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Abstract
The aim of this work has been to characterize the effects of conditioned medium (CM)
on insect cell productivity and physiology in order to get a better understanding about
the mechanisms that regulate productivity in serum-free media. Two cell lines have
been investigated, Spodoptera frugiperda (Sf9) and Trichoplusia ni (T. ni, BTI-Tn-5B14). The baculovirus expression vector system (BEVS) was used for protein expression,
using the ligand-binding domain of the human glucocorticoid receptor as a model
protein. Addition of CM at inoculation led to a shorter lag phase and that the cells
reached the maximum cell density faster than cells in fresh medium for both Sf9 and
T. ni cells. Sf9 cells passed a switch in growth kinetics after 30-40 passages. At this
point, CM lost its stimulating effect on proliferation. CM also affected the cell size and
cell cycle progression. Sf9 and T. ni cells became smaller when CM was added at
inoculation because they had a minor arrest in the cell cycle after inoculation and
therefore started to divide earlier than cells in fresh medium. For Sf9 cells, this was
illustrated by a smaller arrest in G2/M in the beginning of culture and the cells were
consequently less synchronized. For T. ni cells, the initial decrease in the S phase
population was followed by an earlier increase of the S phase population for the cells
with CM than for the cells in fresh medium.
Addition of 20 % CM or CM filtrated with a 10 kDa cut-off filter to Sf9 cultures had a
negative effect on the specific productivity. However, addition of CM to Sf9 cells that
had passed the switch in growth kinetics had no negative effect on productivity. This
indicates that CM not affects the protein production per se, but rather through its effects
on cell physiology. Instead, the degree of cells synchronized in G2/M is important for
high productivity and the gradually decreasing degree of synchronization during the
course of a culture might be the explanation behind the cell density dependent decrease
in productivity for Sf9 cells. This was further supported by the positive effects on
productivity achieved by synchronizing Sf9 cells in G2/M by yeastolate limitation,
which counteracted the cell density-dependent drop in productivity and hence a higher
volumetric yield was achieved. Addition of 20 % CM to T. ni cultures had a positive
effect on productivity. The specific productivity was maintained at a high level longer
than for cells in 100 % fresh medium. The product concentration was 34 % higher and
the maximum product concentration was obtained 24 hours earlier for the cells with the
addition of CM. These results show that the effects of CM on productivity are not the
same for the two cell lines and that the mechanism regulating productivity are quite
complex.
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Introduction
The production of recombinant proteins is an important part in the modern
pharmaceutical industry. Recombinant proteins can be used as a protein drug or as a
tool in the development of new drugs. Pharmaceutical companies use target proteins in
high-throughput screening (HTS) studies, for characterization and for determination of
3D-protein structures. The use of protein structures, determined by X-ray
crystallography or NMR, facilitates the structure-based ligand design and shortens the
time needed to develop new pharmaceutical drugs (Blundell and Patel, 2004). All these
methods, which are needed in the development of a new drug today, require large
amounts of protein.

Several different expression systems are used for recombinant protein production such
as E. coli, yeast, mammalian cells and insect cells. Recently, cell-free expression
systems have been developed (Shimizu et al., 2001). E. coli is one of the most
commonly used organisms because of its simplicity to handle and cheap medium costs.
However, E. coli does not perform any post-translational modifications and there is a
limitation in how large proteins that can be expressed (Baneyx, 1999). Mammalian cells
such as CHO, myeloma, BHK and NS0 have the advantage of performing posttranslational modifications in a similar way as human cells but the medium costs are
quite high. Yeasts such as Pichis pastoris and Sacharomyses cerevisiae are more
complex organisms than E. coli and perform some post-translational modifications such
as proteolytic processing, disulfide bridge formation and glycosylation, but a yeast
process is more complex than a microbial (Cereghino and Cregg, 1999). Insect cells, on
the other hand, are easy to culture and they perform some post-translational
modifications but the medium costs are higher than for E. coli. There is no ideal
organism and a given first choice host for recombinant protein production. It all
depends on the protein that is to be expressed. The host system is selected based on
qualities such as protein size, what modifications that are required and if the protein
must be produced in a soluble form. In this thesis, the two insect cell lines, Spodoptera
frugiperda (Sf9) and Trichoplusia ni, together with the baculovirus expression vector
system was studied.

1

The baculovirus expression vector system
The baculovirus expression vector system (BEVS) is based on recombinant baculovirus
that are allowed to infect insect cells, which thereby will produce the protein product. It
is a lytic system, originally developed to produce virus particles as a pesticide (King and
Possee, 1992). The expression levels may be high; between 1-600 mg/l have been
reported (Maiorella et al., 1988). The major advantages are that most of the protein
produced is soluble, strong promoters exist, the baculovirus genome can accommodate
large gene-inserts and multimeric proteins can be expressed. It is an eukaryotic
expression system which is able to perform post-translational modifications, processing
and transport of proteins in a similar way as mammalian cells do. Insect cells can
perform modifications such as myristylation, palmitylation and phosphorylation. Both
N-linked and O-linked glycosylations occur, however, with some exceptions; the Nlinked oligosaccharides are only of high-mannose type and are not processed to
complex oligosaccharides containing fucose, galactose and sialic acid. Protein targeting
seems to be very similar to that of mammalian cells and proteins may be targeted to the
nucleus, cytoplasm or to the plasma membrane as they would in the original cell
(Luckow and Summers, 1988).

Recently, much work has been performed to find ways to engineer the post-translational
pathways in insect cells. In order to alter the glycosylation pattern of proteins produced
in insect cells, attempts have been made to over-express enzymes involved in
glycosylation, either by co-expression with another baculovirus carrying the gene for
the enzyme or by engineering the cell line itself (reviewed by Jarvis et al., 1998).
Although a large number of proteins can be expressed using the BEVS, some proteins
become insoluble or are poorly expressed. In order to increase the level of soluble
protein, helper proteins as the cytosolic heat shock proteins (hsp70), different co-factors
(hsp40, Hip and Hop) and the ER chaperone BiP have been co-expressed which resulted
in higher amounts of soluble and correctly folded proteins (Ailor and Betenbaugh,
1999). However, there is not one system that works for all proteins and the optimal
combinations of helper proteins have to be tested experimentally. By changing the
signal peptide, the secretion of some proteins has been improved (Ailor and
Betenbaugh, 1999). The use of BEVS for large scale production of protein has been
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review by Ikonomou et al. (2003), where important aspects of serum-free cultures of
insect cells were discussed.

Baculovirus
Several different baculoviruses exist, but the commonly used virus in BEVS is the
Autographa californica nuclear polyhedrosis virus (AcNPV). It belongs to the family
Baculoviridae and is a large (134 kb), enveloped and double stranded DNA virus
(Beijelarskaya, 2002). Baculoviruses are regarded as a safe virus because only
arthropods are infected and although it is able to enter, it fails to replicate in mammalian
cells (Blissard, 1996). Still, baculovirus may be used to transfer genetic material to
mammalian cells by transferring a mammalian promoter and a target gene into the
desired host cell (Shoji et al., 1997; Kost and Condreay, 2002)

In nature, the larval stage of an insect is the most susceptible to baculovirus infection.
The insect is infected by eating baculovirus contaminated plants. The virus enters the
larval intestine and is transferred to intestinal cells by adsorptive endocytosis. The virus
lipoprotein envelope fuses with the plasma membrane and releases the nucleocapsids
which contain the virus. The virus is then released from the capsid and enters the host
cell nucleus, where replication and transcription occur. The virus DNA starts to
replicate 6 hours after infection. Two different forms of virus are formed; the
extracellular budded virus (BV) and the polyhedrin coated occluded virus (OV) (Fig. 1).

Figure 1. The life-cycle of baculovirus. Reproduced from Methods in Molecular Biology, volume 39.
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At 10-12 hours post-infection (pi) the first extra cellular viruses are released from the
cell by budding. The BVs are produced logarithmically up to 20 h pi, the production
rate then drops and the maximum level is reached 36-48 h pi. The polyhedra coated
OVs are produced 18- 24 h pi and accumulate up to 4-5 days after infection until the
infected cells lyse. It is the BVs that spread the infection within an individual and the
OVs that spread the infection between individuals.

This bi-phasic production of BV and OV in insect larvae is also seen in insect cell
cultures. The virus genes are expressed in four different phases; the early-immediate,
delayed-early, the late and the very late genes. The expression of the early-immediate
genes (IE1, IEN, IEO) starts directly after infection, the delayed-early genes (PE38) are
expressed 6-12 h pi, then the late genes are expressed (basic, major capsid protein, virus
membrane glycoprotein gp67) and finally 12-18 h pi the very late genes (p10,
polyhedrin) are expressed (King and Possee, 1992; Beljelarskaya, 2002). Braunagel et
al. (1998) reported that infection of Sf9 cells with AcNPV results in an arrest of cells in
the G2/M phase of the cell cycle. After 18-24 h almost 80% of the Sf9 cells have
accumulated in G2/M. They also noticed that cellular DNA replication was not
necessary for viral DNA replication. So even if the Sf9 cells were arrested in the G2/M
stage where no cellular DNA replication normally occurs, the virus was able to
replicate.

Several promoters in the baculovirus genome may be used for recombinant protein
expression, such as basic, p10 and polyhedrin. The polyhedrin promoter is the most
widely used. The polyhedrin promoter regulates the expression of the polyhedrin
protein which is produced in large amounts during the very late phase of infection. The
polyhedrin protein can constitute up to 50% of the total protein produced. Polyhedrin is
part of the matrix that covers the occluded virus form and protects the virus particles
(Beljelarskaya, 2002).

For recombinant protein production, one of the virus’ genes is substituted by the gene of
interest. The baculovirus genome is so large that it is hard to clone the gene of interest
directly into the genome. Instead a transfer vector with the size of a normal expression
vector (5-6 kb) is used to insert the gene. The transfer vector is then introduced into the
4

AcNPV DNA by homologous recombination. After that, the functional baculovirus
DNA is transfected into insect cells for virus production (Luckow and Summers, 1988).
The functional baculovirus is secreted to the cell culture medium and the culture
supernatant is harvested after centrifugation. The virus titer is low after this first step
and normally one or two rounds of virus scale-up are necessary to get high titer virus
stocks that can be used for protein production. The first step in a production process is
to grow the insect cells to a suitable cell density and then the virus is added at a
predetermined multiplicity of infection (MOI). A MOI of 1 is equal to one added virus
particle per cell and a MOI between 1- 10 is commonly used for protein production.
After normally 2-5 day either the insect cells (with intracellular proteins) or the culture
medium (with secreted protein) is harvested. Different commercial systems provide
transfer vectors and virus DNA such as Bac-To-Bac (Invitrogen), BacVector System
(Novagen) and BaculoGold (Pharmingen) to mention a few.

Cell lines
The first insect cell line was established from a moth for over 40 years ago (Grace,
1962) Today, many insect cell lines are available that can be used for recombinant
protein production with the BEVS. Hink et al. (1991a) compared production of
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galactosidase and two other proteins in 23 different insect cell lines. The conclusion was
that the most important criteria for the selection of a cell line were the demand for posttranslational modifications, which varied a lot between the different cell lines, and not
the expression levels, which were acceptable for most proteins. Two commonly used
insect cell lines are Spodoptera frugiperda (Sf9) from the fall army worm and
Trichoplusia ni (T. ni, BTI-Tn-5B1-4) from the cabbage looper. Both are very
subsceptible to AcNPV infection. Sf9 was cloned from the Sf21 (IPLBSF21-AE) cell
line (Vaughn, 1977) by Smith, Cherry and Summers (ATCC number CRL-1711). The
T. ni/ BTI-Tn-5B1-4 cell line is a clonal isolate from the parental Trichoplusia ni cell
line (Hink, 1970) and were developed by the Boyce Thompson Institute for Plant
Research (Granados et al.,1994). They are patented (U.S. patent no. 5,300,435) and sold
by Invitrogen under the commercial name High Five™. In this thesis they will be
referred to as T. ni cells. Sf9 cells are regarded as being better for virus production,
while T. ni cells, in general (with some exceptions), produce more recombinant protein
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than Sf9 (Davis et al., 1993; Mitchell-Logean and Murhammer, 1997; Donaldson,
1998a; Saarinen, 1999; Taticek et al., 2001; Ikonomou, 2002). One explanation for the
higher productivity of T. ni cells could be the larger cell size, but even with this taken in
account, they still have a higher productivity on a per cell volume basis (Taticek et al.,
2001). However, expression levels have been reported to be higher in Sf9 cells than in
T. ni cells (Sugiura and Amann, 1996; Mitchell-Logean and Murhammer, 1997).

Metabolism
The metabolism of Sf9 and T. ni cells are different. T. ni cell metabolism resembles that
of mammalian cells: they produce lactate, ammonium and alanine in high
concentrations during growth (Yang et al., 1996; Rhiel et al., 1997; Chico and Jäger,
2000). On the contrary, very few by-products are formed during an Sf9 culture.
Ammonium and lactate are produced in low levels (Bédard et al., 1993; Ferrance et al.,
1993; Wang et al., 1993). However, Sf9 cells produce almost as much alanine (15-20
mM) as the T. ni cells do (Rhiel et al., 1997). The most important carbohydrate for
insect cells is glucose (Bédard et al., 1993; Drews et al., 1995; Bhatia et al., 1997). The
main difference in amino acid metabolism between Sf9 and T. ni cells is that T. ni cells
consume asparagine very rapidly: the asparagine utilization rate is 3-fold that of
glutamine (Yang et al., 1996; Rhiel et al., 1997). Glutamine has been considered as an
essential amino acid for insect cells. However, Öhman et al. (1995) showed that Sf9
cells were able to grow in a glutamine-, glutamate- and aspartate-free medium if
ammonium ions were present in the medium. In contrast, the T. ni cells were not able to
grow in a glutamine-free medium. For T. ni cells it has been reported that the specific
uptake rates for glutamine and asparagine is almost twice as high as the real needs,
which results in an accumulation of ammonia during culture (Rhiel et al., 1997). Similar
results have been reported for Sf9 cells: aspartate, asparagine, glutamate, glutamine and
serine are used at much higher rates than needed for growth (Ferrance et al. 1993). Even
though the Sf9 cells have higher uptakes rates than needed for growth, the production of
ammonium is not seen since they can use free ammonium for growth, when glutamine
is limiting (Öhman et al 1995, 1996). This is because Sf9 cells have a nitrogen fixation
system, which incorporates ammonium nitrogen into glutamine (Doverskog et al.,
2000a).
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Culture medium
For many years the insect cell culture media used were a basal medium such as Grace’s
medium (Grace, 1962) or TNM-FH (Hink, 1970) containing amino acids, vitamins,
inorganic salts and a carbon source, supplemented with 5- 10 % of animal serum,
typically fetal bovine serum (FBS). Many problems are associated with the use of
serum. One major problem is the complexity of serum which contains over 1000
different components including proteins, electrolytes, lipids, carbohydrates, hormones
and enzymes (Lambert and Birch, 1985). This complexity may give lot-to-lot variations
of different serum batches and leads to inconsistent results. Other negative factors are
that the production of serum is costly and serum may contain infectious agents such as
mycoplasma or viruses. These problems led to the development of serum-free media for
insect cell cultures. One of the first successful serum-free formulations of a basal
medium was IPL-41 (Weiss et al. 1981). After this, many different serum-free media
have been developed (Hink 1991b, Donaldson et al. 1998b). These new serum-free
media consist of a basal medium with carbohydrates, inorganic salts, amino acids,
organic acids, vitamins and trace elements which is supplemented with yeastolate
(Doverskog et al., 1997; Taticek et al., 2001) and a lipid emulsion consisting of
cholesterol, cod liver oil, O-tocopherol, tween 80 and pluronic F-68 (Maiorella et al.,
1988). However, these new serum-free media still contain an undefined product, the
yeastolate. Recently, much focus has been on the development of substitutes for
yeastolate such as plant hydrolysates or totally defined components, due to the
requirement from the American Food and Drug Administration (FDA) to use media
totally free from animal components for the production of therapeutic proteins.

Since Sf9 cells and T. ni cells have different metabolism, separate media have been
developed for each cell line, such as the commercial medium Sf900II for Sf9 (Weiss et
al., 1990), and ISYL (Donaldsson and Shuler, 1998b) and the commercial Express Five
SFM (Godwin et al., 1995) for T. ni cells among many others. However, most of these
media are optimized for growth and not for protein production. Recent studies show that
even though a medium was designed for optimal growth of a certain cell line, another
medium composition is optimal for maximum protein production (Rhiel et al., 1997;
Taticek et al., 2001). This is also consistent with our results. T. ni cells had a higher, or
7

as high, production level of recombinant proteins in Sf900II as in Express Five SFM, in
spite of the latter being developed especially for the T. ni cell line. Thus, the
development of new serum-free media must involve an optimization for both growth
and protein production. During the last years, several commercial suppliers claim to
have done that and the second generation of serum-free media for insect cell culture is
now launched. It is still too early to conclude if the new media are better than the older
ones.

Products from insect cells
One of the major applications for insect cells is the production of recombinant proteins
for pharmaceutical research purposes. Recently, insect cells have been used in other
fields, such as the production of single-chain fragment variable (scFV) antibodies, both
with the BEVS and from stable insect cell lines (Kretschmar et al., 1996; Guttieri et al.,
2003). The BEVS has also been used for production of virus-like particles (Maranga et
al., 2002) and vaccines (Kost and Condreay, 1999). Numerous vaccines, produced in
insect cells, are in different stages of clinical trials. Other applications include the use of
baculoviruses as gene-delivery vectors for mammalian cells (Kost and Condreay, 2002)
or the use of insect cells for the production of different vectors for mammalian gene
therapy. Urabe et al. (2002) used Sf9 cells to produce recombinant adeno-associated
viruses (rAAV) and found them more productive than mammalian HEK293 cells. The
production of pharmaceuticals for human use in the BEVS evokes the question of
safety. The product must be pure and all baculovirus and insect cell constituents must be
removed during purification according to the requirements specified by the FDA
(Seamon 1998). However, there is a strong interest in finding other applications for
insect cells, which nevertheless remain as an attractive expression system, with or
without baculovirus.

The cell density effect
Even though BEVS has emerged as a popular expression system it has some drawbacks.
Insect cells may easily be cultured to high cell densities, over 10 x 106 cells ml-1 in
batch cultures (Schmid, 1996). But one of the major problems is the drop in
productivity that occurs when the cells are infected with baculovirus above a critical cell

8

density. This phenomenon, called “the cell density effect”, has been reported for Sf9
cells (Caron et al., 1990; Lindsay and Betenbaugh, 1992; Taticek and Shuler, 1997;
Doverskog et al., 2000b) and for T. ni cells (Dee et al., 1997; Donaldson and Shuler,
1998a; Chico and Jäger, 2000; Taticek et al., 2001). This drop occurs early in culture for
both Sf9 (around 1-2 x 106 cells ml-1) and T. ni (0.2-1.0 x 106 cells ml-1) cells and at cell
densities which correspond to only 3-20% of the maximum cell density.

Much work has been focused on process optimization to overcome this problem, as, for
example, the effects of temperature and dissolved oxygen (Lindsay and Betenbaugh,
1992; Reuveny et al., 1993). Several groups have investigated the effects of MOI on
protein production (Licari and Bailey, 1990; Wong et al., 1996; Radford et al., 1997a).
All these factors influenced the productivity but could not be linked to the drop in
productivity. The reason seems rather to be sought in the insect cell, itself.

Nutrient depletion and inhibitory by-products have also been suggested to be possible
explanations to the “cell density effect”. Much work in this field has been done on Sf9
cells and considerably less for T. ni cells. The effects of nutrients and medium exchange
on Sf9 cell proliferation and productivity have been studied by many authors (Bédard et
al., 1994; Drews et al. 1995; Tom et al., 1995; Radford et al., 1997b; Doverskog et al.,
1998). The main conclusions were that medium exchange prior to infection at high cell
density, or the addition of nutrient mixtures, increased the volumetric productivity.
However, the specific productivity was not improved. Different feeding strategies were
developed to improve productivity such as one-time addition of nutrients (Bédard et al.,
1994) and different fed-batch processes (Bédard et al., 1997; Chan et al., 1998; Elias et
al., 2000). Elias et al. (2000) reported an improvement in the production of
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galactosidase from 99 U/mL (in average) to 372 U/mL by using fed-batch. However,
the maximum amount of -galactosidase (372 U/mL) produced in their fed-batch was
lower than the amount of -galactosidase produced in a batch culture (600 U/mL) as
reported by Doverskog et al. (2000b). The fed-batch technique did not prevent the cell
density dependent drop in productivity and the reasonable high product concentration
was only obtained because of the high cell density at infection (14 x 106 cells ml-1).
Yang et al. (1996) suggested that nutrient depletion was the cause for the productivity
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drop in T. ni cells as the amino acids asparagine, glutamine and cysteine, together with
glucose, were depleted first in a culture. However, Chico and Jäger (2000) showed that
recombinant protein production in T. ni cells continued for more than 60 hours after
asparagine and glutamine depletion. The same authors also reported that even though
ammonium accumulated (up to 15 mM) during culture, a negative effect on protein
production was not observed. Nevertheless, a negative effect on productivity was
noticed at ammonium concentrations around 25 mM by Yang et al., 1996. Sf9 cells do
not produce lactate and ammonium in high concentrations but alanine is a possible
inhibitory by-product. However, Öhman et al. (1995) showed that addition of 100 mM
alanine, which is around 5-fold of the amount that is formed during an Sf9 culture did
not have any negative effect on productivity. So far, no research groups have identified
one limiting nutrient that is affecting recombinant protein production.

The cell’s position in the cell cycle at the time of infection is another factor that might
influence productivity. It was suggested by Kioukia et al. (1995) that infection of Sf9
cells with baculovirus would be more effective in the S phase, because viral
multiplication would be enhanced. This is consistent with the findings of Saito et al.
(2002) who reported that the protein production in Sf9 cells was 1.5-1.8-fold higher for
cells infected in the G1 or S-phase, compared to the G2/M-phase. The reason behind
this was probably that the virus replication began 4-8 h earlier for cells infected in G1 or
S than cells infected in G2/M. The cell cycle dynamics in T. ni cultures has been less
investigated. Lynn and Hink (1978) saw that the TN-368 cells (derived from parental T.
ni cell line) were more susceptible to AcNPV infection in the S-phase than in the other
phases.

Although nutrient addition and medium exchange have restored productivity in Sf9 cells
to some extent, a study by Doverskog et al. (2000b) showed that Sf9 cell proliferation in
serum-free medium is under autocrine regulation. Since an autocrine system affects
proliferation it might also influence the productivity. The cell’s stage in the cell cycle
might also be important since an autocrine system determines the progression in the cell
cycle. Eriksson et al. (2005) reported that T. ni cells secrete a metalloprotease which is
responsible for the growth-promoting effect of conditioned medium (CM) and the
authors speculate in the presence of an autocrine system in T. ni cells as well. This
10

indicates that the mechanisms regulating proliferation and productivity in Sf9 and T. ni
cells in serum-free media are very complex and that the availability of nutrients cannot
be the only factor controlling insect cell productivity.

Present investigation
Aim of study
The aim of this work has been to characterize the effects of conditioned medium,
primarily on insect cell productivity, but also on cell physiology, in order to get a better
understanding of the mechanisms that regulate productivity in serum-free media. A
second aim has been to find ways to improve recombinant protein production in the
insect cell-baculovirus expression system. Two cell lines have been investigated,
Spodoptera frugiperda (Sf9) and Trichoplusia ni (T. ni, BTI-Tn-5B1-4).

Modell protein
The model protein chosen for this investigation was the ligand-binding domain of the
human glucocorticoid receptor (GR-LBD). This protein is an important pharmaceutical
target for Karo Bio AB. The expression level of the wild-type protein is low in insect
cells and methods to increase the expression level would therefore be of great
importance. The glucocorticoid receptor (GR) is involved in diseases such as
inflammation and it may also be used as a target to treat type II-diabetes. Many people
suffer from both diseases and the pharmaceutical market is enormous, especially for
type II-diabetes. The US/European diabetes market was $10.4 billions in 2003
(Hamilton 2004). To facilitate the design of new drugs it is important to have
knowledge of the target protein. In 2003, Karo Bio AB solved the three-dimensional
structure of the GR-LBD in complex with an agonistic and antagonistic ligand (Kauppi
et al., 2003) (Fig. 2).
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Figure 2. The ligand-binding domain of the glucocorticoid receptor in complex with the agonist
dexamethasone.

The protein was produced in the Sf9 insect cell line. Since then, the structure has been
of great value for the modelling and design of new substances that bind to the
glucocorticoid receptor. The cDNA used in this work consists of an N-terminal 6x
histidine tag followed by a thrombine cleavage site fused to the ligand-binding domain
of GR. The BacVector system (Novagen) was used to produce a functional baculovirus.
The GR-LBD is expressed intracellular in insect cells and its molecular mass is 34 kDa.

His-tag

Cleavage site

GR-LBD

Figure 3. The design of the cDNA-construct of the human glucocorticoid receptor ligand-binding
domain, used in this thesis.

Conditioned medium
In this thesis, two serum-free medium have been used for insect cell culture. KBM10
has been used for the Sf9 cells (Doverskog et al., 1997) and Express Five SFM (Godwin
et al., 1995) has been used for the T. ni cells. Conditioned medium (CM) is medium
which cells already have grown in. Publications by Doverskog et al. (2000b) and
Eriksson et al. (2005) report that CM has a stimulatory effect on proliferation of both
12

Sf9 and T. ni cells. This stimulatory effect of CM is usually associated to the presence
of autocrine factors (Lauffenberger and Cozens, 1989). Further, gel filtration fractions
of CM from Sf9 cells was found to have a strong antibacterial activity, indicating that
Sf9 cells produce some conditioned medium factor (CMF) with antimicrobial effects
(Svensson et al., 2005).

In this work, CM was taken from a pre-culture at day three (if not mentioned
otherwise), the cells were removed by centrifugation and the supernatant sterile-filtered
before use. To be able to separate some of the effect of CM, both untreated CM and CM
filtrated with a 10 kDa cut-off filter was used in studies with the Sf9 cells. The 10 kDa
filtrated CM contains substances with a low molecular mass (S10 kDa).

Spodoptera frugiperda (Sf9)
Characterization of conditioned medium and conditioned medium factors
(not published results)

Histone H4
Conditioned medium has a positive effect on Sf9 cell proliferation as previously
reported by Doverskog et al. (2000b). An insulin-like peptide binding protein with
affinity for insulin was identified in CM (Doverskog et al., 1997, 1999). To identify
further substances in CM with effects on proliferation, CM was fractionated on a gel
filtration column. A fraction with low molecular mass substances (around 10 kDa) was
added to a Sf9 culture. This fraction had a negative effect on proliferation, compared to
a control in fresh medium. A dominating band at 10 kDa, identified by SDS-PAGE, was
subjected to N-terminal sequence analysis and identified as a truncated form of histone
H4 corresponding to amino acid residues 13-103 (Eva Lindskog, personal
communication). Extracellular histones are known to have effects on cell physiology
and proliferation (Brown et al., 1997; Kleine et al., 1997). To be able to characterize the
effects of histone H4 on cell proliferation and productivity attempts to purify the histone
from conditioned medium was made. Unfortunately, this approach was unsuccessful.
Instead, a strategy to clone histone H4 from Sf9 cells was developed. First, RNA was
extracted from the cells and then converted to cDNA. Degenerated primers were
13

designed, based on known sequences of histone H4 from eleven different Drosophila
species. Drosophila was used because of its homology. These primers, together with the
Sf9 cDNA, were used to amplify the histone H4 gene with PCR. Two different
constructs were made; one full-length histone H4 (amino acid 1-103) and one truncated
form (amino acid 13-103). These were further cloned into pET18b (Novagen) for E. coli
expression and into pBAC1 (Novagen) for insect cell expression and an N-terminal 6xhistidine tag was added to facilitate purification. The two insect cell constructs, fulllength (~14 kDa) and truncated histone H4 (~13.2 kDa), were expressed in both Sf9 and
T. ni cells. Western blot analysis of total protein showed that both forms were expressed
in both cell lines (Fig 4.).
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Figure 4. Western blot analysis of histone H4 expression in Sf9 and T. ni cells. -His antibody was used
on cell lysates with total protein. Lane 1: histone H4 truncated, expressed in Sf9 cells; Lane 2: histone H4
truncated, expressed in T. ni cells; Lane 3: histone H4 full-length, expressed in Sf9 cells; Lane 4: histone
H4 full-length, expressed in T. ni cells; Lane 5: Low Range Marker, BioRad.

Purification was performed on a metal affinity column (TALON, BD Biosciences)
under several different conditions (different pH, ±detergent, ±8M Urea). Only very low
amounts of pure protein (µg) were obtained. This could be explained by the fact that
histones have a very extreme isoelectric point (pI=11) and charge and therefore most of
the material was probably aggregated and produced in an insoluble form. Unfortunately,
it was too difficult to obtain pure protein and further characterization of the histone was
terminated.

14

The N-terminal 12 amino acid peptide of histone H4
The truncated form of histone H4 was suspected to have anti-microbial properties in Sf9
cell cultures. Our hypothesis was that the full-length protein is cleaved in order to
activate the anti-microbial part of the protein (the truncated form of histone H4) and in
addition, this releases a small peptide corresponding to amino acid residues 1-12 of
histone H4 (H4-N12). This small peptide, H4-N12, may influence proliferation, maybe
as an additional defense upon an anti-microbial attack. Clevage of an inactive precursor
form to release an active protein has been reported for other species, for example the
toad Bufo bufo gargarizans, which produces the antimicrobial peptide (Buforin I) by
proteolytic cleavage (Kim et al., 1996, 2000). The same group also found that the
cDNA encoding Buforin I and its precursor had over 90% amino acid homology with
histone H2a (Kim et al., 1996). Antimicrobial peptides have been reported to be cleaved
at single basic residues, in particular at the N-terminal side of single lysines (Gibson et
al. 1986). Interestingly, such a site is present in the histone H4 sequence between amino
acid residues 12 and 13. In Svensson et al. (2005) an antimicrobial peptide from Sf9
cells was described.

Despite the difficulties to characterize the effects of histone H4 on Sf9 cells, the effects
of the peptide on cell proliferation were investigated. A synthetic peptide corresponding
to amino acid residues 1-12 of histone H4 (MTGRGKGGKGLG) was made (Thermo
Hybaid, Thermo Biosciences, Germany) and dissolved in water before sterile filtration.
By estimation from SDS-gels, the amount of truncated histone H4 in CM was around 40
µg ml-1 (Eva Lindskog, personal communication). Therefore, concentrations in the
range 0.1-40 µg ml-1 were added at inoculation. Peptide concentrations above 0.5 µg
ml-1 had a positive effect on cell proliferation; the culture displayed a shorter lag phase
and reached the maximum cell density 24 hours before the control cells without peptide
(Fig 5.). This small peptide seems to have growth-factor like properties and might be
part of an antimicrobial defense system in Sf9 cells. However, further work with the
peptide was not performed due to the problems with characterization of histone H4.
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Figure 5. Effect on Sf9 cell growth by H4-N12 peptide (a.a 1-12 of histone H4) compared to control
with cells in 100 % fresh medium ( ). Peptide concentrations; (•) 0.1 µg ml-1; ( ) 0.5 µg ml-1; ( ) 1.0 µg
ml-1; (V) 20 µg ml-1; (W) 40 µg ml-1.

Effects of conditioned medium on Sf9 physiology (paper I)
A characterization of the effects of CM and the effect of long-time passaging of cells on
cell physiology was performed in order to understand the mechanisms that regulate
proliferation in serum-free media. The positive effect of CM on Sf9 cell proliferation
has, as already mentioned, been discussed in Doverskog et al. (2000b) and it was
suggested that an autocrine system, present in Sf9 cells, regulates proliferation. Here,
the effects of CM and 10 kDa filtrated CM on cell proliferation and physiology were
investigated further. Sf9 cells referred to as low passage cells (LP) have a passage
numbers between 20 and 45, and Sf9 cells referred to as high passage cells (HP) have a
passage number above 100. In figure 6a the growth characteristics for LP and HP cells
in 100 % fresh KBM10 and for LP cells supplemented with either 20 % CM or 10 kDa
filtrated CM are illustrated.
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Figure 6. Effects of CM, 10 kDa filtrated CM and passage number on (a) Sf9 cell proliferation (b) Sf9
cell diameter; ( ) LP cells in fresh medium; (•) LP cells with 20 % CM; ( ) LP cells with 20 % 10 kDa
filtrated CM; ( ) HP cells in fresh medium.

Addition of 20 % CM or 20 % 10 kDa filtrated CM to LP cells had a positive effect on
cell growth compared to the LP cells in 100 % fresh medium. The effect of CM and 10
kDa filtrated CM was almost the same; the lagphase became shorter and the cells started
to grow at an earlier stage than the cells in fresh medium. The HP cells had an even
shorter lagphase than the LP cells with CM or 10 kDa filtrated CM (Fig. 6a). They also
reached the maximum cell density 44 hours earlier than the low passage cells in fresh
medium. Both passage number, CM and 10 kDa filtrated CM affected the cell diameter.
Figure 6b shows that addition of CM and 10 kDa filtrated CM, decreased the cell
diameter during the first 90 hours of culture. The HP cells were larger (~17µm in
average) than the LP cells (~16.5 in average). During the first 24 hours after
inoculation, a large increase in diameter was seen for all conditions. This coincided with
a temporary arrest in G2/M (Doverskog et al., 2000b). The cell cycle progression of an
Sf9 culture is shown in paper I. Fertig et al. (1990) reported that the cell cycle kinetics
of Sf9 cells are different compared to mammalian cells. Mammalian cells arrest in G1
while Sf9 cells arrest in G2/M during non-growth conditions. Further on, the cell cycle
analysis showed that LP cells with the addition of CM or 10 kDa filtrated CM had a
slightly lower initial G2/M arrest than the LP cells in fresh medium. This effect of CM
on the initial G2/M arrest has also been reported by Doverskog et al. (2000b).The HP
cells had the largest population arrested in G2/M after inoculation (I).
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The passage effect
An interesting observation was that the positive effect of CM on proliferation vanished
if the cells were continuously passaged for some time. The growth pattern of Sf9 cells
with passage number 27 and 32, with and without the addition of CM is illustrated in
figure 7.
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Figure 7. The passage effect. Effect of addition of 20 % CM on proliferation of Sf9 cells with different
passage numbers; ( ) p27 in 100% fresh medium; (•) p27 with the addition of 20 % CM; (-- --) p32 in
100 % fresh medium; (-- --) p32 with the addition of 20 % CM.

The cells with the lower passage number (p27) were positively affected by CM.
However, CM had very little effect on the cells with passage number 32. These cells
stem from the same stock vial and only a few passages (2-3 weeks of culture) separate
them. The passage 32 cells in 100 % fresh medium grew very similar to p27 cells with
the addition of CM. The p32 cells seemed to have passed a switch in growth kinetics.
The explanation for this switch may be that Sf9 cells, with time, start to produce more
autocrine factors and with every passage, there is a selection for the faster growing
cells. This could explain the fast growth characteristics of the high passage Sf9 cells.
These changes in growth characteristics have been observed by Wong et al. (1996) who
noticed that the specific growth rate increased the longer the cells had been cultured.

Effects of conditioned medium on Sf9 productivity (paper I)
Since the cell physiology of Sf9 cells is affected by CM in different ways the question if
CM has any effect on cell productivity as well, arises. The effects of CM, 10 kDa
filtrated CM and passage number on productivity were therefore investigated. The aim
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was to understand if the autocrine factors in CM could offer some explanations to the
mechanisms behind “the cell density effect”. LP Sf9 cells were inoculated in either 100
% fresh KBM10, 20 % CM and 80 % fresh KBM10 or 20 % 10 kDa filtrated CM and
80 % fresh KBM10 in shake flasks. HP Sf9 cells were inoculated in 100 % fresh
medium. At different time points during the culture, 25 ml cell suspension was removed
and transferred to 250 ml shake flasks in duplicate and infected with recombinant
baculovirus. As shown in figure 8, the highest specific productivity (µg per 108 cells,
48 h) was obtained between 48 and 72 hours of culture for all conditions tested. After
that, the specific productivity decreased as is typical for “the cell density effect” (Caron
et al., 1990; Lindsay and Betenbaugh, 1992; Taticek et al.. 1997; Doverskog et al.,

-1

Specific productivity (µg (10 cells, 48 h) )

2000b).

8

300

200

100

0

0

50

100

150

Time (h)

Figure 8. Effects of (•) addition of 20 % CM to LP cells; ( ) addition of 20 % 10 kDa filtrated CM to LP
cells and ( ) HP cells in 100 % fresh medium, on specific productivity from 48 hours until the end of
culture. LP cells in 100% fresh medium ( ) were used as a control. All values are represented as mean
values of duplicate samples.

Further on, the cells inoculated in 20 % CM or 10 kDa filtrated CM had a lower specific
productivity than the LP cells in fresh medium (Figure 8). Interestingly, at 48 hours of
culture the HP Sf9 cells had the highest specific productivity, but after this point, the
productivity rapidly decreased and was almost zero after 96 hours. From this data it is
evident that conditioned medium factors (CMFs) directly, or indirectly, influence the
productivity negatively.
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Since the HP Sf9 cells had the highest specific productivity at 48 hours the productivity
during a whole culture was compared to the productivity of the LP cells. The HP cells
had almost twice as high productivity as the low passage cells during the first 48 hours
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Figure 9. Effect of passage number on specific productivity during culture. ( ) LP Sf9 cells and ( ) HP
Sf9 cells in 100 % fresh medium. All values are represented as mean values of duplicate samples.

This is quite interesting because a common knowledge is that cells lose their
productivity with increasing passage number. After 48 hours, a rapid decrease in
productivity for the HP cells occurred, as previously shown. During the first 24 hours of
culture, the HP cells were much synchronized and had a higher percentage of cells in
G2/M (over 60 %) compared to the LP cells (40-45 %). After 24 h, a large decrease of
the population of HP cells in G2/M occured and the culture became gradually less
synchronized (I). Further more, the implications of “the passage effect” (when Sf9 cells
lose their response to CM with increasing passage number) on productivity was studied.
CM was added to low passage Sf9 cell at inoculation and the cell growth was studied in
successive passages until the stimulating effect of CM was gone. Such a culture, with
the addition of CM, was then infected with recombinant baculovirus at different time
points and the specific productivity was compared to that of cells of the same passage
inoculated in 100 % fresh medium. As shown in figure 10, addition of CM did not have
a negative effect on productivity in this culture.
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Figure 10. The results of the “passage effect” on specific productivity. When CM has lost its effect on
cell proliferation, the negative effect on specific productivity of CM is gone. LP cells in fresh medium ( )
and with the addition of 20 % CM (•). All values are represented as mean values of duplicate samples.

All this data indicates that the cells produce autocrine factors which have a negative
effect on productivity and that the effects of CM on physiology and productivity are
connected. However, the results with LP cells that had lost the response to CM indicate
that CM not affects the protein production per se, but rather through its effects on cell
physiology. Further, the LP cells with the addition of CM or 10 kDa filtrate are less
synchronized than the LP cells in fresh medium in the beginning of culture. This was
also reported by Doverskog et al. (2000b). So it might be that addition of CM affects the
synchronization in G2/M in the beginning of culture and hence exhibits this negative
effect on productivity. Furthermore, the HP cells had the highest level of cells in G2/M
in the beginning of culture and also the highest specific productivity initially. Thus, it
appears as synchronization of the culture in G2/M prior to infection with baculovirus is
essential for high productivity and that CMFs affect the cell cycle dynamics and
therefore the productivity. 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. The explanation for
the positive effects seen by medium renewal (Caron et al., 1990; Lazarte et al., 1992;
Reuveny et al., 1993; Bédard et al., 1994; Tom et al. 1995) could be due to the
synchronization of the culture that always follows from reinoculating cells in fresh
medium. This is also consistent with the results published by Lindsay and Betenbaugh
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(1992) where they studied the effects of medium exchange at low and high cell
densities. They noticed an increase in

-galactosidase production by medium

replenishment at high cell densities, but at low cell densities they did not see any
beneficial effects of medium exchange prior infection. The explanation for this could be
that the high-density cells were less synchronized than the low-density cells and
therefore medium renewal increased the synchronization. Taken together, our results
indicate that the cell-density dependent decrease in productivity is caused by a gradually
decreasing degree of synchronization during the course of the culture. It also becomes
clear that the mechanisms regulating productivity are quite complex and that nutrient
depletion is not a major contributing factor to the cell density effect.

Synchronization by yeastolate-limitation (paper I)
On basis of the previously results, the effects of synchronization of Sf9 cells in the
G2/M stage of the cell cycle on productivity was studied. Fertig et al. (1990) showed
that Sf9 cells become synchronized in G2/M by nutrient depletion. In this work, Sf9
cells were synchronized in the G2/M stage of the cell cycle by yeastolate-limitation.
Yeastolate is a common component of insect cell culture medium. Different yeastolate
concentrations were tested. KBM10 with 0.5 g/l yeastolate arrested the cells at cell
densities around 1.8-2.0 x 106 cells ml-1 and KBM10 with 1.5 g/l yeastolate arrested
cells at densities around 4.0 x 106 cells ml-1 (Fig 11a). Normal KBM10 with 4 g/l
yeastolate supports growth up to 6-8 x 106 cells ml-1 (Fig 11a).
18

b
Cell diameter (µm)

6

6

-1

Viable cell density (10 ml )

a

4

2

0

17

16

15

0

100
Time (h)

200

0

100

200

Time (h)

Figure 11. Effects of yeastolate-limitation on (a) viable cell density and (b) cell diameter. ( ) Normal
KBM10, 4 g/l yeastolate; (•) KBM10 with 0.5 g/l yeastolate; ( ) KBM10 with 1.5 g/l yeastolate
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Cells growing in KBM10 with lower yeastolate concentrations became smaller than
cells in normal medium (Fig 11b). In the yeastolate-limited cultures, a lower proportion
of cells accumulated in G2/M after inoculation and hence the smaller increase in cell
diameter (Fig 12 and 11b). Therefore, a shorter lagphase for the yeastolate-limited
cultures than the cells in normal KBM10 was observed. However, after 48 h of culture
this positive effect on proliferation was equalized and all cultures had reached the same
cell density. Cessation of growth in a culture coincided with an accumulation of cells
G2/M (Fig 12). Almost 85 % of the cells with 0.5 or 1.5 g/l yeastolate were arrested in
G2/M after 140 hours of culture.
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Figure 12. Effects of yeastolate-limitation on the distribution of cells in cell cycle phase G2/M during
culture. ( ) Normal KBM10, 4 g/l yeastolate; (•) KBM10 with 0.5 g/l yeaolate; ( ) KBM10 with 1.5 g/l
yeastolate.

Just before infection with recombinant baculovirus, yeastolate was added to the
yeastolate-limited cultures so the total concentration (including the amount added at
inoculation) became 4 g/l. This released the cells from the arrest and the cells started to
proliferate again. Figure 13 illustrates that synchronization of the culture before
infection had a positive effect on productivity; the specific productivity was maintained
at higher levels for a longer time, up to 196 hours for the cells in medium with 0.5 g/l
yeastolate compared to 48-72 hours for the cells in normal KBM10. The cells in
medium with 1.5 g/l yeastolate maintained the productivity up to 168 hours of culture.
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Figure 13. Effects on (a) specific productivity and (b) product concentration by synchronization of cells
before infection by yeastolate-limitation. ( ) Normal KBM10 with 4 g/l yeastolate; (•) KBM10 with 0.5
g/l yeastolate; ( ) KBM10 with 1.5 g/l yeastolate. All values are represented as mean values of duplicate
samples.

The product concentration was 69 and 29 % higher in the media with 1.5 and 0.5 g/l
yeastolate, respectively, compared to normal KBM10 medium (Fig l3). The relatively
constant specific productivity in the yeastolate-limited cultures may be a result of an
increased synchronization of the cells in G2/M, which counteract “the cell density
effect” seen in the culture in normal KBM10. These data further support that
synchronization of cells in G2/M is essential for high productivity with Sf9 cells and
that the “cell density effect” is not caused by nutrient depletion, since we had good
productivity even after 8 days in culture. These data also indicate that it is possible to
control the productivity by controlling growth and cell cycle dynamics.

Trichoplusia ni (T. ni)
Effects of conditioned medium on T. ni physiology (paper II)
The positive effects of CM on T. ni cell proliferation have been characterized by
Eriksson et al. (2005); addition of CM shortened the lag phase and the cells started
consequently to proliferate earlier than cells in fresh medium. A metalloproteinase (MP)
was identified as the sole factor responsible for this growth-promoting effect. As for Sf9
cells, it was suggested that proliferation in a serum-free medium is under autocrine
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control. In order to understand the mechanisms that regulate proliferation in serum-free
media, the effects of CM on T. ni cell physiology were studied. T. ni cells were
inoculated in either 100 % fresh medium or in medium with the addition of 20 % CM.
The growth-stimulating effect of CM is illustrated in figure 14a. After 24 hours of
culture a 33 % increase in cell concentration was seen in the cultures with addition of
CM, compared to the control culture in 100 % fresh medium.
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Figure 14. (a) Effect of addition of 20% CM (•) on T. ni cell proliferation, as compared to a reference
culture in fresh medium ( ). CM was harvested from a pre-culture on day three, sterile filtered and used
directly. The inoculum cell density was 1.5 x 105 cells ml-1. (b) Effect on T. ni cell diameter by addition of
20% CM (•), as compared to a reference culture in fresh medium ( ).

Fig 14b shows how the cell diameter varies during a culture. Directly after inoculation
the diameter increased to a maximum during the first 20-30 hours. This coincided with
an accumulation of cells in the G1 and G2/M phases of the cell cycle and a drastic
decrease of the number of cells in the S phase (II). After that the diameter decreased
until the culture approached the stationary phase, where an increase in diameter
occurred again. CM also affected the cell diameter as addition of CM made the cells
smaller (Fig 14b). The cell cycle dynamics during a culture of T. ni cells is more similar
to mammalian cells than to Sf9 cells (Fertig et al., 1990; Zetterberg and Larsson, 1991).
T. ni cells had a large population in G1 (80-90 %) during the whole culture (II). In
cultures supplemented with CM, the S phase population increased at an earlier timepoint after inoculation than for the fresh medium cells and the CM-cells therefore
started to proliferate earlier than cells in fresh medium. These cells also became more
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synchronized with a higher percentage of cells in the S phase after 12 h of culture than
the cells in fresh medium (II).

Effects of conditioned medium on T. ni productivity (paper II)
The effects of CM on protein production in T. ni cells were studied. This was motivated
by CM having affected the cell physiology for both T. ni and Sf9 cells and, in addition,
having affected the productivity of Sf9 cells. Two cultures were started, one in 100 %
fresh medium and one with the addition of 20 % CM. At fourteen different time points
during the culture, 25 ml of cell suspension was transferred to 250 ml shake flasks in
duplicate, and infected with recombinant baculovirus. Figure 15 shows how the specific
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Figure 15. Effects on specific productivity (a) and volumetric productivity (b) in T. ni cultures with the
addition of 20% CM (•), compared to a reference culture in 100% fresh medium ( ). All values are
represented as mean values of duplicate samples.

In fresh medium the specific productivity increased during the first 7 hours after which
the maximum specific productivity was reached. At this time point the cell
concentration was only 2.0 x 105 cells ml-1. After that, a rapid decrease in productivity
occurred and after 100 hours of culture the specific productivity was only 10 % of its
maximum. This decrease (“the cell density effect”) has been reported before by several
groups (Dee et al., 1997; Donaldson and Shuler, 1998a; Chico and Jäger, 2000; Taticek
et al., 2001) but not so early in culture and not at so low cell densities as here. Our
analyses show that at this time point, plenty of nutrients were left in the medium (II).
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The theories about nutrient limitation can therefore not be the explanation for this drop
in productivity. Addition of CM turned out to have a positive effect on productivity.
After 23 hours of culture the high initial specific productivity was still maintained
(Fig 15). The maximum product concentration, which was 34 % higher for the cells
with CM, was obtained on day 2 instead of day 3 for the culture with the addition of
CM. Furthermore, the production phase is prolonged because a high specific
productivity is maintained at higher cell densities than for the cells in 100% fresh
medium. This data confirmed that CMFs also have an effect on productivity. Ikonomou
et al. (2004) showed that 25% spent medium (CM) had a beneficial effect on

-

galactosidase production in High Five cells (10% higher specific productivity,
compared to a control in fresh medium). However, the authors only studied one cell
density late in culture (4.2 x 106 cells ml-1) and our results show that the positive effect
of CM is almost gone at that time point.

Eriksson et al. (2005) showed that a MP is responsible for the positive effect on T. ni
proliferation and it is therefore tempting to speculate that the same MP is responsible
for the positive effect on T. ni productivity as well. To further investigate this, CM from
different days were added to new cultures and the effects on proliferation and
productivity were studied. The rational behind this was that Eriksson et al. (2005) found
that the MP was produced in increasing amounts during culture and the positive effects
of CM on proliferation increased up to a certain level, after which CM lost its growthstimulating effect, when CM from different days was tested. A possible explanation for
this may be that the activity of MPs is highly regulated through different mechanisms,
such as autoproteolytic inactivation and inhibitory feed-back mechanisms via inhibitors
(Sternlicht and Werb, 2001). Figure 16 shows that CM taken from a pre-culture on day
5 had the largest positive effect on both cell growth (a) and product formation (b). This
suggests that there is some relationship between the effect on cell growth (caused by the
MP) and the effect on productivity. However, this is speculations and it still remains to
be proved that it is the MP which exhibits these effects.
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Figure 16. Effect of addition of 20 % CM harvested from different days at (a) viable cell density and (b)
product concentration, compared to a control culture in 100 % fresh medium ( ). CM harvested form a
pre-culture at day 3 (•); day 4 ( ); day 5 ( ).

These results also show that CMFs affects the productivity in T. ni cells and that the
explanation behind “the cell density effect” is far more complex than previously
reported. The drop in productivity occurs too early in culture to be caused by nutrient
depletion or the accumulation of inhibitory by-products. Instead, the autocrine factors
from CM are involved and it might be the MP that affects productivity.

Comparison of Sf9 and T. ni cell lines
The term “insect cells” is used quite frequently to describe features for one insect cell
line and it is not always taken into account that different insect cell lines have different
features. Since Sf9 and Trichoplusia ni cells are two commonly used cell lines for
recombinant protein production, it was therefore interesting to compare the
characteristics of these two cell lines. Clearly, physiological differences exists between
Sf9 and T. ni cells. For example, the cell cycle dynamics and cell metabolism are
different. T. ni cells resemble mammalian cells more than Sf9 cells do. They arrest in
G1 and have a large proportion of cells in G1 during the whole cultivation. In contrast,
Sf9 cells arrest in G2/M and have an almost constant proportion of cells in G1, S and
G2/M after the first 48 h of culture. The metabolism of T. ni cells is also similar to that
of mammalian cells, in that by-products such as lactate, ammonium and alanine are
produced in high concentrations during growth. On the contrary, very few by-products
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are formed during an Sf9 culture. However, alanine is produced in the same amounts as
in a T. ni culture. Other differences in the metabolism are that T. ni cells consume
asparagine at a very high rate and that Sf9 cells can grow in a medium without
glutamine (if ammonium ions are present). Further, T. ni cells are larger in size and
have a higher growth rate than Sf9 cells. T. ni cells have a generation time around 18
hours, while Sf9 cells have a generation time around 24 hours. Further more, the
maximum specific productivity of the GR-LBD was about 5-fold higher in fresh
medium for T. ni cells than for Sf9 cells in our experiments, while the maximum
product concentration was 3-fold higher for T. ni cells. However, although T. ni cells
are known to give higher product yields than Sf9 cells, the opposite has also been
reported (Sugiura and Amann 1996, Mitchell-Logean and Murhammer 1997).

CM has a positive effect on proliferation for both cell lines. However, a few differences
exist, the composition of CM from Sf9 cells seem to be more complex than CM from
T. ni cells (Eriksson et al., 2005). In T. ni cells one factor, a metalloprotease (MP), has
been identified as the sole growth-promoting substance. In Sf9 cells, several different
factors are present in CM and separating the effects of these proteins/substances from
each other has up to this date not been possible. One small (around 10 kDa) antimicrobial factor (Svensson et al., 2005) and a cathepsin L-like protease (Lindskog et al.,
manuscript) have been found in CM from Sf9 cells. The effects of CM on productivity
are different for the two cell lines. T. ni cells produce a factor that has a positive effect
on productivity and prolongs the production phase. This factor could be the MP. For Sf9
cells, the degree of synchronization in G2/M is important for the productivity and
addition of CM decreased the productivity, but this is thought to be dependent on the
effect of CM on synchronization. In summary, both differences and similarities between
the two cell lines studied in this thesis exist. One major conclusion is that they differ in
many important aspects and there is not a concept of “insect cells”, on the contrary,
each cell line has its own characteristics. This is not surprising since insects are found
all over the world, in all kind of environments, where adaptation to the surroundings is
necessary to survive. This has created many different insect species with different
demands as shown in this thesis for Spodoptera frugiperda and Trichoplusia ni insect
cells.
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Conclusions
Addition of conditioned medium to new cultures has a growth-stimulating effect on
both Sf9 and T. ni cells. This indicates that proliferation of Spodoptera frugiperda and
Trichoplusia ni insect cells in serum-free medium is regulated by autocrine factors.
Furthermore, CM also affects cell size and cell cycle dynamics. However, the effects of
CM on productivity are different in the two cell lines. For Sf9 cells, CM does not affect
protein production per se, but has a negative impact on productivity through its effects
on cell physiology (I). Instead, a higher degree of Sf9 cells synchronized in G2/M has a
positive effect on productivity and this indicate that the “the cell density effect” is
caused by a gradually decreasing degree of synchronization during culture (I). It seems
as the addition of CM to Sf9 cells affects the cell cycle distribution and therefore
productivity. In contrast, CM from T. ni cells contains some factor(s), which increased
the product formation per cell by 30 % (II).

The effects of CM on proliferation and productivity vary depending on factors such as
inoculum size, inoculum age, passage number and culture medium. The effects on
protein expression may also vary due to the nature of the recombinant protein (size,
intracellular, secreted). The results presented here offer another explanation behind “the
cell density effect” than previously published. Our data suggest that earlier explanations
such as nutrient depletion are not the sole factor since the addition of CM should
decrease nutrient and increase by-product concentrations, but for T. ni cells, CM had a
positive effect on productivity (II). This is further supported by the positive effect on
productivity by yeastolate-limitation in Sf9 cell cultures, which showed that the
productivity could be maintained after as long as 8 days in culture (I).

There are a number of differences between the two insect cell lines. Conditioned
medium from Sf9 cells is more complex and the effects of CM on productivity are not
the same. The two cell lines produce different conditioned medium factors. Cell cycle
dynamics and metabolism are not the same for the two cell lines; T. ni cells resemble
mammalian cells more than Sf9 cells. Taken together, this means that there is no
concept of “insect cells” and each cell line must be characterized on its own.
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