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Abstract 
The objective of this study was to investigate the mechanisms and factors controlling 

growth and proliferation in serum-free Spodoptera frugiperda Sf9 cultures as well as the 
implications of these factors for protein production in the baculovirus expression system.  

The physiology of recently thawed, low passage (Lp) Sf9 cultures, were compared to 
high passage (Hp) cultures at p>100. Lp cells passed a switch in proliferation kinetics after 
30-40 passages, characterized by a shorter lag-phase and an increased maximum specific 
proliferation rate, µN,max, from 0.03/h to 0.04/h. Conditioned medium (CM), 10 kDa CM 
filtrate and 10 kDa CM concentrate promoted proliferation of Lp Sf9 cells, but had no effect 
after the switch. Sf9 cell cycle dynamics were characterized by an initial G2/M arrest, which 
synchronized the cells and this feature was more pronounced for Hp than for Lp cells. CM 
addition decreased the initial arrest for Lp cultures, but did not affect Hp cells. Late in the 
culture, a final G2/M accumulation occurred. An octaploid population emerged during G2/M 
arrests. Further, a 49 kDa proform and a 39 kDa active form of Sf9 cathepsin L was identified 
from gelatine zymography of Sf9 CM, on basis of inhibitor profile and substrate range. 
Removal of procathepsin L during the course of an Sf9 culture had a negative effect on Sf9 
proliferation. Procathepsin L was also identified in Trichoplusia ni High five CM. High five 
CM promoted growth of Sf9 cells, but when procathepsin L was removed no effect was 
observed. It is suggested that these observations are due to an autocrine system controlling 
proliferation. One Sf9 mitogen might be a <10 kDa peptide, while the effect of 10 kDa CM 
concentrate may originate from procathepsin L. A hypothesis is therefore that procathepsin L 
acts as a mitogen in Sf9 cultures, perhaps in concert with the <10 kDa peptide.  

The volumetric product yield (P) in baculovirus infected Sf9 cells increased linearly 
up to 68-75 h of culture. Beyond this point almost no product was detected. Medium renewal 
at infection prolonged the productivity phase until 117 h, but generated only a 10% increase 
in P. The specific product formation rate (YP/N) was highest at µN,max. YP/N of Lp cells 
decreased by 30-50% when 20% CM or 10 kDa CM filtrate was added, whereas addition of 
CM to cells having passed the switch on growth kinetics did not affect productivity. Further, 
Hp cells exhibited a two-fold higher YP/N than Lp cells, when infected during the initial 48 h 
of culture. This coincided with a high degree of synchronization. Yeastolate limitation was 
used to achieve artificial synchronization of an Lp culture, and YP/N could thereby be 
maintained high during a prolonged time, resulting in a 69% increased P. This suggests that a 
decreasing degree of synchronization during the course of a culture partly explains the cell-
density dependent drop in productivity in Sf9 cells. 

Finally, ~10 kDa gel filtration fractions from Sf9 and High five CM were found to be 
bactericidal. Exposure of a Bacillus megaterium culture for eight min to an Sf9 CM fraction 
killed 99% of the population, and 60 min exposure killed 35% of an Escherichia coli 
population. In both cases cell lysis was observed. B. megaterium incubated in an High five 
CM fraction lost 97% viability in 40 min. The effect of the High five CM fraction most 
probably originated from a lysozyme precursor protein, whereas the Sf9 executor remains 
unknown. 

Keywords: Sf9, High five, Hi5, T. ni, CM, cell cycle, proteolysis, cathepsin L, procathepsin 
L, synchronization, productivity, antibacterial, autocrine, baculovirus, proliferation. 
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I Introduction 

1 Background to animal cell cultivation technology 

1.1 History 

In 1907, Ross Harrison recorded long-term growth of nerve cells in a hanging drop of lymph. 

This is referred to as the start of in vitro animal cell cultivation technology, and it showed that 

normal cell functions could persist outside the organism. Strict aseptic conditions were 

necessary for a successful experiment, but this was difficult to achieve before the 

breakthrough of the antibiotics in the 1940s. During the following decade, great progress was 

made in animal cell cultivation. One example is the isolation of the first human cell line HeLa 

in 1951, which originated from Henrietta Lacks, an American woman who died from a virally 

induced cervical cancer. A piece of her tumour was successfully kept alive in a nutrient 

solution consisting of cattle embryo extract, fresh chicken plasma and human placental blood. 

The HeLa line still persists and is widely used for research purposes. Several other of today’s 

cell lines also originate back to the 50s or early 60s; CHO 1, BHK-21 2, and 3T3 3. However, 

the varying quality and supply of the biological fluids used in the media so far hampered 

animal cell cultivation on a larger scale. An important step forward was therefore Eagle’s 

description in 1955 of a chemically defined animal cell cultivation medium known as EMEM, 

Eagle’s minimum essential medium 4. Eagle’s medium was developed after extensive analysis 

of the requirements of cells in vitro, but serum still had to be added to achieve optimal cell 

growth. Not much later the Salk vaccine process, which comprised virus propagation in 

primary monkey kidney cells, was the first animal cell process to be set up in industry. A 

number of other vaccine processes followed shortly after, for example production of vaccines 

against diseases such as measles, rabies, mumps and rubella.  

During the late 70s/early 80s two important scientific breakthroughs occurred, which together 

laid the ground for the biotech explosion during the last decades of the 20th century. The 

hybridoma technology was invented in 1975 when Köhler and Millstein succeeded in fusing 

antibody-producing mouse B-lymphocytes with immortal myeloma blood cancer cells. The 

resulting immortal hybridoma cell line constitutively produced monoclonal antibodies with a 

high quality. Previously, antibodies were produced in processes involving immunized 

animals, a feature which implied both a varying quality and a risk of contamination. The 

recombinant DNA technology was developed by Stanley Cohen and Herbert Boyer. In 1973 
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they combined their knowledge about plasmids and restriction enzymes and created the 

concept genetic engineering. Foreign protein-coding DNA was transfected into host cells, 

which expressed the heterologous protein during normal cell growth. The protein products 

were used for both diagnostics and research purposes, but also as therapeutic drugs. In 1982, 

the first recombinant biopharmaceutical with market approval was launched: Humulin 

(human insulin), produced in E. coli by Eli Lilly 5. In 1987 the first recombinant therapeutic 

produced in animal cells followed: Activase (human tissue plasminogen activator, tPA), 

produced in CHO cells by Genentech.   

Historically, the majority of all drugs has consisted of natural-derived compounds such as 

morphine and quinine, or small organochemical entities. The few protein biopharmaceuticals 

available were purified from their natural sources (e.g. insulin from pancreas). This meant 

expensive processes, a non-consistent product quality and risk for contamination from co-

purified pathogenic animal viruses. However, the success of the early recombinant 

biopharmaceuticals paved the way for a significant amount of other recombinant products. 

1.2 Present situation 

At the present date, animal cell processes are not only used in development and production of 

protein therapeutics. Perhaps the most widely used application for animal cell processes are 

production of human and veterinary vaccines, which constitute wild-type viruses rendered 

harmless, or alternatively genetically modified viruses or virus-like particles (VLPs). Animal 

cells are further used for production of altered viruses for gene therapy trials and viruses 

trophic for noxious larvae, which cause agricultural problems. The animal cells themselves 

can also be used, for example in stem cell replacements, for in vitro production of tissues like 

skin and cartilage, and possibly in the future as replenishment of whole organs or organ parts 

(e.g. liver). Another major product category is proteins used for diagnostics. 

Over the past few years, the number of and demand for recombinant drugs from animal cell 

culture processes has increased rapidly. In the early eighties 86% of all biopharmaceuticals 

were produced in E. coli, but today 60-70% of the novel processes utilise mammalian cells 6. 

In the end of 2005, there were 106 FDA approved drugs from processes involving cell 

cultures, and approximately 50 of them were produced with animal cell technology (table 1).  

In addition, estimates speak of several hundreds of animal cell derived candidate drugs 

currently in company pipelines 6, 7. Experts foresee a continuation of this trend, and a veritable 

surge for biopharmaceuticals in the next 10-20 years 8. 
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Table 1. FDA approved biopharmaceutical drugs produced in processes with animal cells†. Vaccines and 
monoclonal antibodies (currently 19 approved)† are not included.  

Product name Product Host Company Therapeutic indication 

Activase tPA CHO Genentech Heart disease 

Advate Factor VIII CHO Baxter  Hemophilia A 

Aldurazyme α-Iduronidase CHO 
BioMarin Pharma. and 
Genzyme Mucopolysaccharidosis-1 

Amevive Fusion protein CHO Biogen  Psoriasis 

Avonex IF β1a CHO Biogen  Multiple sclerosis 

Benefix Factor IX CHO Wyeth Hemophilia B 

Bioclate Factor VIII CHO Aventis Behring Hemophilia A 

Enbrel TNFR-IgG CHO 

Amgen and  

Wyeth Rheumatoid arthritis 

Epogen EPO CHO Amgen Anemia 

Fabrazyme Algasidase β  CHO Genzyme Fabry's disease 

Follistim FSH CHO Organon Infertility 

Gonal F FSH CHO Serono  Infertility 

Hylenex  Hyaluronidase  CHO Halozyme Therapeutics  Drug adjuvant  

Infuse BMP-2 CHO 
Wyeth and Medtronic 
Sofamor Danek 

Spinal degenerative 
diseases 

Kogenate Factor VIII  BHK Bayer  Hemophilia A 

Luveris Lutropin α  CHO Serono Infertility 

Naglazyme Galsulfase  CHO BioMarin Pharmaceuticals Mucopolysaccharidosis-VI 

NovoSeven Factor VIIa BHK Novo Nordisk Hemophilia A or B 

Orencia Fusion protein  Mammal Bristol-Meyers Squibb  Rheumatoid arthritis 

Osteogenic  

protein 1 BMP-7  CHO Stryker and Howmedica  
Treatment of nonunion of 
tibia 

Ovidrel Choriogonadotropin  CHO Serono Infertility 

Procrit EPO  CHO Orho Biotech  Anemia 

Pulmozyme DNase  CHO Genentech Cystic fibrosis 

Rebif IF β1a  CHO Serono, Pfizer Multiple sclerosis 

Recombinate Factor VIII  Mammal Baxter  Hemophilia A 

ReFacto Factor VIII  CHO Wyeth Hemophilia A 

Thyrogen Thyrotropin α  CHO Genzyme Diagnostics 

TNKase TNK-tPA  CHO Genentech Heart disease 

Xigris Activated prot. C  Human Eli Lilly Sepsis 

                                                

† Data from www.fda.gov, www.bio.org. 
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2 Cell growth in vitro 

Eukaryotic cells from multicellular organisms are adjusted to a life in vivo, i.e. in a body of an 

animal organism. The environment therein is fairly constant regarding, for example, pH and 

temperature, but the cells are continuously flushed with body fluids that supply them with 

nutrients, energy sources and growth factors, and remove harmful waste products. Explanting 

the cells from their natural environment for in vitro cultivation leads therefore to many 

challenges.  

Several types of in vitro cultures exist. A primary culture is explanted directly from an animal 

tissue and has only a limited life span. Primary cultures may express unique characteristics, 

and are considered as the best model system for in vitro studies of cell functions. Upon 

subculturing (passaging), the culture becomes known as a cell line, which either has a finite or 

an indefinite life span. A finite cell line enters a quiescent state called replicative senescence 

after a certain number of cell divisions, usually between 20 and 80 population doublings 9. 

This state is characterized by several physiologic and metabolic changes, and it may be 

induced by e.g. too short telomeres, lack of external growth signals or DNA damage. A 

continuous cell line has via transformation escaped from senescence control and thereby 

achieved an indefinite life span. Three major phenotypic changes may occur during 

transformation: immortalization, non-regulated proliferation and malignancy. Cells can either 

transform spontaneously, for example via mutations in the systems that regulate proliferation, 

or be transfected with genes (e.g. human telomerase reverse transcriptase (TERT)) or viruses 

(e.g. polyoma) known to induce transformation. Examples of transformed cell lines are CHO 

DUK XB11, HEK 293 EBNA and COS-1. The ovarian insect cell lines Sf9 and Sf21 can be 

regarded as naturally continuous cell lines. They express certain features of a transformed cell 

line, such as indefinite life span and capability of suspension growth, but still retain some 

normal characteristics, for example contact inhibition when growing adherently. 

2.1 Cultivation techniques 

Some cell lines grow naturally in single-cell suspension. They include ovarian insect cells, 

immortalised cell lines such as HEK 293 EBNA and CHO DUK X B11 cells, and NS0 cells, 

which are derived from mouse myeloma (blood cancer) and grow in suspension in their 

natural habitat. Suspension cells grow in any vessel, but are commonly cultured in shake 

flasks, spinners and bioreactors (fig. 1). In industrial processes the most frequently used 
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bioreactor operational mode is batch 10, but feeding strategies, hollow-fibre bioreactors and 

perfusion technologies may be used to enhance product yield. 

Primary cell lines and anchorage-dependent cell lines, e.g. HeLa, Vero, and HEK-293, do not 

survive without a surface for growth. In small scale they are kept in culture dishes, T-flasks, 

and roller bottles (fig. 1). However, scale-up can be a problem. One solution is microcarriers; 

spheres specifically designed for optimal cell growth. They provide a surface for cell growth, 

and can at the same time be maintained in suspension culture.   

 

                     

 

 

Figure 1. Common vessels for animal cell cultivation. From top left: microplate, T-flask, Ehrlenmeyer shake 
flask. From bottom left: spinner flask, stack with roller bottles and bioreactor. † 

2.2 Growth factors 

The proliferation of many animal cells in vitro is dependent on growth factors, which may be 

added via serum or as purified substances if the requirements of the cells are known. 

Examples of common growth factors used for media supplementation are fibroblast growth 

factors (FGFs), insulin and insulin growth factors IGF-I and IGF-II 9. Growth factors may act 

synergistically or additively with each other, or with other hormones. Further, some are 

dependent on the activity of a second growth factor before they can act 11. One example is the 

frog neuropeptide bombesin, which is not mitogenic alone, but needs co- or preactivation with 

insulin or one of the IGFs 12.  
                                                

† Pictures from www.costar.com, www.vwr.com, www.biotech.kth.se 
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2.3 Autocrine regulation 

Certain cell lines do not need external growth factor stimulation for proliferation in vitro, but 

grow by themselves due to the presence of autocrine loops; a mode of signalling in which 

cells both express a growth factor ligand and the corresponding receptor for that ligand 13, 14. 

Autocrine growth factors are produced in extremely low amounts; some even operate at 

submicron levels. Moreover, ligands are commonly bound to specific carrier proteins 15.This 

makes discovery of autocrine loops and identification of their compartments exceedingly 

difficult 16, 17, but autocrine regulatory cascades have still been identified from various 

contexts such as Drosophila development 18, bone remodelling 19 and wound healing 20. 

Some autocrine ligands are synthesized as membrane-bound inactive precursors, which are 

processed and released into the environment through regulated proteolysis 21. One example of 

such a system is found in human mammary epithelial cells (HMEC), which express ligands to 

the epidermal growth factor receptor (EGFR) that are cleaved off by a metalloproteinase from 

the ADAM family 22. Another example is during Drosophila embryogenesis, where a 

peptidase (Rhomboid) in conjunction with a chaperone cleaves off a membrane-bound ligand 

precursor (Spitz), which can act on the Drosophila EGFR DER 23.  

2.4 Cell death 

Cell death may occur by two different mechanisms: necrosis and apoptosis. Necrosis is not 

regulated, and takes place due to sudden environmental changes that are impossible for the 

cell to counteract, for example too low osmolarity. Apoptosis, or programmed cell death 24, is 

a strictly regulated event by which the cell is deconstructed, part-by-part. The onset is caused 

by incidents such as DNA damage or extracellular signals, and it progresses via an 

intracellular signal cascade with cysteine proteinases, the caspases, as the final executors. The 

later stages of apoptosis are characterised by DNA fragmentation, nuclear blebbing and cell 

shrinkage. The end products, the apoptotic bodies, are phagocytosed by macrophages to not 

cause inflammation of the surrounding tissues in the organism.  
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3 Insect cell cultivation 

3.1 History 

Insect cell cultivation dates back to 1915 when Goldstein cultured moth tissue in a mixture of 

salts and insect hemolymph. The first longer cultivation of insect cells took place in 1935, 

when a primary culture from silkworm ovary was kept alive for 3 weeks in a medium 

composed of maltose, salts, egg albumin extract and serum 25. In 1962 Grace isolated the first 

four insect cell lines 26, and the baculovirus expression vector system (BEVS) technology was 

introduced 1983 27. During the 1990s the versatility of the insect cell/BEVS became 

widespread, and it is today one of the most common platforms for recombinant protein 

expression.  

3.2 Industrial cell lines 

The most frequently used industrial insect cell lines originate from Trichoplusia ni (cabbage 

looper; niflyfjäril) (fig. 2), Spodoptera frugiperda (fall army worm; nattflyfjäril) (fig. 2), and 

Drosophila melanogaster (fruit fly; bananfluga). Cell lines from T. ni and S. frugiperda are 

primarily used for transient expression, whilst D. melanogaster is also used for generation of 

stable cell lines. However, many cell lines from other insect species also exist. Examples 

include Bombyx mori Bm-5, Lymantria dispar LD652Y, Estigmene acrea Ea4 and Mamestra 

brassicae MB0503. In addition, larvae have been used successfully for production of foreign 

proteins, but larval production systems is out of the scope of this thesis and will not be further 

discussed. 

The first Trichoplusia ni cell line TN-368, was established 1970 from minced adult ovaries 28. 

TN-368 grows as a monolayer and tends to clump in suspension culture 29. Another T. ni cell 

line, BTI-TN-5B1-4, or High five, was established 1994 at Boyce Thompson Institute (New 

York, USA)† as a clone from the T. ni egg cell line BTI-TN-5B1-28 30. High five cells grow 

well in suspension, are readily infected with baculoviruses and have been reported to produce 

some recombinant proteins in higher levels than cell lines from S. frugiperda 31-34. However, 

baculovirus propagation in T. ni cells is not as effective as in S. frugiperda cell lines 35. 

In 1977 the Spodoptera frugiperda cell line IPLB-Sf21 was isolated by Vaughn and co-

workers 36. This cell line was derived from a pupal ovary tissue culture at the USDA Insect 
                                                

† U.S. patent no. 5,300,435 http://www.nal.usda.gov/bic/Biotech_Patents/1994patents/05300435.html 
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Pathology Laboratory (IPLB) in Maryland, USA. Sf21 AE is a subclone of Sf21, adapted to 

serum-free media in England (AE = Adapted in England), and Sf9 is an isolate of this line, 

cloned by Smith and Cherry 1983. Sf9 is perhaps the most widely used of all insect cell lines 

today. Sf9 and Sf21 display similar characteristics, but Sf21 are reported to have a wider size 

distribution and to form more irregular monolayers and plaques than Sf9 does 29, 37. 

Genetically modified S. frugiperda cell lines are commercially available. The Mimic cells 

from Invitrogen are genetically engineered to generate a human-like glycosylation pattern 38 

(section 4.3.1). Another recently developed S. frugiperda cell line is expresSF+ from Protein 

Sciences, USA. It grows in serum-free media and is marketed as high cell density, high 

yielding, stable and easy scalable.  

                        

Figure 2. a) Spodoptera frugiperda (fall army worm), b) Trichoplusia ni (cabbage looper).†† 
 

One drawback with using S. frugiperda and T. ni cell lines is the lytic nature of the systems. If 

a non-lytic expression system is desired, Drosophila melanogaster S2 Schneider cells may 

serve as an alternative host. The S2 cells originate from dissociated embryos near hatching 39. 

The commonly used baculoviral very late promoters (polyhedrin and p10) are not effective in 

S2 cells, and therefore earlier promoters are used 40.  

3.3 Cultivation media 

In 1956 Wyatt was the first to develop a defined medium for insect cells in culture, after 

extensive analysis of the composition of insect hemolymph. However, a small part of 

hemolymph addition was still necessary for cell proliferation. Grace modified the Wyatt 

medium 1962, and Grace’s medium is one of the most common insect cell media today. Other 

examples of early developed and widely used insect cell media are TNM-FH, which consists 

of Grace’s medium supplemented with lactalbumin hydrolysates and yeastolate 28, TC-100 41 

and IPL-41 42. These media need in most cases supplementation of serum or insect 
                                                

†† Pictures from www.cbif.gc.ca 

a b 
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hemolymph to ensure proliferation, however, IPL-41 was in 1988 successfully used for large-

scale serum-free production after addition of yeastolate and lipids 43.  

When media for insect cells and mammalian cells are compared, several major differences are 

apparent, since they mimic the compositions of insect hemolymph and mammalian blood 

serum, respectively. The Na+/K+ ratio in insect media is ∼0.3, and in mammalian media ∼20 
44, because K+ is the major monovalent cation in insect hemolymph and Na+ in mammalian 

blood. Moreover, insect media have higher osmotic pressure than mammalian media (340-390 

and 280-320 mOsm/kg, respectively) 45, 46, and lower pH (~6.3 and  ~7.2, respectively). A 

lower pH enables the application of phosphate buffers, instead of the CO2-bicarbonate system 

commonly used in mammalian cultivation. Consequently CO2 addition is not needed in insect 

cell cultures. Finally, a striking difference is the colour of the media. Mammalian cell media 

often contains the bright red pH indicator phenol red, whilst insect cell media are clear, or 

golden yellow due to addition of yeastolate hydrolysates.  

Recently, large efforts have been made to develop serum-free media (SFM) for bioproduction, 

for reasons such as easier down-stream processing of products, lower cost and a reduced risk 

for contamination with for example mammalian viruses. The first insect SFM was developed 

in 1980 47 and recent examples of commercial SFM include Sf900II SFM (Invitrogen) 48, 

Express five SFM (Invitrogen) 49, Insect-XPRESS (Cambrex), HyQ SFX Insect (HyClone) 

and EX-CELL 400, 405 and 420 (JRH Biosciences). All of these media supply the cells with 

sugars, vitamins, trace elements, amino acids and organic acids, but the relative amounts of 

the inherent compounds differ. 

One drawback with most commercially available media is that their composition remains 

confidential, and it is not possible, or very expensive, to alter the original recipe. Therefore 

much of the work in this thesis is performed with KBM10 50, which is a serum-free, 

chemically defined Sf9 medium developed by Lena Häggström’s animal cell group at KTH in 

collaboration with Karobio AB 51. The only not thoroughly defined components in KBM10 

are cod liver oil, which contains omega-3 oils, and yeastolate ultrafiltrate. Yeastolate is a 

water-soluble fraction of autolysed yeast cells, which has been widely used in insect cell 

cultures and is regarded as a key growth-promoting component 52-58. Yeastolate provides the 

culture with nucleotides, lipids and vitamins 59, amino acids, peptides and carbon compounds. 

It is not necessary for cell survival, but for proliferation (IV). Cholesterol, α-

tocopherolacetate, and Tween 80 are also added to KBM10, to compensate for the lack of 

serum. 
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4 The baculovirus expression vector system (BEVS) technology 

4.1 Background 

Baculoviruses are a diverse group of double stranded DNA-viruses trophic for a variety of 

arthropods, and Baculo refers to the rod-shaped capsids of the virus particles. Traditionally, 

baculoviruses have been used as biopesticides, since they are capable of infecting noxious 

agricultural larvae whilst being non-pathogenic to plants and vertebrates. The most widely 

used baculovirus in biotechnological respects is Autographa californica nuclear polyhedrosis 

virus (AcNPV). The AcNPV genome is ~130 kbp and it has been completely sequenced 60. It 

contains a polyhedrin (polh) gene that is strongly expressed late in infection, but not essential 

for viral replication in cell culture 61. Based on this knowledge, the first baculovirus 

expression vector was designed. In the vector polh was simply exchanged for a heterologous 

gene under the polh promoter, and the modified vector was used to transfect insect cells 29.  

4.1.1 The BEVS technology 

Protein production in the BEVS begins with construction of the recombinant expression 

vector. Direct insert of a product gene into the baculoviral DNA is difficult due to the large 

AcPNV genome size, and instead, transfer vectors are commonly used. A transfer vector 

contains the sequences adjacent to the polh gene in the baculovirus genome, whilst polh is 

exchanged for the product gene. Upon co-transfection of the transfer vector and the viral 

genome into insect cells, homologous recombination between the product gene and the 

polyhedrin gene takes place, and recombinant viruses can subsequently be harvested. 

Examples of homologous recombination systems are BacVector (Merck Biosciences), 

Baculo-Gold (BD Biosciences), pBacPAK (BD Biosciences), and Bac-N-Blue (Invitrogen).  

A drawback with homologous recombination is that the efficiency is low; recombination 

frequency is typically only about 0.1% 62. Consequently, the first viral generation will be a 

mixture between parental and recombinant virus, thus making time-consuming purification 

steps necessary. To circumvent this, new methods utilising bacterial artificial chromosomes 

(bacmids) have been developed. A bacmid contains viral elements for infection and 

replication within the insect cell, but is propagated in E. coli. After bacmid transfection into 

insect cells, baculoviruses are generated, which can be used for further infections 63. Bacmids 

generate a homogenous viral stock and decrease the time for identification and purification of 
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recombinant viruses from 4-6 weeks to 7-19 days 64. One example of a bacmid system is Bac-

to-Bac from Invitrogen. It is compatible with the Gateway cloning system, which includes 

commercial vectors for a number of different expression systems. Another recently evolved 

bacmid technology is flashBAC (Oxford expression technologies). It is based on homologous 

recombination, but in the parental baculoviruses, a part of a sequence necessary for viral 

replication (ORF 1629) has been deleted. Homologous recombination with a bacmid 

containing the recombinant product gene and a complete ORF 1629 is therefore the only 

possibility of creating a functional virus, and the result is a homogenous virus stock.  

After generation of the first passage of recombinant viruses, two or three virus multiplication 

steps follow for creation of a high-titre virus stock. The virus titre of the final stock has 

traditionally been determined with end-point dilution and plaque assays, where recombinant 

non-occluded virus particles are visually distinguished from occluded parental viruses 29. 

Nowadays several faster and more reliable methods are commercially available, for example 

antibody-based assays 65-67. Methods utilising flow cytometry 68 and real-time PCR 69 have 

also been reported. 

The protein production phase consists of cultivating the host insect cells up to a specific cell 

density, where the recombinant baculoviruses are added in a previously determined amount. 

The ratio between virus particles and cells is defined as the multiplicity of infection (MOI). A 

low MOI generates subsequent infections of secondary order or higher whereas a high MOI 

(>5 pfu/cell) results in simultaneous infection of the whole culture 29. However, a high MOI is 

unpractical in larger scale, due to difficulties in scaling up the virus stock. The time of 

infection, is crucially important, and this will be further discussed in sections 4.3.3 and 7. The 

viruses bind to receptors at the cell surface and enter cells by receptor-mediated endocytosis 
70. Subsequently, expression of viral and recombinant genes follows. The protein production 

phase continues for up to 96 hours, since the most commonly used promoters, polh and p10, 

are inactive until a very late stage in the viral life cycle. Finally, cell lysis will occur, whereby 

the product and cell constituents become mixed in the medium. The maximum product 

synthesis rate usually occurs at 48-72 hours 29, but the optimal time for harvest varies with the 

application. Intracellular products are often harvested before the cells lyse, whereas harvest of 

extracellular products depend on for example degradation susceptibility. Down-stream 

processing commonly involves addition of peptidase inhibitors, centrifugation and filtration, 

followed by several chromatographic steps.  
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4.1.2 Applications 

The most important applications of BEVS are in research, drug and vaccine development. The 

combination of eukaryotic host cell characteristics and a short time frame between cloning 

and production, makes the system ideal for quick screening purposes. No insect-made 

therapeutic has yet made it to the market, but several drug candidates are currently in phase III 

trials. Examples are the flu vaccine FluBlØk™ (Protein Sciences Corporation) and the 

prostate cancer vaccine Provenge (Dendreon), which are produced in S. frugiperda cell lines. 

Moreover, recombinant BEVS-made vaccines for AIDS, malaria, cancer, and influenza has 

been tested in clinical phase I and II trials 71. In 1998 one of the greatest successes for the 

BEVS so far was accomplished when an insect-made vaccine against the highly pathogenic 

avian influenza strain H5N1 had FDA approval for compassionate use1, and the BEVS is still 

today utilised in avian influenza virus research 72, 73. 

The BEVS has also been subject for commercial interest in areas beyond recombinant protein 

production. Recombinant viruses have been utilised in agriculture to kill noxious larvae 74. 

The surface of the baculovirus particles can be used for displaying foreign peptides and 

proteins 62, 75, and such altered viruses can be used as effective immunogens 75. Moreover, 

research is ongoing about using baculoviruses as vectors in mammalian systems. In contrast 

to insect cells, the cytopathic effect of baculoviral infection of mammalian cells is small or 

even not observable 62. No replication of viral genes occurs, and subsequently no host cell 

lysis follows. These features, amongst others, make baculoviruses attractive as a gene 

delivery tool in human gene therapy 76. However, a mammalian promoter has to be inserted in 

the baculovirus genome to achieve protein expression.  

4.2 Advantages with BEVS 

Each expression system available for recombinant protein production has its own unique 

advantages as well as drawbacks, and no one is suitable for all applications. Prokaryotic 

systems such as E. coli are simple and may give high yields in a short time. However, the lack 

of post-translational modifications and the risk for inclusion body formation are two serious 

disadvantages. Yeasts, for example Pichia pastoris, express certain proteins in very high 

yields, but suffer severely from a non-mammalian glycosylation pattern, including 

immunogenic epitopes 77. Mammalian systems are today the only alternative if the product 

                                                

1 www.proteinsciences.com 
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has to be glycosylated, but they generate commonly low yields and the media cost is high. 

Moreover, a stable mammalian system takes a long time to generate due to time-consuming 

selection procedures, subcloning and amplification strategies. Transient systems are less time-

consuming, but the mammalian vectors available for gene-delivery are far from optimal 76, 78.  

The BEVS has found its niche in between the two extremes of E. coli and mammalian 

systems, and it has successfully been used for production of a large variety of proteins. Insect 

cells are considered to be more stress-resistant, easier to handle and more productive as 

compared with mammalian systems 79. They are easily adapted to suspension growth and 

serum-free conditions, and they tolerate a wide osmolarity range. In contrast to prokaryotic 

systems, a range of post-translational modifications that confer correct folding, biological 

activity and antigenicity on expressed proteins can be performed. These include 

phosphorylation, glycosylation, myristylation and palmitylation, signal peptide processing, 

post-translational cleavage and disulphide bond formation 80, 81. However, the glycosylation 

pattern exhibits certain non-human anomalies, and these will be further discussed in section 

4.3.1. 

Moreover, the baculoviral vectors are not trophic for mammals and therefore safe for humans. 

In contrast, the utilisation of mammalian viruses for gene transfer requires several precautions 

to avoid unwanted human infections, for example deletions of viral genes and virus 

propagation in specific helper cell lines. In addition, the genetically modified non-occluded 

baculoviruses used in laboratories are harmless for their natural hosts 62, and the laboratory 

waste is therefore environmentally safe, in that respect. Further, baculoviral vectors may 

harbour large inserts 76, 82; possibly 100 kb or even more 29, and be propagated to very high 

titres, which allows for generation of a high-titre virus stock with a minimum number of virus 

passages in the host cells. Long-term passaging implies a risk for genetic changes, resulting in 

a heterogeneous virus stock. Most mammalian-based viral vectors are hampered by the small 

size of the maximum DNA inserts, and do not generate high titres 76, 78. Finally, the time from 

cloning to ready-made product in BEVS is very fast as compared to other systems, see further 

section 4.1.1.  

4.3 Limitations in BEVS 

The most serious limitations of BEVS can be summarized in three points: 1) a non-human 

glycosylation pattern, 2) a high proteolytic activity and 3) the so-called "cell density effect", 

which leads to a drop in productivity late in cultivation. These features will be further 
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discussed in the following sections. For commercial applications, scale-up related issues such 

as oxygen supply 83, carbon dioxide accumulation 84 and bioreactor-type to be employed 85 

have to be considered.  

4.3.1 Glycosylation 

There are fundamental differences between glycosylation in insects and higher eukaryotes 86, 

87 and the processing of N-linked glycans is one of the most serious limitations of the insect 

cell/BEVS. Mammalian N-glycans are predominantly complex with terminal sialic acid 

residues, whilst insect N-glycan end products tend to be paucimannosidic (Man3-GlcNAc2-N-

Asn) or of high-mannose type (Man5-9-GlcNAc2-N-Asn) 86. This is a severe problem since 

complex N-glycans, and specifically terminal sialic acid residues contribute to mammalian 

glycoprotein functions in many different ways. Besides, some insects α(1-3)fucosylate the 

core Asn-linked GlcNAc residue in the glycan 88. This α(1-3) linked fucose is a potential 

human allergenic epitope and a protein with such glycans will never be accepted as a 

candidate drug.  

Still, inherent N-glycosylation characteristics similar to that of mammalian cells exist in 

certain insect cultures. Tn-4h, a clonal isolate from High five, was shown to produce 

sialylated glycans when cultured in T-flasks supplemented with the sialic acid precursor N-

acetylmannosamine, or in serum-containing media in a HARV (High Aspect Ratio Vessel) 89 

Moreover, the cell line Ea4 from E. acrea, is capable of synthesizing N-glycans containing 

terminal GalNAc residues 90, 91. However, in the majority of the industrially used insect cell 

lines, the inherent N-glycosylation capabilities are not sufficient. 

To address the problem with inadequate N-glycosylation, insect cells have been stably 

transformed with mammalian enzymes involved in generation of glycans 92-95. This has 

resulted in the SFSWT-3 cell line, which is capable of producing biantennary, complex N-

glycans in serum-free media supplemented with N-acetylmannosamine. However, terminal 

sialic acid residues are only present at one glycan branch 95. A parental line, SFSWT-1, is 

commercially available as Mimic cells (section 3.2). It has the same glycosylation capabilities 

as SFSWT-3, but has to be cultivated in serum-containing medium 75, 94, 95. In summary, the 

humanization of the insect cell glycan pathways is well in progress, but many additional 

developments are still needed 62. 
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4.3.2 Proteolysis 

The BEVS is known for its high proteolytic activity. Since the system is lytic by nature, the 

infection process will eventually result in disruption of the cells 3-5 days after infection. This 

releases intracellular peptidases of insect origin, as well as peptidases encoded by the 

baculoviruses, introduced via the infection. In addition, truly extracellular insect peptidases 

may already be present in the medium. In a number of cases, researchers have reported 

decreased product yields due to proteolytic activity 96-100. The utilisation of serum-free culture 

media may aggravate the problem 101, since serum contains natural peptidase inhibitors 9. 

The best-characterized proteolytic enzyme within the BEVS is v-cath, a cysteine proteinase 

encoded by AcPNV 102. V-cath is a homologue of the mammalian lysosomal peptidase 

cathepsin L, and has an active form of 27.5 kDa and two precursor forms of 35.5 and 32 kDa 
103. It plays an essential role in liquefaction of insect larvae in baculovirus infection, thereby 

releasing virus particles for infection of more hosts 104. Moreover, AcNPV also encodes a 58 

kDa chitinase (chiA) 105. During the protein production phase in BEVS, chiA accumulates in 

ER and forms a para-chrystalline array, which hamper trafficking of extracellular and 

membrane recombinant products 106, 107. To avoid unwanted effects from these AcNPV-

encoded peptidases, novel vectors have been created with deletions of the chiA and v-cath 

genes. In flashBAC from Oxford technologies, chiA has been removed, and BacVector-3000 
108 from Merck Biosciences has deletions of both chiA and v-cath. The utilisation of 

BacVector-3000 was shown to greatly reduce proteolysis of two model proteins (GUS and β-

galactosidase) 108.  

A number of less well characterized peptidases have been identified from insect cell cultures. 

In lysates of infected Sf9 cells, a caseinolytic peptidase with an unusually high molecular 

weight of 120 kDa was detected 109. Moreover, several intracellular Sf9 peptidases (36-52 

kDa) have been visualized on gelatine zymography gels 110-112. All but one originated from 

baculovirus infected cells, a feature that could make their true nature (viral- or insect) difficult 

to interpret. However, a 49 kDa papain-like cysteine peptidase was present also in non-

infected cells 110. Further, BTI-Tn-5B1-4 High five cultures have been found to secrete 

metalloproteinases. Two enzymes at 32-33 and 41-42 kDa, respectively, have been identified 
113, as well as precursor and degradation forms of a metalloproteinase with an active form at 

48 kDa 114.  

A popular strategy for controlling the proteolytic activity in the culture medium is to add 

protease inhibitor cocktails. However, this strategy has drawbacks. Many inhibitors are 
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expensive and toxic, and some are reported to hamper cell growth 115 and recombinant protein 

production 116, when added to cultures. Further, the half-life of inhibitors in water solutions 

might be short, which leads to the necessity of repeated additions for optimal peptidase 

inhibition. Inhibitors might also co-purify together with the product. To avoid problems 

arising with overuse of inhibitors, and at the same time achieve optimal inhibition within the 

production system in question, it is necessary to obtain a good knowledge of the peptidase 

background.  

Another strategy for avoiding product degradation is to separate the recombinant protein 

production phase from the cell lysis stage late in infection, by using earlier promoters than the 

most common very late ones (p10 and polyhedrin). One example is the basic protein promoter 

(bpp), which has been used to produce a variety of recombinant proteins 117-119. The bpp 

production phase begins as early as 6 h p.i. 118, and in one report a vector including the bpp 

promoter generated the highest product yield, in a comparison with vectors with the p10 and 

polh promoters 117. Yet another strategy against proteolysis is to utilise a viral vector with a 

reduced capability for cell lysis 120.  

4.3.3 The cell density effect 

Insect cells can easily be grown to high densities. In our laboratory, the maximum batch cell 

density for Sf9 is about 107 /mL and for High five about 6·106/mL. However, the problem is 

not the cell density, but the fact that a drastic decrease in product yield occurs at an early time 

point in culture 43, 52, 55, 121-129. This is referred to as “the cell density effect”, and it takes place 

at a batch cell density of 2-3·106/mL for Sf9, and immediately after inoculation for High five 
130. In practice, this leads to the consequence that infection is commonly done no more than 

one or two days after inoculation, well before the maximum cell density is reached. If the 

inherent potential of the cells could be fully used, i.e. if productivity could be sustained at the 

maximum cell density, the total product yield would increase significantly.  

A tremendous amount of research has been done to counteract the cell density effect. Early 

results indicated that the product drop was due to nutrient depletion 131, and large efforts have 

been made to study the influence of nutrients and medium exchange on cell proliferation and 

productivity in S. frugiperda and T. ni cell lines, as reviewed recently 84. However, the 

productivity drop was shown to occur prior to nutrient depletion 132, and no nutrient has been 

shown to be responsible for the lower yield at high cell densities 128, 133. Moreover, nutrient 

limitation was in one case favourable, resulting in an increased yield of active proteins 134. 
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Nevertheless, several researchers have achieved beneficial effects of nutrient additions and 

feeding strategies 54, 55, 58, 135-137. No specific medium component has been critical for 

enhancing growth and product yield, but different combinations of glucose, glutamine, amino 

acids, yeastolate ultrafiltrate, lipids, vitamins, iron and trace metals have been utilised for 

medium supplementation. The Sf9 batch culture with the highest maximum cell density 

reported so far (5.2·107/mL) was given semi-continuous additions of concentrated nutrient 

solutions, and a similar culture could be infected at a cell density as high as 1.7·107/mL 137. 

Still, the maximum volumetric product yield was low in comparison with yields from other 

experiments, despite additions of nutrient concentrates both pre- and post infection. One 

reason for this could be a too high osmolarity due to the addition of nutrient concentrates.  

A different strategy for improving productivity has been to replenish the medium at the time 

of infection 52, 55, 58, 124, 127, 129, 138, but such a procedure is both expensive and impractical on a 

large scale. Perfusion cultures have also been used successfully, and resulted in high cell 

densities and likewise high productivities 139 128, 140, 141. However, a perfusion process may be 

complicated to set up, and is not optimal for transient systems such as the BEVS.  

The drop in productivity has also been suggested to originate from toxic by-product 

accumulation. The major metabolic by-products in S. frugiperda cultures is alanine during 

glucose excess, and ammonia under glucose limitation 51, 56, 129, 142, whilst High five cells 

accumulate lactate, alanine and ammonia during normal growth conditions 133, 143, 144 145. 

However, insect cells are not as sensitive as mammalian cells to ammonia 56, 128, 142, and high 

alanine concentrations were shown not to affect growth 56, 142 or recombinant protein 

production 55. Lactate may be inhibitory at high levels 146, but this effect seems to be cell line 

specific. Irrespective of what effects these by-products may have at high levels, they will not 

have accumulated to a large extent at the early time when the drop in productivity occurs. 

Toxic by-product formation is therefore not a plausible explanation for the cell density effect.  

In summary, total medium replenishment at infection and nutrient additions have enhanced 

the productivity in many cases, but the mechanisms behind the increased product yields are 

not fully understood. The final conclusion is therefore that the relation between nutrients and 

product yield in the BEVS is far from straightforward, and the intriguing cell density effect 

remains unexplained.  
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II Objectives 
 

The ultimate goal for this work has been to increase productivity in the Sf9/BEVS. The 

strategy was to investigate the mechanisms controlling growth and proliferation in normal 

cultures, and to use that knowledge for increasing product yields. The specific aims were 

therefore: 

 

• To investigate how nutrients affect productivity and proliferation. 

• To investigate whether the proliferation is under autocrine control. 

• To search Sf9 conditioned medium (CM) for the presence of autocrine mitogens. If an 

enhancing mitogen could be identified, supply the culture with surplus amounts. If an 

inhibitory component was found, render it harmless.  

• To investigate the underlying causes to the cell density dependent drop in 

productivity. 
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III Present investigation 

5 Proliferation of Sf9 cells 

An Sf9 culture may be characterized by the specific rate of proliferation, µN, a useful tool not 

only for determining the culture status, but also for tracing limiting media components 147. µN 

is calculated from the cell number, in contrast to the specific growth rate µ, which is 

calculated from dry-weight data. Such data is difficult to get from animal cell cultures due to 

low cell densities, whilst the cell number can be easily obtained from microscopic 

enumerations. Further, µ and µN must not be mixed up, since cell growth does not always 

equal proliferation 125, 148-150. Throughout this work growth (increase in cell mass) and cell 

proliferation (increase in cell number) has been distinguished. Quickly dividing microbial 

cultures may be described with logarithmic growth models, but proliferation of animal cell 

cultures deviate considerably from such models and is better described by calculating µN = 

((dNt/dt)·(1/Nv)) [h-1] from a curve fitted to the experimental data (Nt represents the total cell 

number and Nv the viable cell number). 
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Figure 3. Characteristic features of normal Sf9 cultures. Viable cell densities (--). a) Specific rate of 
proliferation µN (–). b) Dry weight/cell (--) during the lag phase. Culture aliquots were taken out to pre-
weighed glass tubes, which were centrifuged and the pellets dried overnight at 105 °C and the dry weights 
calculated from the increase in weight. Error bars represent the standard deviation between samples. 
Unpublished results. 
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Upon inoculation, the Sf9 cultures exhibit a lag phase, where the cells adjust to their new 

environment and µN is low. When proliferation starts, µN increases for a short period, but 

µN,max is only transiently reached before the proliferation rate declines again, well before the 

onset of the stationary phase (fig. 3a, I) 50, 51, 53, 56. Moreover, dry weight (fig. 3b) and cell 

volume measurements (III) showed that biomass growth continued during the initial lag 

phase, although cell division was stalled. 

The Sf9 cultures were routinely passaged every third day to a start density of 0.3·106 

cells/mL, and during such conditions the lag phase lasted for approximately 24 hours. The 

length of the lag phase depended on the inoculum concentration, a typical feature for the 

presence of an autocrine growth controlling system 151, as will be discussed in section 5.2. 

The minimum inoculum density used in this work was 105 cells/mL, due to difficulties in 

accurately determining lower viable cell densities. Further, cell growth has found to be 

hampered at a seeding density of <5·104 /mL 152, 153.  

               

Figure 4. Fluorescence microscopy with cells stained with acridine orange and ethidium bromide. Cells that 
have lost membrane integrity are red, whilst cells with sustained membrane integrity are green. a) Healthy, 
viable and uniformly stained cell. b) Apoptotic and secondary necrotic cells. Yellow spots correspond to 
condensed chromatin. Unpublished results.  

 

The amount of dead cells, Nd, in normal cultures was always very low (< 5%) during the 

growth phase, and Nd is therefore not accounted for in most experiments. After the maximum 

cell density had been reached, Nd in the cultures increased gradually, until a certain time point 

when death quickly became more widespread. Fluorescence microscopy revealed that both 

apoptotic and necrotic cells were present in the end of Sf9 cultures (fig. 4), in consistency 

with results obtained by others 154. 

a 

b 
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5.1 Cell cycle dynamics 

The eukaryotic cell cycle is made up of four distinct phases: Gap 1 (G1), DNA synthesis (S), 

Gap 2 (G2) and Mitosis (M). A whole cycle is completed in 12-24 hours, however, for some 

cell lines it takes even longer time. At the check points existing during the cycle, the cells 

may proceed via different pathways; continue through the cycle, withdraw to a resting state 

(G0) or withdraw and differentiate. The pathway taken is determined by factors such as 

stimulation of growth factors, DNA damage and environmental conditions. For most insect 

cultures the main restriction point is in G2 while G1 seems to be more of a transient phase 155. 

Consequently, such cultures are characterized by a resting phase with 4c DNA content 155-157. 

In contrast, in mammalian cells the main regulatory events occur during the G1 phase, and the 

mammalian resting phase is G1, with 2c DNA 155. The latter is also true for High five cells 130, 

who generally display more mammalian-like characteristics than e.g. Sf9 143, 158. 
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Figure 5. a) Cell cycle distribution during a batch Sf9 culture. Cells in cycle phase G1 (--), S (--) and G2/M 
(--), respectively. b, c, d) DNA histograms with single-cell distributions after b) 1h and c) 26 h culture time, 
and d) 3 days of incubation in yeastolate-free medium. 2c, 4c and 8c denote diploid, tetraploid and octaploid 
population, respectively. 

 

Sf9 cells in batch cultures are approximately equally divided between the cell cycle phases 

during growth (~26-32% G1, ~26.5-39.5% S, ~29-42% G2/M) 156, 159, but during the 

stationary phase an accumulation in G2/M occurs 155, 157. Our cultures followed the above 

pattern, however, we detected that a large proportion of the cells (up to ~65%) transiently 

arrested in G2/M within the first 24 hours after inoculation (fig. 5a, I, III). After release from 

the initial arrest, the majority of the cells were in the S phase, until 100-150 h when a final 
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G2/M arrest occurred. Further, a polyploid population emerged during G2/M arrests, both 

during the lag-phase and during the stationary phase (fig. 5b, I). Polyploidy has also been 

observed by others 155, 157, 160-162, but it seems not to be a general feature 156. Jarman-Smith and 

co-workers (2002) characterised Sf9 clones obtained from different laboratories, and found a 

polyploid fraction in all clones, but the relative amount of polyploid cells varied between the 

clones.  

The main cell cycle characteristics (initial and final G2/M arrest, fig. 5a) were present in most 

cultures, but addition of 20% conditioned medium (CM) decreased the initial arrest, resulting 

in a less synchronous growth pattern during the remaining culture (I). Implications of this 

result and other effects of CM additions are discussed in section 5.3.  
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Figure 6. Cultures with decreased amount of nutrients; 25% yeastolate (--), 25% amino acids (--) and 
reference (--). A culture with 25% Glc displayed similar characteristics as the amino acid limited one (not 
shown). a) Proliferation profiles. b) Distribution of cells in cell cycle phase G2.  

 

To investigate if the cell cycle pattern was affected by the availability of macronutrients, 

cultures with 25% of the original amount of yeastolate, glucose and amino acids were 

analysed (I). Proliferation kinetics and cell cycle patterns were surprisingly similar during all 

conditions, despite considerable variations in maximum cell density (fig. 6a, I). The largest 

deviation occurred in the culture with 25% yeastolate (YE), in which we did not observe an 

initial G2/M arrest. However, a G2/M arrest could in principle have occurred within the first 

25 hours, since no samples were taken during that time. At approximately 100 h, all cultures 

had a characteristic increase in the G2/M population, irrespective of medium composition or 

maximum cell density, but the YE-deprived culture displayed the highest amount of cells in 

the final G2/M arrest. Similar cell-cycle characteristics of YE-limited cultures were seen also 
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in a later experiment (IV). Implications of this result for productivity are discussed in section 

7.  

The cell cycle phase at the time of infection was already 30 years ago suggested to play a role 

for the progression of the viral infection 163, and the majority of the prevailing literature 

indicates that infection in cell cycle phase S is most effective 156, 164-166, possibly due to 

enhanced viral replication 165. In concordance, no expression of late viral genes was detected 

in Sf9 cells which did not proceed through the S phase 156, and the product yield was 1.5- to 

1.8-fold higher in Sf9 cells infected in G1 or S, as compared to G2/M 166. However, viral 

early genes were replicated irrespective of cell cycle phase at infection, and budded virus 

progeny was detected also in cultures arrested at the G1/S transition point 156. The importance 

of the cell cycle phase on recombinant product yield thus seems to be dependent of the viral 

promoter. If very late promoters are used, infection should preferably take place to allow 

replication of the recombinant product genes during S, whereas the function of viral early 

promoters seems to be less dependent of the cell cycle phase. In addition, AcNPV infection 

prevents normal cell cycle progression. Cells infected in G1 or S are arrested in S 159, 166, 

whereas cells infected in G2/M do not proceed through mitosis, but arrest at an early mitosis 

stage 156, 159, 166. Braunagel, (1998) found that 84% of the Sf9 cells arrested in G2/M after 

infection. 

5.2 Autocrine regulation of proliferation  

Sf9 insect cells grow and proliferate in serum-free media, without any growth factor addition. 

The reason is either a totally deregulated cell cycle, similar to the situation in cancer cells, or 

production of autocrine factors (see further section 2.3). In fact, Sf9 cultures display several 

features characteristic for the presence of an autocrine regulatory system. First, an increase of 

the start cell density resulted in an augmented µN,max in several different media and a 

shortened lag-phase, whilst a decreased inoculation density prolonged the lag phase (I). This 

has also been observed by others 132, 138, 153, 165, and indicates that autocrine mitogens are 

secreted during proliferation, as suggested by Kioukia et al. (1995). A high inoculation cell 

density would thereby result in a fast build-up of autocrine factors, and consequently a short 

lag-phase. Second, the final G2/M arrest occurs at approximately the same time in different 

cultures, irrespective of medium composition (section 5.1). Further, changes in the uptake 

rates of several amino acids have also been shown to take place, shortly before the onset of 

the stationary phase 50, 132, 167. Amino acid transport is generally tightly linked to cell growth 
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and proliferation 167, 168. The synchronized changes in transport rates and cell cycle 

progression may indicate that their onsets are timed by the cells’ own autocrine clock.  

5.3 The conditioned medium effect  

Proliferation of certain cells is stimulated by conditioned medium (CM), i.e. medium in which 

cells of the same kind have been growing previously 169. This phenomenon has been reported 

for cell lines of both vertebrate and invertebrate origin. Insect cell lines that are stimulated by 

addition of CM include NIH-Sape-4 cells from the flesh fly Sarcophaga peregrina 170, 171, 

Trichoplusia ni BTI-Tn-5B1-4 (High five) 58, 114 and the Drosophila wing-disc cell line C1.8+ 
172. The stimulatory effect in NIH-Sape-4 CM originated from a novel 52 kDa cytokine 

designated IDGF (insect derived growth factor) 170, shown to have adenosine deamidase 

activity indispensable for the growth factor activity 171. In High five cultures, CM taken from 

the growth phase stimulated proliferation, and the enhancing factor in this case was identified 

as a metalloproteinase 114. Further, C1.8+, a Drosophila wing-disc cell line, was shown to 

secrete three members from a novel family designated IDGFs (imaginal disc growth factors), 

and two related genes were also identified by sequence homology. These imaginal disc 

cytokines were structurally related to chitinases, but had no chitinase activity. They 

cooperated with insulin to stimulate the proliferation, polarization and motility of Drosophila 

imaginal discs 172.  
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Figure 7. Effects of CM, which had been concentrated 8.75x on a 10 kDa filter (--), and the 10 kDa filtrate 
from the same experiment (--), on Sf9 proliferation. The CM was harvested from a three day-old pre-culture at 
1.6·106 cells/mL. New cultures were supplemented with 10% (v/v) concentrate, which previously had been 
applied to a PD-10 desalting column to remove small molecular weight components, and 10% (v/v) filtrate, 
respectively. Proliferation was compared to a reference in 100% fresh medium (--). Unpublished results. 
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CM additions have also been reported to stimulate proliferation of Sf9 cultures 58, 173, and it 

has been suggested to contain endogenous, secreted growth-promoting factors 127, 165. Wu et 

al. (1998) noted higher growth rates and maximum cell densities in spent medium fortified 

with glucose, glutamine and yeastolate, than in purely fresh medium. However, the factors 

responsible for the observed effect are not yet identified. On the other hand, an inhibitory 

effect of spent medium carry over has been observed for Sf21 cells 158.  This might be 

explained by the fact that the CM had been taken from the stationary phase of the previous 

culture, and a previous enhancing effect could thereby possibly be lost, as observed for High 

five cells 114.  

Our results showed that Sf9 CM taken from a previous culture at 28 h, 39 h or three days 

stimulated proliferation (I), as well as CM taken at even earlier time points 173. To further 

characterize this effect, CM was subjected to low molecular (10 kDa) cut-off filtration. 

Surprisingly both the filtrate and the retentate affected Sf9 proliferation in a positive manner 

(fig. 7), and the conclusion was that the stimulation originated from at least two different 

compounds: a low molecular weight (<10 kDa) and a higher molecular weight (>10 kDa). 

Addition of CM also had direct physiological effects on the cells; CM or 10 kDa filtrated CM 

decreased the average cell size (IV). A smaller average cell size indicates that the number of 

cells in G2/M was less than in a standard culture, since cells in G2/M are larger than cells in 

G1/S. This might be explained by the fact that addition of CM decreased the initial G2/M lag-

phase arrest (I), a feature that signifies the presence of mitosis-promoting autocrine factors, 

and thus earlier onset of proliferation.  

To facilitate purification of the unknown stimulatory factors, KBM10 medium without 

yeastolate (YE) was used for production of CM, since YE largely contributes to the peptide 

background in complete medium. During such YE-free conditions the culture remains viable, 

but the cells cannot proceed through mitosis and arrest in cell cycle phase G2/M (I, IV). CM 

and 10 kDa CM retentate from such arrested cultures exerted a positive effect on cell 

proliferation, similarly to CM from complete medium, but 10 kDa CM filtrate inhibited 

proliferation (not shown). Thus, the larger (>10 kDa) autocrine mitogen was produced also 

during a resting cell cycle state, but YE was essential for production of the smaller (<10 kDa) 

factor.  
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Figure 8. a) Elution profile of a CM concentrate from a Superdex 75 size exclusion column. Peaks 1, 4 and 5 
were also present in elution profiles of fresh medium concentrates, and they consisted of KBM10 lipids (1), 
small molecular weight compounds such as vitamins (4), and amino acids (5), respectively. The Sf9 proteins 
were distributed in peaks 1, 2 and 3 and according to size; peak (1) >70 kDa, (2) 65-25 kDa, and (3) 23-10 kDa 
proteins, respectively. b) Effects on proliferation upon additions of fractions (33% (v/v)) from peak 2 (--) and 
3 (--), in comparison with a reference culture (--) with buffer instead of fraction. Unpublished results. 

 

Further, concentrated CM was fractionated on a size exclusion column. The elution profile 

(fig. 8a) revealed two major peaks, which exclusively contained endogenous Sf9 proteins, at 

molecular sizes corresponding to 10 kDa and 50 kDa. Addition of peak fractions to new 

cultures revealed that the 10 kDa peak contained a factor inhibitory for cell growth, and that 

fractions from the 50 kDa peak stimulated proliferation (fig. 8b). A protein in the 10 kDa 

fraction was preliminary identified as a truncated variant of histone H4, and was suspected to 

be the source of inhibition, since other histone proteins have been shown to exert a cytotoxic 

activity 174-177. Attempts to purify and further characterize this histone were unsuccessful due 

to inconsistency of the experimental results. The 50 kDa peak included proteins with a 

molecular size of ∼65-25 kDa. The positive effects from this peak could possibly originate 

from a 44 kDa protein, which was shown to enhance Sf9 proliferation (V). This protein will 

be further discussed in sections 6.2, and 6.2.2. However, it should be emphasized that the 

fractions consisted of many different proteins, and the proliferative effects might have other 

explanations.  

5.4 The culture age effect  

During routine passaging, a part of the old culture broth was transferred to fresh medium. At 

30-40 passages (p) after thawing a new ampoule from the frozen stock, we observed a switch 

in the proliferation characteristics of Sf9 cultures. The lag phase was decreased and µN,max was 
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increased from ~0.03 /h to ~0.04 /h (fig. 9). Further, at the same time the response to CM 

additions was reduced or even absent; to get the same positive effect of CM as previously, the 

inoculation cell density had to be lowered. These features were accompanied with several 

physiological changes; cells having passed the switch were larger in size, more synchronized 

in the initial G2/M arrest, and to a larger extent distributed in S during the growth phase (IV). 

This agrees well with observations from Jarman-Smith and co-workers (2002), who found an 

increase in polyploid cells at roughly the same passage number in Sf9 subclones from 

different laboratories. The consequences of the physiological changes on productivity were 

investigated and are discussed in section 7. 
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Figure 9. Comparison of p20 (before the switch) and p111 (after the switch). Viable cell density p20 (--) and 
p111(--), µN p20(--) and p111(--). 

 

After the switch, the proliferation kinetics was constant for at least up to 160 passages, but the 

maximum cell density was lowered at very high passage numbers. However, CM from such 

high passages (HP) was found to promote proliferation of cells that had not passed the switch, 

to the same extent as CM from lower passages (LP). This showed that the HP cells still 

produced autocrine mitogens, but that they had lost the ability of responding to surplus 

mitogens from CM additions. We hypothesize that the amount of autocrine factors produced 

by HP cells was so high that extra addition had no further effect. Other, intracellular factors 

may limit the rate of proliferation after this time point.   

Further, we reason that cells that are sensitive to autocrine growth-stimulating factors, for 

example by displaying a large amount of autocrine receptors, are enriched upon subculturing. 

Upon each passage, cells that grow fast and are well adapted to the prevailing conditions will 

outnumber slower growing cells. The population transferred to the next passage will therefore 
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be progressively more enriched in fast-growing cells, and after a certain amount of passages 

this results in altered culture characteristics. It is well known that long-term passaging affects 

both mammalian and insect cells with respect to size, shape, DNA content, proliferation 

kinetics and ability to express recombinant protein 125, 153, 161. Hence, a number of 

contradictory results in the literature with respect to e.g. oxygen uptake, MOI, product yields 

and nutrient consumption are likely due to the physiological heterogeneity of subclones of the 

Sf9 cell line, with different origin and culture age. For example, polyploid Sf9 cells were 

shown to have a higher oxygen consumption rate than diploid Sf9 cells, and to consume twice 

as much glucose as diploid cells upon infection 162. Comparisons and generalizations of data 

should therefore be done with care.   

6 Conditioned medium factors 

6.1 Antimicrobial activity 

During our attempts to identify factors that affected proliferation, we observed by coincidence 

that CM from Sf9 cultures exhibited antimicrobial activity. The first observation was made 

after fractionating CM with a size exclusion column. It appeared that all CM fractions but one 

were heavily infected when left during non-sterile conditions at room temperature. The non-

infected fraction contained proteins at ~10 kDa. The second observation was that Sf9 cultures 

were capable of recovering from bacterial infections. At one occasion, the presence of 

bacillus-shaped bacteria was unquestionable at one culture day, but the next morning no 

infectious organism could be detected. It appeared as the cells had fought off the bacteria 

themselves.  

Results from experiments performed under more controlled forms confirmed the preliminary 

observations. A size exclusion fraction containing proteins at 9-25 kDa exhibited strong 

antimicrobial activity against the Gram-negative Escherichia coli and the Gram-positive 

Bacillus megaterium (II). The toxic effect on B. megaterium was extremely potent; after 8 

min incubation in the specific CM fraction, close to 100% of the B. megaterium cells were 

dead (fig. 10). E. coli were more resistant; after 60 min incubation together with the CM 

fraction 65% of the original population had died. Microscopic analyses revealed odd-shaped 

and ghost-like bacteria upon exposure to the fraction, and the presence of protein bands with 

bacterial origin within the incubation media showed that cell lysis occurred. Many known 

antimicrobial toxins act by forming holes in the cell membrane, and it is likely that the Sf9 

toxin works in a similar way. This would also explain the better resistance of the Gram-
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negative E. coli, since it has an extra, protective outer cell membrane serving as a first defence 

barrier. 

Insects are well known for their ability to fight off microbial infections. Often, this involves 

expression of small, broad-spectrum antimicrobial peptides, such as cecropins 178, attacins 179 

and defensins 180. Similar peptides have also been identified from other species, such as frogs 

or fish 181, 182. The interest for using such small-molecule compounds as, for example, human 

antibiotics and anticancer drugs, has increased lately 183.  

 

0

5 10
7

1 10
8

1.5 10
8

2 10
8

0 20 40 60 80 100

Time (min)

V
ia

b
le

 c
o
u
n
t 

(c
fu

/m
L

)

0

2

4

6

8

10

0 20 40 60 80 100

V
ia

b
le

 c
o
u
n
t 

(l
o
g
 c

fu
/m

L
)

Time (min)

a b

 

Figure 10. Viability of B. megaterium incubated with (--) and without (--) the CM fraction from an Sf9 
culture. a) Linear scale, b) log scale. Cfu denotes colony-forming units. 

 

Due to sequence homology with known proteins from other species, four proteins in the 

antibacterial 10 kDa fraction were identified by N-terminal amino acid sequencing and mass 

spectrometry (MS); ubiquitin, a thioredoxin-like protein and two cyclophilin-like proteins 

(table 2). The only one of these four proteins with known antimicrobial activity is ubiquitin 
184, but ubiquitin in the range 0.05-80 µm had no effect on bacterial survival during our assay 

conditions. A fifth protein was also present in the antimicrobial fraction, but amino acid 

sequences from this protein did not generate any matches in database searches. Previously, a 

truncated variant of histone H4 (11.3 kDa) was identified in 10 kDa size exclusion fractions 

(section 5.3), but no similarity between the fifth protein and histone H4 was detected. Since 

none of the four identified proteins in the antimicrobial fraction could be linked to the 

cytotoxic effect, our conclusion was that it possibly originated from the fifth, unknown 

protein.  
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Table 2. Identification of protein bands in the antimicrobial Sf9 10 kDa CM size exclusion fraction.  

MW protein 
band (kDa)a 

Sequences obtained by mass 
spectrometry 

Database matches 

9.6 TITLEVEPSDTIENVK 

ESTLHLVLR 

FAGKQLEDGR 

Ubiquitinb (many species) 

11.9 IHIKDSDDLKNR 

KLEEFSGANVDKLR 

Thioredoxin-like protein (Manduca Sexta) 

18.4 VFFDVSADGSALGR Cyclophilin like protein (many species) 

26.5 ILEGMDVVR 

FEDENFKLR 

Cyclophilin like proteinb  (many species) 

a Molecular masses estimated from SDS-PAGE 
b Also confirmed by N-terminal amino acid sequencing 
 

Size exclusion fractions from High five cultures eluting at about 10 kDa also exerted 

antimicrobial activity: 97% of a B. megaterium population died after 40 min exposure to the 

fraction. This effect most probably originated from a 16.3 kDa lysozyme precursor protein, 

identified by sequence homology. Lysozyme exerts hydrolytic activity against β(1–4) 

glycosidic linkages in the bacterial peptidoglycan, and has been reported to have an 

antibacterial activity independent of the enzymatic activity. However, the activity spectrum of 

lysozyme seems to be limited to specific gram-positive bacteria 185. 

6.2 Peptidases  

Peptidases are important components of many autocrine systems, where their most common 

task is to activate and/or liberate hormone precursors. Previously, a metalloproteinase was 

identified in High five CM 114. Inhibition of this metalloproteinase totally hampered the 

positive effect of CM on cell proliferation, and it was therefore concluded to be the main 

cause of the High five CM effect.  

Sf9 peptidase activity has previously been found intracellularly 110-112, 186, and in cell lysates 

after infection with baculoviruses 101, 109, 112, 115, 116, 121, 186-188. Gotoh et al. (2001a) found 

endogenous peptidase activities in the medium during the Sf9 death phase, but reports about 

true extracellular Sf9 peptidases were scarce. We therefore wanted to investigate Sf9 CM for 

the presence of endogenous peptidases, and in that case study if they were involved in 

controlling proliferation.  
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6.2.1 Identification of Sf9 and High five cathepsin L  

Initial analysis of proteolysis in Sf9 CM was performed with zymography. No caseinolytic 

activity was found, but two gelatinolytic bands, a strong 39 kDa and a fainter, approximately 

49 kDa, were identified (fig 11, III). The molecular weight of the 49 kDa band was not 

constant; during sample treatment it migrated to lower molecular weights, and in some 

samples it was not visible at all. We therefore suspected that the two bands were precursor 

form and active form of the same peptidase.  
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Figure 11. Peptidase activity during the course of an Sf9 culture. a) Batch of Sf9 cells. b) Gelatine zymogram 
with samples from a. Arrows indicate the 49 kDa band. 

 

Inhibition profiling revealed that the gelatinolytic peptidase was inhibited by the cysteine 

proteinase inhibitor E-64 and the serine proteinase inhibitor PMSF, and therefore belonged to 

the papain family of cysteine proteinases. To facilitate identification and quantification, 

further enzymatic analyses were performed with fluorometry instead of zymography. 

Peptidase activity was recorded on the flurophore Z-Phe-Arg-AMC, a substrate for kallikrein, 

cathepsins B and L, papain and soybean trypsin-like enzyme, but not on Bz-Arg-AMC, a 

substrate for papain, soybean trypsin-like enzyme and trypsin. In summary this showed that 

the Sf9 peptidase was a homologue of either cathepsin B or L. The activity was completely 

repressed by the cathepsin L-specific inhibitor Z-Phe-Tyr-t(Bu)-DMK 189, and the 39 kDa 

peptidase was therefore finally identified as an Sf9 homologue of cathepsin L. Cathepsin L 

(cL) is a lysosomal peptidase, which is synthesised as a preproenzyme 190. The proform can 

either be transported out of the cell or be stored intracellularly until it is activated, by for 

example the low pH in the lysosomes. Most probably the 49 kDa protein band in the 

zymogram represented the proform of Sf9 cL. Procathepsin L (pro-cL) from other species was 
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shown to have one-tenth or lower activity than mature cL 191, 192, but the activity might be 

restricted to low-molecular weight compounds 193. Therefore autoactivation of the proform 

may have occurred during sample preparation and electrophoresis, as observed elsewhere 187, 

194. 

Further, an additional, 22 kDa form of Sf9 cL could be evoked by incubation of CM samples 

at pH 3.5 (III). Substrate specificity, inhibitor susceptibility and pH optimum (5.0) was the 

same for the 22 kDa form as for the other active form. Therefore, it appears that Sf9 cL 

possesses two active forms: one at 22 kDa and one at 39 kDa. The activity of Sf9 cL was 

measured during an Sf9 cultivation and found to be low in the beginning, but increase 

throughout the culture. Inhibition of the enzyme with the non membrane-permeable E-64 

analogue E-64c added directly to the culture had no effect on cell proliferation (III). 

A homologue of cL/pro-cL was likewise discovered in CM from High five cells (V). The 

molecular weight of this enzyme was 44 kDa, as estimated from bands in zymography gels, 

and it was occasionally accompanied by another band at 37.5-42 kDa. The two bands could 

either be precursor form and active form, similar to the situation in Sf9 cultures, or different 

glycoforms of the same protein. However, no active cL was found in High five CM. In 

addition, the N-terminal sequence from a 44 kDa High five protein (VSFFDLVRE) was found 

to be 88% similar to a sequence from the propeptide of Tenebrio molitor cL (VSFFDLVQE) 
195, and also similar to the N-terminal of pro-cL from Sf21 (VSLLDLVRE) 192. The two 

positions that differ between Sf21 pro-cL and the High five sequence are occupied by neutral 

amino acids: leucin in Sf21 and phenylalanin in High five.  The conclusion was therefore that 

the 44 kDa High five band most likely represented High five pro-cL, and that the band with 

lower molecular weight may represent an ongoing transformation to the fully active form. 

Pro-cL is autocatalytically converted to mature cL during incubation at low pH 190, 196, 197, a 

feature that was used to indirectly measure the amount of pro-cL during Sf9 and High five 

cultures (fig. 12, V). This revealed a low quantity of pro-cL during the growth phase in High 

five cultures, but a drastic augmentation in the very end during cell lysis. In Sf9 cultures the 

situation was different; an increase in activity from pro-cL occurred at approximately 100 h, 

but when cell proliferation had ceased, the amount of pro-cL decreased again. These results 

may indicate that the extracellular pro-cL in Sf9 cultures is actively transported to the medium 

from viable cells. The presence of pro-cL in High five cultures remains unexplained, but at 

least in the end it is seemingly caused by cell lysis.  
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Figure 12.  Viable cell densities (--), cL (--) and pro-cL (--) amounts during High five (a) and Sf9 (b) 
cultivations. Enzyme amounts were measured as follows: CM samples were divided in two aliquots; one was 
incubated at pH 3.0 for 10 minutes after which pH was normalized again, whereas the second sample was left 
untreated. The activity on the fluorophore Z-Phe-Arg-AMC in the untreated aliquot originated from cL, whereas 
the difference in activity between the aliquots represented the amount of pro-cL. All enzyme values are means of 
duplicates; error bars may be hidden within the symbols. 

 

6.2.2 Role of procathepsin L in Sf9 proliferation  

Secreted pro-cL has been reported to promote DNA synthesis in mammalian cells. This 

growth promoting effect was equal to that of IGFs, on a molar basis 198. Moreover, pro-cL 

was shown to act as a cofactor to promote proliferation of immature thymocytes 199 and other 

cells such as NIH3T3, Balb3T3, HepG2 and PC12 198. It was also suggested that pro-cL 

participates in myeloma growth and metastasis 198. Further, pro-cL was shown to be identical 

to CP-2, which is secreted from rat Sertoli cells 200 and in complex with the metalloproteinase 

inhibitor TIMP-1 is a potent activator of steroidogenesis 201. 

One way to investigate if pro-cL had any role in proliferation in Sf9 cultures was to eliminate 

it by lowering the pH of the culture medium to pH <5.0, where pro-cL is automatically 

converted to active cL 190, 197. Active cL does not affect Sf9 proliferation (III). However, 

autoactivation of pro-cL can be prevented by addition of inhibitors such as E-64 202, leupeptin 
203, 204, Z-Phe-Ala-CHN2 and HgCl2 204. The inhibitors trap the enzyme in the proform and 

simultaneously inhibit the proteolytic activity of the cL already activated. Consequently, a 

three-day old Sf9 culture was divided into two aliquots, and CM from one of the aliquots was 

further divided into three parts (fig. 13a). In the first, pro-cL was converted to active cL by 

incubation at low pH. In the second, the non-membrane permeable E-64 homologue E-64c 
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was added before incubation at low pH. E-64c inhibited the active cL form, but presumably 

kept the pro-cL intact. The third was a control CM with intact pro-cL and little active cL. Salt 

was added to this control to adjust the osmolarity to the same level in all three CM parts. The 

cells from the untreated, first aliquot were centrifuged and redistributed into the three treated 

CM lots, and proliferation was studied during the remaining culture (fig. 13b). Incubation at 

pH 3 had a considerable negative effect on cell proliferation and also lowered the maximum 

cell density. However, E-64c addition almost completely counteracted this negative effect 

(V).  
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Figure 13. a) Cathepsin L activity in CM after incubation at pH 3, with and without E-64c, as compared to a 
reference. b) Viable cell density of the mother culture (--), which was split at the arrow, and of the cultures 
with differently treated CM from (a); pH 3 (--), E-64c + pH 3 (--), reference CM (--). Each condition was 
represented by duplicate cultures.  
 

Further, CM from High five cells was found to promote proliferation of Sf9 cultures (V). 

Since High five CM was shown to contain pro-cL, we wanted to investigate if this caused the 

effect on Sf9 proliferation. CM taken from a High five culture was divided into aliquots, 

which were treated essentially the same way as in the previously described experiment (low 

pH, E-64c + low pH, reference). New Sf9 cultures were inoculated with 20% additions of the 

High five CM aliquots. Yet again, incubation at pH 3 resulted in a negative effect as 

compared to control CM, whereas addition of E-64c partly counteracted the negative effect, to 

50-75% (V). In summary, both High five and Sf9 CM with intact pro-cL stimulated 

proliferation of Sf9 cells, whereas CM in which pro-cL had been transformed to active cL did 

not stimulate proliferation to the same extent. One possible reason is that active cL might 

degrade some factor that enhances proliferation. If this was true, inhibition of cL should have 

a positive effect on proliferation, but this was found not to be the case (III). A second and 
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more plausible explanation is that the pro-cL itself has direct or indirect mitogenic effects in 

Sf9 cultures.  

Growth factors can be divided into different categories: competence factors such as PDGF, 

which make the cells receptive for stimulation, and progression factors including insulin and 

IGFs, which stimulate competent cells directly and induce mitogenesis. Pro-cL was suggested 

to act on mammalian cells as a progression factor 198, since pro-cL alone had no mitogenic 

effect, but needed previous stimulation by priming growth factors such as IL-1 199. This might 

also be true for Sf9 cultures, since the small factor, which passes 10 kDa filters, exhibits a 

positive effect on Sf9 proliferation (I, III, section 5.3). The small factor and pro-cL may act 

together in regulating Sf9 proliferation, either cooperatively or as competence and progression 

factors. 

7 Protein production 

An abrupt drop in productivity in the insect cell/BEVS has been associated with a critical cell 

density at the time of infection (section 4.3.3). However, it is not the cell density per se that is 

important, but rather the physiological state of the cells at the time of infection 165. Renewal of 

medium at infection is, according to the literature, known as the best way of improving the 

productivity in laboratory scale, and nutrient feed strategies have also generated positive 

effects (see references in 4.3.3). However, despite tremendous efforts to increase growth and 

productivity in the insect cell/BEVS, the underlying cause of the cell-density dependent 

productivity drop remains unknown. 

To characterize the productivity of Sf9 cultures, we investigated changes in recombinant β-

galactosidase production throughout all culture stages (I). The product yield in old medium 

was compared to the yield from cells that were resuspended in fresh medium prior to infection 

(fig. 14, I). During the initial 75 h, volumetric production increased linearly, but the yield in 

renewed medium was approximately 12% lower than the yield in spent medium. The 

maximum volumetric yield (~600 U/mL) in old medium occurred at a cell density of 2.6-

3.6·106 /mL, but after this time point the productivity decreased drastically to levels below the 

detection limit. The productivity in renewed medium could be sustained until 117 h (6.8·106 

cells/mL), when a final drop occurred. However, during this extended production phase (75-

117 h) the volumetric yield did not increase by more than 10%, to 660 U/mL. The maximum 

specific yield occurred for both conditions at 43 h culture time (1.6·106 cells/mL), which 

coincided with µN, max.  
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Figure 14. Comparison of ß-galactosidase productivity in old medium (--) and renewed medium (--). Culture 
aliquots were taken out from a mother culture at each data point, and infected with baculoviruses. a) Volumetric 
productivities, and Nv of the mother culture (-). b) Specific productivities, and µN of the mother culture (-).  
 

In summary, this experiment showed that a drastic drop in productivity was inevitable, 

irrespective if the medium was renewed or not, and that the maximum specific product yield 

was obtained early in culture, at µN,max. Medium renewal prolonged the productivity phase to 

some extent, but the maximum volumetric product yield was only marginally affected. We 

therefore concluded that the productivity of Sf9 cultures is not primarily dependent on the 

nutrient availability, but the physiological state of the cells at the time of infection.  

The initially negative effect on product yield of medium renewal was small but constant, and 

similar effects have been reported elsewhere 53, 55, 122, 127. The reason was suggested to be a lag 

phase of the cells in fresh medium, due to lack of secreted mitogens 127. Further, at a cell 

density of 2.6 ·106 /mL, coincident with the productivity drop in old medium, the 

physiological response to infection changed. Cell swelling 48 hours post infection at higher 

cell densities was not as profound as previously (I). In contrast, the final cell volume was the 

same after infection at 3.2 ·106 and 5 ·106cells/mL, in another report 205. However, the volume 

increase rate was slower at the higher density 205. An increase in cell diameter upon infection 

is an indicator of a successful infection 126, and it was found to be directly proportional to the 

maximum recombinant protein production 206. 

To further study how cell physiology affected productivity, a comparison was made between 

young, low-passage (LP) cells recently thawed from a frozen stock, and high-passage (HP) 

cells which had passed the switch in proliferation kinetics (section 5.4, IV). The specific 

productivity of the HP cells was found to be almost twice as high during the first 48 h in 
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culture, but thereafter it declined fast and the LP cells generated a higher yield (fig. 15, IV). 

Addition of CM or 10 kDa CM filtrate lowered the specific productivity of LP cells; the 

specific yield was decreased by 30% and 50% respectively, but it had no effect on cells 

having passed the switch. 
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Figure 15. a) Effect of passage number on specific productivity. Two mother cultures were run (with LP/HP 
cells), from which aliquots were taken out at each data point. The medium was renewed, and baculoviruses 
added. Specific productivity at 48 h p.i. of LP cells (--) and HP cells (--), respectively. b) Specific 
productivity of arrested cultures with a reduced amount of YE; 0.5 g/L (--) and 1.5 g/L (--), as compared to 
reference KBM10 with 4 g/L YE (--). Before infection, YE was added to the limited cultures, to release the 
cells from the arrest and to give a total YE amount of 4 g/L. 

 

The high productivity of the HP cells in fig. 15 during the early culture stage coincided with a 

substantial degree of initial synchronization in cell cycle phase G2/M (IV). To investigate if 

such previous G2/M synchronization could enhance the yield also for LP cultures, a gradual, 

artificial G2/M arrest was accomplished by yeastolate limitation. At various time points, 

aliquots were taken out, yeastolate added to release the cells from the G2/M arrest, and the 

cultures immediately infected with baculoviruses. Fig. 15b shows that the artificial 

synchronization counteracted the cell-density dependent drop in product yield and thus 

prolonged the production phase. Moreover, the product yield was increased with almost 70% 

before the final productivity drop occurred. 

These data suggest that the positive effect of medium renewal reported by several authors 

might not primarily be due to replenishment of exhausted nutrients, but to the G2/M 

synchronization always occurring upon inoculation into a new medium. After release from the 

initial G2/M arrest the culture will enter the G1 and S phases in a rather synchronized manner, 

and since infection in G1/S is more efficient than infection in G2/M (discussed in section 5.1) 
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the above situation should be optimal for recombinant protein production. The 

synchronization will gradually be lost after the initial release from the lag-phase, and such a 

simultaneous entry into G1 and S will not take place. The mean specific productivity should 

therefore be highest directly after the lag-phase and thereafter inevitably decrease, which is 

also confirmed in fig. 14b. These results also explain why medium renewal at infection early 

in culture does not have any positive effect on protein production; the culture will already be 

synchronous, and as such maximally productive. However, it should be emphasized that if a 

medium with an unsatisfactory nutritional level is used, addition of depleted components will 

of course be beneficial.  
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IV Conclusions 

 

Physiology 

• Proliferation and physiology of Sf9 insect cells was controlled by an autocrine system 

consisting of several different factors, amongst them one low-molecular mass (<10 kDa) 

and one higher molecular mass (>10 kDa). Yeastolate was a prerequisite for the 

production of the smaller factor. 

• Sf9 cell cycle progression during a batch culture was characterized by a G2/M arrest 

during the lag phase, and a final G2/M arrest when proliferation ceased. The initial arrest 

was shortened by autocrine conditioned medium (CM) factors, but the final arrest was 

inevitable. 

• Extensive changes in Sf9 physiology and proliferation kinetics occurred at certain passage 

numbers after thawing a new vial. The cells appeared larger in size, displayed a shorter lag 

phase, an increased µN,max and an increased initial G2/M arrest. Further, the response for 

CM additions was weaker.  

• Two novel, endogenous and extracellular insect peptidases were identified in Sf9 and 

High five CM; proforms and active forms of cathepsin L. Cathepsin L activity was low at 

culture pH, but increased at a decreased pH. 

• Removal of procathepsin L from Sf9 CM had a negative effect on Sf9 proliferation. Thus, 

procathepsin L may constitute the >10 kDa autocrine CM factor.  

• Sf9 and High five cultures expressed antimicrobial factors. The High five antimicrobial 

substance was most likely lysozyme, whilst the Sf9 factor remains unidentified. 

 

Continued on next page. 
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Conclusions 

 

Productivity 

• Medium renewal at infection with baculoviruses had a limited effect on the maximal 

product concentration. The physiological state of the cells was more important. 

• The cell-density dependent drop in productivity was, at least partly, caused by a decreased 

synchronization of the culture, leading to a decreased amount of cells in a beneficial cell 

cycle phase at infection.  

• The productivity drop was counteracted by an artificial G2/M synchronization before 

infection, which lead to a prolonged production phase and an augmented maximum 

volumetric product yield.  
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The three oddest words  

When I pronounce the word Future, 

the first syllable already belongs to the past. 

When I pronounce the word Silence, 

I destroy it. 

When I pronounce the word Nothing, 

I make something no nonbeing can hold. 

                                    Wislawa Szymborska 


