant proteins in insect cells is performed by infecting the

cells with baculovirus containing the gene for the desired product. The limitation

with this system is a dramatic drop in productivity occurring when a culture is

infected above a critical cell density. It has been suggested that the cell density

dependent decrease in productivity is caused by the autoregulatory system in Sf9

cells (Doverskog et al. 2000). The aim of this work was therefore to study the

effects of extracellular components in conditioned medium on cell physiology and

production of recombinant proteins. The growth promoting activity, proteolytic

activity and antibacterial activity of conditioned medium are some of the factors

investigated in this thesis. The effect of cells passaged for longer times on growth

kinetics and productivity was also studied.

2 Insect cell cultures

The first continuous insect cell line was established by Grace in 1962 (Grace

1962). Insect cell cultures then came into use for production of baculoviruses (ds

DNA virus that infect invertebrates) as biopesticides for the agricultural industry.

As genetic engineering methods were developed, it became possible to produce

recombinant baculoviruses. The baculoviruses could then be designed for better

control of insect pests. At the same time, the recombinant baculovirus became a

new tool for production of foreign proteins in insect cell cultures and the

baculovirus expression system (BEVS) was developed.  Today, two of the most

commonly used insect cell lines for production of recombinant proteins are

Spodopetra frugiperda clone 9 (Sf9), the fall army worm, and Trichoplusia ni

(BTI-Tn-5B1-4, High Five), the cabbage looper. The work behind this thesis is

exclusively performed with the Sf9 cell line, which is the most frequently used

insect cell line today.
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Many recombinant proteins require posttranslational modifications and processing

for full biological activity. Microorganisms are unable to produce large and

complex bioactive eukaryotic proteins, which are correctly folded (Runstadler

1992; Seed 1995). Hence, to obtain a recombinant protein, which is structurally

and functionally similar to its natural analogue, it is necessary to use a system

based on higher eukaryotic cells. Insect cells are capable of carrying out functions

such as glycosylation, phosphorylation, fatty acid acylation and amidation (Geisse

et al. 1996). The nature of N-linked glycosylation in insect cells have been

questioned; the carbohydrates consist mainly of high-mannose type and processing

into complex form does not take place (Jarvis and Summers 1989). One drawback

with the animal cell system is high operational cost compared to bacteria and

relatively low product yield.

Insect cells are commonly used for producing recombinant proteins (mammalian

receptors, enzymes etc.), which are target molecules for new drug candidates.

However, insect cells may also be used for production of therapeutic proteins such

as vaccines and adenoviruses for gene therapy (Cheshenko et al. 2001). Recent

studies report on clinical trials of recombinant BEVS derived influenza vaccine

and development of baculovirus derived subunit vaccines against East Cost Fever

(ECF) in cattle (Kaba et al. 2005).

2.1 Culture medium

The culture medium should be optimised to support cell growth to high cell

densities and high production of recombinant proteins at a competitive price.  The

first synthetic medium was supplemented with heat-treated insect hemolymph

(Wyatt et al. 1956a; Wyatt 1956b). It was then discovered that animal serum could

replace the insect hemolymph (Hink 1970). However, serum is expensive and



3

contains many different components such as proteins, electrolytes, lipids,

carbohydrates, hormones and enzymes. This complex mixture of substances gives

lot-to-lot variations and may complicate purification of the protein product. The

regulatory demands of biotechnology-derived protein pharmaceuticals make the

use of serum complicated (Seamon 1998). The problems with serum and the

increasing interest in the BEVS have led to development of a number of serum-

free media. In this thesis the serum free medium KBM10 has been used

(Doverskog et al. 1997). This medium contains yeastolate, which is required for

proliferation of the Sf9 cells (Doverskog et al. 1998). However, yeastolate is

produced by yeast cell autolysis and is an undefined complex mixture of peptides,

vitamins, amino acids, and carbohydrates. The content is not totally defined and

may vary from batch to batch. Commercial companies are therefore interested in

developing new media with components that can replace yeastolate.  Apart from

yeastolate, the KBM10 medium contains glucose, inorganic salts, amino acids,

vitamins and lipids.

Unlike mammalian cells, Sf9 cells produce low levels of the by-products lactate

and ammonium. Sf9 cells produce alanine under glucose excess but even high

alanine concentrations were not found to be detrimental for either cell growth or

recombinant protein production. If glucose is limiting, ammonium is produced

instead of alanine (Öhman et al. 1995).

3 Conditioned medium (CM)

The Sf9 cells were cultured as suspension cultures in shake flasks. The cell-free

supernatant from the culture is termed conditioned medium. The cells were seeded

to 2-3 105 cells ml-1 and CM was harvested after 3 days of culture (∼1.5 106 cells

ml-1) if nothing else is mentioned.
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3.1 The growth promoting activity of CM

Addition of CM usually stimulates proliferation of Sf9 cells. CM from day three of

a culture was added to a new culture (20% of the medium volume). The cells

started to proliferate earlier with CM, hence the length of the lagphase was

decreased. By increasing the seeding density the lagphase also became shorter and

the response to CM was decreased (Fig. 1a). These responses are typical when

autocrine growth factors are present. Jesinowski and Ataai (1997) noticed an

increased lagphase when conditioned medium was replaced with fresh medium

and suggest it to be a consequence of removal of secreted growth-enhancing

factors in conditioned medium. The cultures with CM reached a lower maximum

cell density than the cultures in 100% fresh medium (Fig. 1a), which most likely

was caused by the dilution of nutrients in the fresh medium.

Fig. 1. (a) Effect of 20% CM () on proliferation of Sf9 cells compared to cells
in 100 % fresh medium (). Seeding density 125 000 cells ml-1 (dashed lines)
and 200 000 cells ml-1 (solid lines). (b) Silver stained SDS-PAGE of CM.
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Gel electrophoresis analysis of CM revealed a large number of secreted proteins

(Fig. 1b). The growth promoting factors in CM remain to be identified from this

complex mixture. Some proteins in CM have been identified (see section 3.2 and

3.3), but none of these proteins have proven to be responsible for the growth

promoting effect of CM.

3.1.1 10 kDa CM filtrate

In order to separate low molecular mass substances from high molecular mass

substances, the CM was ultra-filtrated through a 10 kDa cut-off filter and the

filtrate phase (will be referred to as 10 kDa CM filtrate) added to new cultures.

The addition of 10 kDa CM filtrate resulted in a similar effect on cell growth as

CM; the cells started to proliferate earlier and the lagphase was shortened (Fig. 2).

Fig. 2. Effect of 20% 10 kDa CM filtrate () on Sf9
cell proliferation compared to control cultures in
100% fresh medium ().

Fig. 3. Effect of 20% trypsin treated 10 kDa CM
filtrate () and trypsin treated KBM10 medium
(), compared to 100% fresh medium () and
untreated 10 kDa CM filtrate (). (Unpublished
results)
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Silver stained SDS-PAGE of the 10 kDa CM filtrate revealed two protein bands at

about 10 kDa and 14 kDa. To investigate if these proteins were responsible for the

growth stimulating effect, the 10 kDa CM filtrate was treated with immobilized

trypsin, which resulted in digestion of the proteins. As a control, fresh medium

was also treated with trypsin, which did not affect the growth kinetic of the cells.

Trypsin treatment of 10 kDa CM filtrate did not eliminate the positive effect on

cell proliferation (Fig. 3). The protein bands at 10 kDa and 14 kDa could therefore

not be responsible for the growth enhancing effect of the 10 kDa CM filtrate.

However, the responsible agent may still be a small peptide of a couple of amino

acids, not susceptible for trypsin digestion and not visible on the SDS-PAGE. On

the other hand, the growth promoting factor could also be some type of compound

other than a protein. After 175 h of culture the trypsin treated 10 kDa CM filtrate

even promoted growth slightly more than untreated 10 kDa CM filtrate. This could

be the consequence of trypsin digestion of a peptide with negative effect on cell

proliferation. However, further studies have to be carried out to investigate this

possibility.

To avoid interference of substances from the yeastolate in the medium, cells were

first cultivated in normal medium for three days and then incubated in yeastolate-

free KBM10 for three days.  An addition of 20% yeastolate-free CM to new

cultures resulted in a positive effect on cell proliferation in the same manner as

normal CM. On the contrary, the filtrate phase from 10 kDa ultrafiltrated

yeastolate-free CM had a distinct negative effect on proliferation (Fig. 4). Thus,

yeastolate seemed to be necessary for the cells to produce the growth stimulating

factor in 10 kDa CM filtrate. Another possibility is that other factors were

produced when the cells were incubated in yeastolate-free medium. Taken into

account that trypsin-treatment of normal 10 kDa CM filtrate increased the growth

promoting effect at the end of the culture (Fig. 3), this indicates the presence of a
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negative factor as well. The negative effect of yeastolate-free 10 kDa CM filtrate

on proliferation suggests that only the negative factor was present.

Fig. 4. Effect of 20 % yeastolate-free 10 kDa filtrated
CM () on Sf9 cell prolferation compared to control
cultures in 100 % fresh medium (). (Unpublished results)
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like related peptides (4-7 kDa), previously also called small prothoracicotropic

hormone (small PTTH) (Gade et al. 1997). (Fullbright et al. 1997) showed that

Bombyxin II could bind to a receptor in the Sf9 cell membrane. The size and

subunit of the bombyxin receptor on Sf9 cells showed some similarities to the

mammalian insulin receptor. Whether the ILPBP or the bombyxin receptor is

capable of binding the growth promoting substance in the 10 kDa CM filtrate

mentioned above or not, could be a subject for future studies.

Two different types of hormones, juvenile hormones and ecdysteroids are known

to regulate molting and metamorphosis in insect development (Nijhout 1994).

Ecdysteroids are involved in the molting cycle. However, they have also been

shown to inhibit cell proliferation of the epidermal cell line IAL-PID2 from

imaginal discs of the Indian meal moth (Auzoux-Bordenave et al. 2002; Hatt et al.

1997). Imaginal disc cells from the cabbage looper Trichoplusia ni, were found to

produce and secrete ecdysteroids, whereas no ecdysteroids were found in

embryonic and ovarian cell lines from T. ni (Lynn et al. 1987). Since Sf9 cells also

are ovary insect cells it may not be very likely that they produce ecdysteroids.

However, T.ni and Sf9 have different metabolism and cell cycle dynamics so the

possibility should not be excluded: maybe the 10 kDa CM filtrate contains some

kind of ecdysteroid. Ecdysteroids have also been applied for improving production

of recombinant proteins in the baculovirus expression system with Sf9 cells (Chan

et al. 2002; Sárvári et al. 1990). Maximum effect was achieved at physiological

concentrations whereas a higher concentration of the hormone was inhibiting.

The growth-blocking peptide (GBP) is another insect peptide (2.5 kDa), which has

proven to have stimulatory effects on cell proliferation of Sf9 insect cells as well

as of human keratinocyte cells (Hayakawa and Ohnishi 1998). The embryonic cell

line NIH-Sape-4 from Sarcophaga peregrine, the flesh fly, has also been shown to
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produce and secrete growth factors. The conditioned medium contained a 52 kDa

growth stimulating protein as well as the antibacterial protein sapecin (40 aa) with

growth promoting activity (Homma et al. 1996; Komano et al. 1991). It is unlikely

that sapecin is present and responsible for the growth promoting effect of 10 kDa

CM filtrate since the protein is susceptible to trypsin digestion.

If CM is filtrated through a 10 kDa cut-off filter and the small molecules removed

from the retentate by a PD10 desalting column, the retentate still exhibit growth

promoting activity (personal communication Eva Lindskog). This means that CM

contains at least one large growth simulating factor. As shown above, a small

substance also exists in CM with positive effect on cell proliferation. The

identification of these factors and their role in the autoregulatory system of Sf9

cells is not yet clear.

3.2 Proteolytic activity in CM

Degradation of proteins produced with the baculovirus expression system has

often been observed and attributed to proteolytic activity (Cruz et al. 1999; Pyle et

al. 1995; Ramabhadran et al. 1993; Ratnala et al. 2004). Intracellular products are

exposed to a vast variety of proteinases origining both from the virus and the

insect cell. Both secreted and intracellular proteins are susceptible to degradation

by extracellular proteinases since the baculovirus infection eventually leads to cell

lysis. Understanding the factors influencing proteolytic degradation of the product

will lead to a higher product quality and yield. Proteolytic enzymes are also known

to be involved in autocrine loops (Fowlkes and Winkler 2002; Taipale and Keski-

Oja 1997). It was therefore of great interest to investigate the proteolytic activity

in CM from our Sf9 cells (paper III).
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Proteolytic activity was found in CM and identified as cathepsin L (about 39 kDa)

with pH optimum at 5.0. Occasionally a band with higher molecular mass was

found (about 49 kDa), which was shown to be a proform of the 39kDa band, and

conclusively procathepsin L. Cathepsin L is a cysteine proteinase belonging to the

papain like cysteine proteinase family.

Bently and coworkers found protolytic activity in Sf9 cells infected with

baculovirus (Naggie and Bentley 1998; Naggie et al. 1997; Wang et al. 1996).

However, only one proteinase was found to stem from the intracellular matrix of

the insect cell and the remaining proteinases were produced by the baculovirus.

The insect derived proteinase was identified as a cysteine proteinase at 49 kDa

(Naggie and Bentley 1998). A cysteine proteinase has also been purified and

characterised from Bombyx mori (Kageyama and Takahashi 1990). The purified

form was found to be a latent form of the enzyme (47 kDa) and after incubation

under acidic conditions the latent form disappeared and the active form (39 kDa)

appeared (Takahashi et al. 1993). The cysteine proteinase was later identified as a

cathepsin L-like enzyme (Yarygin et al. 2003). Cathepsin L has also been

identified in the culture medium of NIH-Sape-4 cells from Sarcophaga peregrina

(Homma et al. 1994).

Cathepsin L is a powerful lysosomal cysteine proteinase, involved in the process

of intra- and extracellular protein degradation. Like many other proteases,

cathepsin L is synthesized as an inactive preproenzyme and subsequently

processed to its mature active form (Ishido and Kominami 1998).  Procathepsin L

can either be processed to mature cathepsin L and stored in the lysosomes or be

secreted into the culture medium (Homma et al. 1994; Ishido and Kominami

1998). The propeptide is important for proper folding and stability of the protein

(Tao et al. 1994). Cleavage of the proregion to yield active mature cathepsin L can
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occur autocatalytically under acidic conditions (Mason et al. 1987). The precise

mechanism is not yet clear, but a study on human recombinant procathepsin L

indicated that the autocatalytic processing was effected via both intermolecular

and intramolecular cleavages (Ménard et al. 1998). Structural studies on human

cathepsin L have shown that the fold of the propeptide inhibits the enzymatic

activity of procathepsin L. Ménard and coworkers showed that intermolecular

cleavage of the proregion takes place close to the N terminus of the mature

enzyme. The finding that the proregion binds in the opposite direction to that of a

normal substrate suggests that intramolecular cleavage cannot occur by the normal

catalytic mechanism (Coulombe et al. 1996; Ménard et al. 1998). However, small

synthetic inhibitors have been observed to be incorporated at the active site of the

proenzyme (Mason and Massey 1992; Vernet et al. 1991) suggesting that the

proregion does not constantly remain in contact with the active site (Ménard et al.

1998).

As mentioned above, the Bombyx mori procathepsin L could be activated under

acidic conditions. This is also the case for human and mouse cathepsin L (Mason

et al. 1987; Nomura and Fujisawa 1997). The conversion of procathepsin L to

mature cathepsin L was also found to be enhanced by contact with charged

surfaces (Mason and Massey 1992). It is therefore possible that the processing of

secreted procathepsin L could occur in the extracellular space in the presence of

the charged glucosaminoglycans (GAGs, present on the cell surface) (Ishido and

Kominami 1998).

To investigate the activation of our Sf9 protease under acidic conditions, the pH of

CM was lowered and the CM analysed on a gelatin zymography gel. Interestingly,

the only visible protein band was at about 22 kDa (Fig. 5, lane 2). The larger

proteinase (39 kDa) could only be observed in untreated CM (Fig 5, lane 1).
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Fig.5. Gelatin
zymography gel
incubated at pH 5.0.
Lane 1: CM from day3
of a culture. Lane 2: CM
with pH 3.5. White
bands corresponds to
enzymatic activity

Inhibition studies showed that the 22 kDa proteinase also was a cathepsin L like

enzyme with pH optimum at 5.0. Processing of procathepsin L into different

mature forms has also been reported for mouse procathepsin L (39 kDa), which

has two processed forms of 29 and 20 kDa (Salminen and Gottesman 1990). The

authors suggested that the formation of the active 29 kDa enzyme occurs after one

or more proteolytic clips of the proenzyme.

3.2.1 The role of cathepsin L in Sf9 cultures

Homma et al. (1994) have reported that imaginal discs of Sarcophaga peregrina

differentiated into adult structures in the presence of 20-hydroxyecdysone. The

differentiation was inhibited by the addition of antibodies against procathepsin L

to the culture medium. The authors assumed that procathepsin L was needed for

differentiation of imaginal discs in the pupal stage of this insect. In imaginal discs

and in the embryonic NIH-Sape-4 cells from Sarcophaga peregrina, procathepsin

L can either be processed to mature cathepsin L and stored in the lysosomes, or be

secreted. However, in imaginal discs the secretion takes place only if 20-

hydroxyecdysone is present (Homma et al. 1994). It has been suggested that the
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regulation of the cathepsin L gene and the extracellular functions of secreted

procathepsin L are tightly coupled in mammalian cells (Ishido and Kominami

1998). The cathepsin L gene is activated by various growth factors and activated

oncogenes. Secreted procathepsin L can then bind to the cation-independent

mannose 6-phosphate receptor together with unknown receptor molecules,

resulting in promotion of cellular DNA synthesis.

Since CM from Sf9 cells stimulates proliferation, it was interesting to find out if

procathepsin L was the responsible factor. If the conversion of the proform could

be blocked, this would lead to an increased concentration of procathepsin L and

thereby a possible stimulation of cell proliferation. The processing of procathepsin

L to mature cathepsin L, have been shown to be prevented by cysteine inhibitors

such as E64 and leupeptin (Homma et al. 1994; McDonald and Kadkhodayan

1988; Salminen and Gottesman 1990; Takahashi et al. 1993). E64 and E64c, an

analogue that is not able to penetrate the cell membrane, bind irreversibly to

cysteine in the active site (Coulombe et al. 1996; Hashida et al. 1980; Matsumoto

et al. 1989). E64c was therefore added to the Sf9 culture medium (20 µM) at time

of inoculum and after 68h of culture an extra addition of 20 µM was made. Cell

growth and cathepsin L activity in CM was monitored. However, no effect on cell

proliferation could be observed although the E64c strongly inhibited the

proteolytic activity in the culture medium (Fig. 6).
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Fig. 6. Effect of E64c in Sf9 cultures on cell proliferation
(dashed lines) and extracellular cathepsin L activity
measured with a fluorometric assay (solid lines). ( )
Control culture, () Addition of 20µM E64c in the culture
medium at time of cell inoculum and after 68h of culture.
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cathepsin L activity was present in the culture medium. Nomura and Fuisawa

(1997) found that incubation of procathepsin L in culture medium of mouse

myeloma cells above pH 5.0 did not result in processing to mature form,

suggesting that some elements in the culture medium inhibited processing.

Homma et al. 1994 also discovered that procathepsin L was stable in culture

medium of NIH-Sape-4 cells but easily converted in purified form. A novel

propeptide-like cysteine proteinase inhibitor, Bombyx cysteine proteinase inhibitor

(BCPI), has previously been identified in Bombyx mori (Yamamoto et al. 1999).

However, another possibility is that the Sf9 cathepsin L was inactivated during

concentration of CM, and that the proenzyme became activated upon dilution.

It is also not known if the Sf9 procathepsin did bind to a surface receptor. In

addition, (Dahms and Brzycki-Wessell 1995) could not detect the presence of

endogenous cation dependent/independent mannose 6 phosphate receptors in

either Sf9 cells or T.ni insect cells.

The instable enzyme-inhibitor complex and the concentration-dilution effect on

the activity in CM, indicates that the system is complex and might contain an

endogenous inhibitor or other factors in CM interfering with cathepsin L.  The role

of Sf9 cathepsin L in CM is therefore not clear. On the other hand, the knowledge

of the presence of this proteinase in CM can be of great value for improving

product quality and yield.

3.3 Antibacterial activity of a CM fraction

In order to easier investigate the contents of CM, gel filtration chromatography
had been applied for fractionation of CM. It had previously been found that one of

these fractions could inhibit bacterial growth (personal communication Eva
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Lindskog). The CM fraction was found to exhibit strong antibacterial activity

against Bacillus megaterium (paper I). The CM fraction was eluted at about 10

kDa in the gel filtration elution profile. The viability of B. megaterium dropped

drastically after exposure to the CM fraction (Fig. 7).

Fig. 7. Viability of B. megaterium incubated with () or without () the CM fraction from an Sf9 culture.
The experiment has been repeated several times with the same result. (a) linear scale (b) log scale. No
colonies were found after 80 min.

Already after 8 min the viability had decreased to 0.7% compared to the control.

The SDS-PAGE analysis of the supernatant sample indicated that a substantial

amount of protein had leaked out of the bacteria after exposure to the CM fraction

(Fig. 8). The control sample taken after 80 min (Fig. 8, lane 5) did not contain any

visible proteins.  The antibacterial effect of the CM fraction was so potent that

some proteins had already leaked out of the bacteria in the zero-time sample (Fig

8, lane 2).  Optical density measurements, flow cytometry and microscopic

investigation confirmed that cell lysis had occurred.
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Fig. 8. Silver-stained SDS-PAGE of
supernatant samples from B. megaterium
incubations, with or without the CM fraction.
Lane 1, stock solution of the CM fraction. Lane
2, bacteria with CM fraction at 0 min. Lane 3,
bacterial control at 0 minutes. Lane 4, bacteria
with CM fraction at 80 min. Lane 5, bacterial
control at 80 min.

The antibacterial effect of the CM fraction on E. coli was not as profound as on B.

megaterium. During the first 60 min, the viability dropped to 35% of the control.

SDS-PAGE analysis revealed that some protein leakage had occurred after

exposure to the CM fraction. One reason for the weaker antibacterial effect of the

CM fraction on E. coli compared to B. megaterium is probably the outer

membrane of E. coli. One of its most important functions is to serve as a protective

barrier, preventing or slowing the entry of toxic substances.

Some of the proteins in the CM fraction (Fig. 8, lane 1) were identified with mass

spectrometry and N-terminal sequencing (Table 1). Among them was ubiquitin,

which has been reported to inhibit growth of B. megaterium at 60 µM (Kieffer et

al. 2003). However, ubiquitin in the range of 0,05-80 µM did not inhibit growth

under our conditions. Thioredoxin and cyclophlin are mostly thought of as

intracellular proteins. Recent research has identified extracellular species of these



18

proteins with other functions than the intracellular (Arnér and Holmgren 2000; Jin

et al. 2000). However, neither thioredoxin nor cyclophilin are thought to be

responsible for the antibacterial activity in the CM fraction.

Table 1 Protein identification by mass spectrometry
Protein band in CM fractiona Sequences identified by mass

spectrometry
Matched proteins in the
database

9.6 kDa TITLEVEPSDTIENVK
ESTLHLVLR
FAGKQLEDGR

Ubiquitinb

(many species)

11.9 kDa IHIKDSDDLKNR
KLEEFSGANVDKLR

Thioredoxin-like protein
(Manduca Sexta)

18.4 kDa VFFDVSADGSALGR Cyclophilin like protein
(many species)

26.5 kDa ILEGMDVVR
FEDENFKLR

Cyclophilin like proteinb

(many species)
a molecular mass estimated by SDS-PAGE
b also confirmed by the N-terminal amino acid sequencing

Apart from the identified proteins in table 1, a couple of sequences were received

from protein bands at around 10 kDa. Neither of these sequences matched any

proteins in the databases. (Volkoff et al. 2003) reported on three Spodoptera

frugiperda genes encoding for cysteine rich peptides belonging to the defensin

family of antibacterial peptides. However, the predicted amino acid sequences

showed no significant homology to our amino acid sequences. Previous studies

have found homologues to cecropin A and B in Spodoptera litura, which were

active against Gram-positive and Gram-negative bacteria (Choi et al. 2000). The

CM fraction used in this work contained proteins within a limited molecular size

interval (about 9-25 kDa). Apart from larger propeptides, which are inactive, small

sized antimicrobial peptides such as cecropins (about 3-4 kDa) or defensins (about

2-6 kDa) are therefore not expected to be eluted in this CM fraction.
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Even a non-concentrated CM fraction exhibited some growth inhibiting properties

towards B. megaterium in the antibacterial assay.  Thus, a bacterial infection in an

Sf9 culture may pass undetected but the ability to withstand bacterial infections

can be of great practical value.

4 Passage number affects the growth kinetics

We observed that when the Sf9 cells had been passaged for a prolonged time, the

culture started to proliferate earlier, that is, the lagphase was shortened. At the

same time did the culture no longer respond to addition of 20% CM. Addition of

20% CM (from p26) to a culture in passage 27 contributed to clear growth

enhancing effect (Fig. 9). Five passages later, the growth stimulating effect was

strongly decreased. The culture in 100% fresh medium (p32) grew with similar

kinetics as p27 with supplement of CM.

Fig 9. Effect of 20% CM on cell proliferation of cultures
in p27 ( ) compared to p32 ( ). Dashed lines
correspond to cultures in 100% fresh medium and solid
line to cultures in 20% CM from previous passage.
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This loss of response to CM addition was also observed for cells that had been

passaged for even a longer time, over 100 passages (referred to as high passage

cells, HP). The HP cells started to proliferate earlier after inoculation and grew

with a higher maximum specific growth rate than low passage cells (referred to as

LP: passage number < 45); µmax ~ 0,04 h-1 compared to ~0,03 h-1  (Fig. 10). In

order to evaluate the growth stimulating capacity of CM, CM as well as 10 kDa

CM filtrate from HP cells were tested on LP cells. A clear growth promoting effect

could be observed for both CM and 10 kDa CM filtrate (Fig. 10).

Fig. 10. Viable cell concentration of Sf9 cells in
100% fresh medium in passage 20 ()
compared to passage 158 ().

Fig. 11.  Effect of the addition of 20% CM
() and 10 kDa CM filtrate () from p157
compared to 100% fresh medium () on
the proliferation of Sf9 cells in passage 20.

Both CM and 10 kDa CM filtrate from HP cells decreased the lagphase of the LP

cells. Based on these results it is tempting to speculate that when cells have been

passaged for longer times, they produce more growth factors. An extra addition of

CM (or 10 kDa CM filtrate) to HP cells is therefore not affecting cell proliferation.

Although the HP cells themselves do not respond to CM, HP cells still produce a

significant amount of growth stimulating factors, as shown by the positive affect

of CM from HP cells on LP cells.
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It is not known what causes the increase of CM factors and the switch in growth

kinetics as the culture reaches a critical passage number (Fig 9). However, as the

cells are routinely passaged every third day a selection takes place: faster growing

cells will outnumber more slowly growing cells, finally leading to an enrichment

of a fast growing population.

Wong et al. (1996) described a similar behaviour with increasing specific growth

rate for Sf9 cells after being passaged for longer times (3-5 months). Effect of long

term passaging has also been reported for Trichoplusia ni cells where a stock

culture from an early passage was compared with the commercially available High

Five cells (Donaldson and Schuler 1998). The older culture (High Five) displayed

a shorter lagphase, but reached only 50% of the maximum cell density of the early

stock.

The effect of passage number on cell cycle dynamics and recombinant protein

production will be discussed in section 5.2 and 6.2, respectively.

5 Cell cycle dynamics

5.1 The cell cycle

The decision for a cell to divide is a tightly regulated process that integrates

signals from many sources. Two large groups of factors are involved in the cell

cycle control: extracellular (environmental signals, i.e. growth factors) and

intracellular (oncogenes and tumor suppressor genes). The internal signals

coordinate different cell-cycle events in space and time, and ensure that the

preceeding steps have been completely correctly. The major steps in the cell cycle

are the G1, S, G2 and M-phase (Fig. 12).
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Fig. 12. The eukaryotic
cell cycle (modified from
Molecular Cell Biology,
Lodish et al.).

M is the division phase and includes mitosis (nuclear division) and cytokinesis

(cell division). In G1, the cells are growing in size and preparing for the S phase.

In the S phase DNA synthesis take place and in the G2 phase the cells have just

finished DNA synthesis and have therefore doubled their amount of DNA and are

preparing for mitosis. Three major checkpoints have been identified in mammalian

cells. The first check point is in the late G1 phase (restriction point), which

commits the cell to initiate DNA synthesis. The other two checkpoints are entry

and exit from mitosis (Fussenegger and Bailey 1998; Golias et al. 2004). The

checkpoints are regulated by a family of protein kinases called the cyclin

dependent kinases (cdks).

The resting phase for insect cells is characterized by a 4c-DNA content compared

to a 2c-DNA content for mammalian cells (Fertig et al. 1990). Mitosis is the

important control point for differential regulation of insect cells (Lehner 1991). It

has been suggested that if the cell cycle is completed in G2 before the initiation of

mitosis has been triggered another S phase could be initiated and higher order

ploidy cells are generated (Broek et al. 1991; Senenrstam and Strömberg 1995).

Schopf et al. (1990) saw an increased G2/M peak as the cells approached

stationary phase and suggested that the increased G2/M peak actually consisted of
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diploid G2 cells as well as tetraploid G1 cells. The same observation was made by

Jarman-Smith et al. (2002), who also found that many different Sf9 cell lines used

today are heterogeneous consisting of a mixture of higher order ploidy cells.

5.2 Effect of passage number and CM on cell cycle dynamics

Doverskog et al. (2000) suggested that the autoregulatory events occurring during

the course of a culture, affect cell cycle dynamics.  We therefore wanted to

investigate the cell cycle dynamics in our Sf9 cultures and study how it is affected

by passage number and CM (paper II).

The cell cycle phase distribution during the course of a batch culture is a dynamic

process as can be observed in figure 13. The lagphase in cell growth in the

beginning of the culture was accompanied by a transient arrest in the G2/M phase.

As the cells were released from the G2/M arrest, proliferation was initiated and the

population in the S phase increased. After the release from G2/M and before

stationary phase, the cell cycle phase distribution for LP cells was relatively

constant: 31% G1, 39% S, 30% G2/M. When the cells entered the stationary

phase, an accumulation in G2/M phase could be observed.
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Fig. 13. Cell cycle phase distribution over culture time for low
passage cells. G1 ( ), S (), G2/M (), cell growth (dashed
line).

The cell cycle dynamics was affected by passage number as can be seen in figure

14 where cultures of LP and HP cells are compared.  The HP cells followed the

same overall cell cycle pattern as LP cells but with a larger proportion of cells

synchronised in G2/M (60% compared to 45%) in the beginning of the culture

(Fig. 14a). This transient arrest in G2/M phase for the HP cells coincides with a

smaller population in the G1 phase for the HP cells compared to LP cells (Fig.

14b). After 35 h the population of HP cells in G1 started to decrease, whereas the

LP culture had about 31% of the cells in G1 until the end of the growth phase (Fig.

14b). In the mid-period of the culture, the HP culture had a larger proportion of

cells in S phase, on the average 44%, compared to 39% for the LP cells (Fig. 14c).
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Fig. 14. Cell cycle phase distribution over culture time for
LP () cells and HP () cells. a) G2/M phase, b) G1 phase,
c) S phase.

Cells cultured for over hundred passages have been reported to have an increased

proportion of polyploid cells (Jarman-Smith et al. 2002). When high proportions

of polyploid cells are present, the analysis of cell cycle phase distribution may

become problematic; a large G2/M peak in the DNA histograms will then contain

both G2/M diploid cells as well as G1 tetraploid cells. At the same time, the G2/M

tetraploid cells are then visible as a third peak in the DNA histogram. Judging

from our flow cytometry data, a small population of polyploid cells seems to be

present in both the LP and HP cultures, as can be observed as signals with higher

fluorescence intensity (Fig. 15). However, were no signs of a larger proportion of
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polyploid cells in the HP culture compared to the LP culture. Jarman-Smith and

coworkers also reported that the tetraploid and diploid clones as well as the

heterogeneous parental Sf9 cell line had similar growth rate during the first 60 h

(Jarman-Smith et al. 2004). On contrary, the HP cells used in our laboratory

displayed different growth kinetics compared to LP cells; the lagphase was shorter

and the cellular growth rate was higher (Fig. 10).

Fig. 15. DNA histogram from the flow cytometer. Left figures present LP cells at 1.04x106 cells ml-1 and
right figure HP cells at 0.93x106 cells ml-1. In the analysis of cell cycle phase distribution the peak at 200
corresponds to G1 phase and the peak at 400 to G2/M phase. The signals in-between corresponds to cells in
S phase.

Addition of 20% CM or 10 kDa CM filtrate to the culture medium of LP cells did

not affect the cell cycle dynamics substantially. However, a slight decrease in the

initial G2/M arrest was observed for these cultures compared to normal LP

cultures. Doverskog et al. (2000) reported on the same effect of CM but saw an

even larger decrease in synchronisation of cells in G2/M than observed in this

study. The initial G2/M arrest could also be observed by the cell diameter profile

during culture time. The cell diameter increased for all cultures during the initial

G2/M arrest and then decreased as the cells started to proliferate. Cultures with

CM or 10 kDa CM filtrate did not increase as much in cellular diameter as normal
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LP cells, which indicates that these cells started to proliferate earlier than cultures

without CM.

6 Recombinant protein production

6.1 The baculovirus expression vector system (BEVS)

Baculoviruses are DNA-containing viruses that have a narrow host range and can

infect insects or other invertebrates. They are not hazardous to nontarget

organisms, which has made them useful as biological pesticides (Jarvis et al.

1996). The virus is taken up by mammalian cells but no replication of virus or

transcription of reporter gene from insect promoters have been observed

(Hofmann et al. 1995). The most studied and used virus is the Autographa

californica nuclear polyhedrosis virus (AcNPV).  The virus produces two gene

products, the polyhedrin and p10 proteins, which are transcribed from strong

promoters to high levels late during infection (Geisse et al. 1996). In a

recombinant baculovirus, the gene of interest is inserted into the viral genome in

place of the wild-type polyhedrin gene, which leads to production of large

amounts of foreign gene product during infections (Jarvis et al. 1996).

The baculovirus expression system is lytic and the production phase occurs over a

narrow time window at the end of the infection cycle. The product is usually

harvested around 48-70 h post infection. Since the system is lytic, it also has some

disadvantages. Cell lysis releases proteases, which may harm the product and to

generate and amplify virus stocks takes time and effort. To overcome this, stable

cell lines are sometimes used for recombinant protein production (Li et al. 2001;

Morais and Costa 2003). However, establishing a stable cell line is time

consuming and a less flexible solution. Hence, the transient BEVS system is the

most commonly used system (Possee 1997).
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To obtain a high product concentration, a high specific productivity is required at a

maximum cell density. A major problem with the BEVS insect cell system is the

drop in productivity that occurs when cells are infected above a critical cell density

(Caron et al. 1990; Doverskog et al. 2000; Taticek and Schuler 1996).  Different

feeding strategies and protocols for medium exchange have been developed to

improve the productivity and overcome nutrient depletion and inhibitory by-

product formation (Bédard et al. 1994; Bédard et al. 1997; Chan et al. 1998; Drews

et al. 1995; Elias et al. 2000; Tom et al. 1995). Previous studies have also

investigated the effect of multiplicity of infection (MOI) (Licari and Bailey 1990;

Radford et al. 1997; Wong et al. 1996), temperature and dissolved oxygen levels

(Lindsay and Betenbaugh 1992; Reuveny et al. 1993) on recombinant protein

production. However, none of these parameters have been found responsible for

the drastic drop in productivity. Doverskog et al. (2000) showed that Sf9 cell

proliferation in a serum-free medium is under autocrine regulation and suggested

that the autoregulatory system also affects productivity. This hypothesis was

investigated by studying the effect of CM, passage number and cell cycle

dynamics on recombinant protein production (paper II).

6.2 The effect of CM and passage number on recombinant protein
production

In order to study the effect of CM and passage number on recombinant protein

production, cultures were started with HP cells and LP cells in 100% fresh

medium, and LP cells with 20% CM or 20% 10 kDa CM filtrate (Fig. 16a).

Aliquots of cell suspension were transferred to new flasks, at different time points

during culture, and infected with recombinant baculovirus containing the gene for

the ligand-binding domain of the glucocorticod receptor (GR-lbd). Addition of

CM or 10 kDa CM filtrate to the culture medium, had a clear negative effect on
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productivity (Fig. 16b). All cultures displayed the typical decrease in productivity

with increasing cell density. The data showed that highest specific productivity

was reached when the cells were infected at a low cell density, in this case around

20% of the maximum cell density. This early in the culture no nutrients were

limiting and previous studies have shown that by-product formation (alanine and

ammonium) do not affect Sf9 productivity (Öhman et al. 1995). As shown in

section 4, Sf9 cells loose their response to CM when passaged for longer times.

Interestingly, when the culture no longer responded to CM, the productivity was

also not negatively affected by CM. Hence, CM affects productivity via its impact

on the cell physiology.

Fig. 16. (a) Growth curve of Sf9 LP cells in 100% fresh medium (), 20% CM (), 20% 10 kDa CM
filtrate () and HP cells in 100% fresh medium ().  (b) Recombinant protein production.

The effect of passage number on productivity was further studied by comparing

the recombinant protein production of HP and LP cells. Samples were taken

throughout the LP and HP cultures and infected with baculovirus. Interestingly,

infection of HP cells during the first 48 h (up to ∼1x106 cells ml-1) resulted in

higher specific productivity than for LP cells (Fig 17a and b). However, after 48 h

the productivity dropped and this drop was more drastic for HP cells compared to
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LP cells (Fig. 17a). Infection at higher cell densities (>1,75x106 cells ml-1) resulted

in lower productivity for HP cells compared to LP cells.

Fig. 17. Specific productivity and product concentration for LP cells, p28 () compared to HP cells, p134 ().

Normal practise is to discard cultures when they have been passaged for a couple

of months. However, the high passage cells might even be of advantage due to

their increased productivity at low cell densities.

The higher productivity for high passage cells compared to low passage cells at

low cell densities together with the difference in productivity between CM and 10

kDa CM filtrate indicate that the system is complex. CM probably contains a

mixture of factors affecting the productivity both negatively and positively.

6.3 Correlation between cell cycle and recombinant protein production

The cell cycle stage at the time of infection may be important for recombinant

protein production. The S phase has been suggested important for viral expression
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due to the high proliferative activity in the cell (Kioukia et al. 1995; Saito et al.

2002). Saito et al. (2002) suggested that the G1 phase of the cell cycle is more

effective for the intracellular GFPuv expression, due to a faster S phase arrest

post-infection, compared to infection of G2/M synchronised cells. Lynn et al.

(1987) found that TN-368 cells synchronized at the S phase were more susceptible

to AcNPV infection than cells exposed at G2/M phase.  Braunagel et al. (1998)

speculated that the most beneficial stage for baculovirus infection would be early

in the mitotic cycle because of the increased fluidity of the nuclear membrane of

the insect host cell.

Our experiments had shown that infection of HP cells yields a higher protein

production in the beginning of the culture compared to LP cells. HP cells were

also found to be more synchronised than LP cells in the beginning of the culture.

LP cells with CM or 10 kDa CM filtrate were the least synchronised and also had

the lowest specific productivity. One conclusion is therefore that synchronisation

of the culture prior to infection may have a positive effect on the productivity of

the culture. To further investigate the correlation between cell cycle and

productivity the cells were arrested in G2/M by yeastolate depletion. Most cell

culture media used today are proprietary media, which make synchronisation by

nutrient depletion difficult. To our knowledge, there are no other reports on

synchronisation of Sf9 cells with yeastolate depletion. By limiting the yeastolate in

the culture medium to an initial concentration of 0.5 and 1.5 g l-1, cell proliferation

ceased at around 2.0 x 106 cells ml-1 and 4.0 x 106 cells ml-1, respectively (Fig. 18).

For these yeastolate-limited cultures the transient G2/M arrest during the lagphase

was significantly reduced. Instead the cells started to accumulate in G2/M already

after 50 h of culture and when growth had ceased (140 h) about 85% of the cells

were in the G2/M phase (Fig. 19). For the culture with 0.5 g l-1 yeastolate,

proliferation started to cease early, which was evident by the declining proportion
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of cells in G1 phase already after 50 h and the increasing proportion of cells in

G2/M.

Fig. 18. Cell proliferation of LP cells in normal
KBM10 medium, 4 g l-1 yeastolate () and with
reduced yeastolate concentration: 0.5 g l-1 yeastolate
() and 1.5 g l-1 yeastolate ().

Fig. 19. Cell cycle phase distribution of yeastolate
limited cells compared to a normal LP culture ().
0.5 g l-1 yeastolate () and 1.5 g l-1 yeastolate ().

At various time points aliquots were withdrawn from the cultures and infected

with recombinant baculovirus. Yeastolate was added to the yeastolate-limited

cultures prior to infection. Separate experiments (without infection) have shown

that the cells were slowly released from the growth arrest after yeastolate addition.

The specific productivity for the yeastolate-limited cultures were maintained at a

relatively constant level as their growth started to level of (Fig. 20a and b).
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Fig. 20. Productivity of yeastolate-limited Sf9 cells compared to a normal culture (dashed line). Yeastolate-
limited cultures had an initial yeastolate concentration of 0.5 g l-1 () and 1.5 g l-1 ()

The cell density continued to increase up to 140 h, leading to an increased product

concentration (Fig 20c). The maximum specific productivity was reached as the

cultures were the most synchronised. In this study, infection of a normal culture at

4 x 106 cells ml-1 would lead to a specific productivity of around 35 µg/108 cells,

whereas the yeastolate-limited culture had a specific productivity around 65

µg/108, when infected at the same cell density (Fig. 20b).  Thus, these results

indicate that synchronisation influences productivity and that an increasing

synchronisation may counteract the normal cell-density dependent decrease in

productivity.
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7 Concluding remarks

In this work CM from Sf9 insect cells was shown to contain many different
secreted substances, as for example, an antibacterial factor, which was very potent

towards Bacillus megaterium. CM was also found to exhibit proteolytic activity

due to the presence of the cysteine proteinase cathepsin L. Knowledge about the

proteolytic activity as well as other proteins and substances present in CM may be

of interest when designing solutions for improved product quality and yield.

Furthermore, at least one small growth promoting factor was found in CM. At the

same time was the addition of CM or 10 kDa CM filtrate to a new culture found to

negatively affect protein production in baculovirus infected cells, not per se, but

more probably via its impact on the cell physiology. Future identification of the

growth promoting factors in CM and 10 kDa CM filtrate might make it easier to

understand the effect of CM on cell physiology and hence the negative effect on
recombinant protein production.

Cells subcultured for prolonged times (over 100 passages) were shown to be

different than low passage cells (below 45 passages), with respect to growth

kinetics, response to CM and recombinant protein production.

Synchronisation of the cells in G2/M phase before infection with baculovirus was

found to be beneficial for recombinant protein production. Further studies on the

effect of synchronisation and passage number on productivity is required for better

understanding of the drastic drop in recombinant protein production occurring

when Sf9 cells are infected above a critical cell density.
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