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”Ingenting är omöjligt- bara olika svårt” 
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ABSTRACT 

Exclusive eradication of tumour cells causing minimal damage to healthy tissue, 

a concept referred to as targeting, is an interesting approach to improve the 

outcome for patients afflicted with cancer.  

 

The general aim of this thesis was to highlighten aspects that could be of 

importance in developing novel treatment regimens based on specific targeting 

of tumour cells. Two variants of targeting strategies, boron neutron capture 

therapy (BNCT) and platelet-derived growth factor receptor (PDGFR) tumour 

targeting were studied in vitro.  

 

In BNCT, the ability of boron-10, 
10

B, to capture neutrons is utilized. The 

capture reaction initiate emission of high linear energy transfer (LET) particles 

which exerts potential damaging effects on exposed cells. A preferential 

accumulation of at least 10 µg 
10

B/g tumour tissue is suggested to be required 

for effective clinical outcome. Here, the accumulation of boronophenylalanine, 

BPA, was investigated in human glioma, synovial sarcoma, fibroblast and 

monocytoid cells in vitro. For the purpose of quick and effective separation of 

extracellular and cell-associated boron, a rapid cell filtration method was 

developed. Inductively coupled plasma atomic emission spectroscopy, ICP-

AES, was used to analyse the amount of boron associated to the cells. 

 

Over-expression of PDGFRs may render the possibility to target certain tumours 

using PDGF-based conjugates for a specific delivery of cytotoxic agents. PDGF-

AA was conjugated to dextran of two different sizes, 10 and 40 kDa, and 

compared with 
125

I-radiolabelled PDGF-AA regarding accumulation, retention 

and localisation in human glioma cells in vitro.  
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A boron concentration of >10 µg 
10

B/g tumour tissue was found in all human 

cell lines studied. For the two glioma cell lines, the results extend differences 

between the two although originating from the same human tumour material. 

Since fibroblasts and monocytoid cells, here used to represent normal cells, 

accumulated boron at a clinically relevant amount one may have to consider the 

role of these cells in/at the tumour site during treatment. Regarding results for 

the human synovial sarcoma cells, further investigations may state the potential 

of BNCT as a treatment modality and explore the possibilities of a directed 

delivery of boron-containing substances to receptors specifically expressed in 

this malignancy.   

 

PDGF-AA-based dextran conjugates, preferentially 10 kDa dextran conjugates, 

showed in vitro properties that were superior to radiolabelled unconjugated 

PDGF-AA. A prolonged retention time was observed for the conjugates. 

Radiolabelled PDGF-AA was mainly determined to be located intracellular but 

the localisation, internalised or membrane-associated, of radiolabelled 

conjugates seemed to be dependent on the composition of the conjugate. It is of 

interest to explore the potential of dextran conjugates carrying toxic substances 

for therapeutic purpose. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

Cancer är samlingsnamnet för ett antal sjukdomar som karakteriseras av 

ohämmad tillväxt av celler. Den generella behandlingen av cancersjukdomar 

består av kirurgi, strål- och/eller cytostatikabehandling. Nya behandlings-

metoder behövs dock för att förbättra prognosen för människor som drabbats av 

cancer. En selektiv behandlingsmetod riktad mot cancercellerna, och som endast 

orsakar minimal skada på de friska, omgivande cellerna kallas för målsökning 

(targeting). Behandlingsmetoden kan vara ett sätt att förbättra prognosen för 

cancerpatienter.  

 

Glioblastoma multiforme är en elakartad hjärntumör med dålig prognos där 

människor som drabbats endast överlever ca 1 år med behandling.  Sjukdomen 

växer ohämmat in i omgivande frisk hjärnvävnad och består av flertalet 

olikartade celler vilket gör den svår att behandla. Synovialt sarkom är en 

elakartad cancerform som oftast uppstår i muskel- eller stödjevävnad (bindväv) i 

kroppen. Cancerformen är besvärlig att upptäcka och sprider sig lätt till andra 

organ vilket gör den svårbehandlad.  

 

Den här avhandlingen belyser två olika tillvägagångssätt för målsökning. Dels 

en två-stegs metod, bor neutron infångningsterapi (BNCT), som bygger på 

ackumulering av en substans innehållandes grundämnet bor (bor-10) i 

cancerceller och en efterföljande lokal bestrålning med neutroner. När 

boratomens kärna fångar in en neutron erhålls partiklar, en alfapartikel och en 

litiumjon, som har hög energi och skadar cancercellen. Om tillräckligt många 

partiklar får exponera en cancercell erhåller den cellen många och svåra skador 

som leder till att den dör.  
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Den andra målsökningsprincipen bygger på att cancerceller har markörer eller 

strukturer, till exempel receptorer, som friska celler inte har eller endast har i 

liten mängd. Man tillverkar då molekyler som söker sig specifikt mot dessa 

strukturer. På så sätt fås ett selektivt upptag i cancerceller vilket minskar skador 

av behandlingen på friska celler.  

 

I tre av delarbetena i avhandlingen utvärderas ackumuleringen av borsubstansen 

borfenylalanin (BPA). I arbete I och II har studier utförts på två olika typer av 

hjärntumörceller (glioblastoma multiforme) samt på en typ av synovialt sarkom i 

cellodling (in vitro). Som jämförelse har normala fibroblaster och monocyt-lika 

celler studerats i arbete I och III. Alla cellerna har mänskligt ursprung. Arbete 

IV beskriver framställning och utvärdering av molekyler bestående av platelet-

derived growth factor (PDGF) proteinet som binder specifikt till receptorn 

(PDGFR). De framställda molekylerna, så kallade PDGF-dextran konjugat, 

bestod av PDGF kopplad till en sockerkedja, dextran, av olika storlek. 

Radioaktivmärkt PDGF utan sockerkedja användes som jämförelse för att 

utvärdera betydelsen av sammankopplingen med dextran avseende konjugatens 

förmåga att ansamlas (ackumuleras), förbli ansamlat under en längre tidsperiod 

(retention) samt var i cellen konjugatet ansamlades (lokalisation). I det arbetet 

studerades tre olika typer av hjärntumörceller av mänskligt ursprung.  

 

Resultaten visar att BPA tas upp i tillräckliga mängder, >10 µg 
10

B/g 

tumörvävnad. De undersökta tumörformerna; glioblastom, synovialt sarkom, 

fibroblast och monocyt-lika celler, innehöll tillräckligt mycket 
10

B för att erhålla 

celldödande skador vid en behandling. De olika hjärntumörcellerna visade 

sinsemellan stora skillnader i 
10

B ansamling trots att de har samma ursprung.  

Resultaten avseende ansamling av bor i synovialt sarkom kan vara av intresse 

för framtida BNCT-behandling av tumörformen. Framtida studier får utreda 

möjligheterna. Betydelsen av en ansamling av bor i normala celler vid en 
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behandlingssituation är inte klarlagd och måste utvärderas ytterligare. PDGF-

dextran konjugaten som var målsökande mot PDGFR (arbete IV) ansamlades i 

hjärntumörcellerna och visade på möjligheterna med denna typ av målsökning. 

Ackumulering, retention och lokalisering av molekylerna i cellerna var beroende 

av storleken på molekylen samt hur den var sammansatt.   
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ABBREVIATIONS 

 

4SS  human synovial sarcoma cell line 4SS 

Ag1523  human fibroblast cell line Ag1523 

BBB  blood brain barrier 

BNCT  boron neutron capture therapy 

BPA  boronophenylalanine 

Bq, kBq, MBq becquerel, kilo-, mega-becquerel. Radioactive 

disintegrations/sec 

CDAP  1-cyano-4-dimethyl amino pyridinium tetra-fluoroborate 

DNA  deoxyribonucleic acid 

Dx  dextran 

EGF  epidermal growth factor 

EGFR  epidermal growth factor receptor 

FBS  fetal bovine serum 

GBM  glioblastoma multiforme 

3
H tritium, a low-energy beta (β) emitting radioactive 

isotope 

125
I  iodine-125, a gamma (γ) emitting radioactive isotope 

ICP-AES inductively coupled plasma atomic emission 

spectroscopy 

kDa kilo-Dalton for molecular weight 

LAT-1 L-amino acid transporter-1 

LET linear energy transfer 

eV, keV, MeV electron volt, kilo-, mega-electron volt 

mRNA messenger ribonucleic acid 

PBS phosphate-buffered saline 

PDGF  platelet-derived growth factor 
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PDGFR  platelet-derived growth factor receptor 

PFA  paraformaldehyde 

ppm  parts per million 

RT-PCR  reverse transcriptase polymerase chain reaction 

TAM  tumour-associated macrophage 

TCA  trichloroacetic acid 

TEA  triethylamine 

U343MGa31L human malignant glioma cell line clone 31L 

U343MGaCl2:6 human malignant glioma cell line clone 2:6 

U563MG  human malignant glioma cell line U563 

U937-1 human monocytoid (histiocytic lymphoma) cell line 

U937-1   
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FOREWORD 

An exclusive eradication of tumour cells causing minimal damage to healthy 

tissue, a concept referred to as targeting, may be one approach to improve the 

outcome for patients afflicted with cancer. Such a novel treatment regimen is of 

interest for treatment of several malignancies.   

 

This thesis focuses on different aspects of two tumour targeting approaches, 

boron neutron capture therapy (BNCT) and receptor tumour targeting. It 

summarises the work presented in four separate papers and in addition some 

interesting preliminary findings, not presented in the papers. The presentation 

begins with an introduction to cancer in general and specifically to the cancers 

studied in the separate papers. This is followed by the concepts of targeting, the 

principle of BNCT and of a receptor based tumour targeting approach towards 

the platelet-derived growth factor alpha receptor, PDGFRα. Some of the 

information included will hopefully function as a comprehensive and 

understandable reference material and place the obtained results in a larger 

perspective.   
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INTRODUCTION 

CANCER 

Cancer is the comprehensive term for numerous diseases characterised by 

uncontrolled cell growth. It is thought to arise by step-wise genetic changes that 

result in altered growth and survival of cells.  Numerous genes are implicated in 

the regulation of these processes including oncogenes and tumour suppressor 

genes.  Oncogenes which normally encourage cell growth can be activated in 

over-abundance leading to excessive cell growth while tumour suppressor genes 

which normally restrain cell growth can become inactivated and thereby 

promote cell survival (1). An accumulation of transformed cells can lead to the 

development of a tumour. The kind of tumour that arises depends on the cell 

type from which it evolves. Tumours can be of benign or malign origin and are 

classified according to malignancy grade, I-IV. Cancer is by definition malign. 

The classification is a prediction of the behaviour of the tumour i.e. its degree of 

aggressiveness. A grade I tumour is less aggressive than a grade IV which is the 

most aggressive variant. The ability to infiltrate and destroy surrounding tissues 

is a common feature of malignant high-grade tumours whereas rarely seen for 

benign tumours (Swedish Cancer Foundation). Malignancy grade is also 

strongly connected to prognosis (2). The genesis of metastasis, spread of cancer 

cells to distant organs, and subsequent establishment of a secondary tumour is a 

common event for malignant tumours which often becomes fatal for the patient. 

Another property of cancer cells is their capacity to stimulate the formation of 

new blood vessels, angiogenesis, to secure access to oxygen and nutrition.    
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Glioblastoma Multiforme 

Gliomas, the largest group of malignant brain tumours arising in adults, 

originates from glia cells which is a comprehensive term for astrocytes, 

oligodendrocytes, Schwann cells, ependymal cells and microglia (3). 

Glioblastoma multiforme, GBM, the most malignant form of glioma (grade IV), 

originates from astrocytes and accounts for 60% of the gliomas (3). This 

extremely heterogeneous tumour appears as a large infiltrative mass with highly 

necrotic as well as vastly vascularised areas (4-9). GBM presents the malignant 

characteristics associated with many types of cancer including self-sustained 

proliferation, resistance to apoptosis, loss of growth control and 

immunosurveillance, tissue invasion and the ability to stimulate angiogenesis 

(9). The genetic heterogeneity of GBM seen between patients and within 

tumours is added to the complexity of this tumour. GBM is divided into 

subtypes based on the evolution of the disease (Figure 1). A development de 

novo is referred to as a primary glioblastoma while progression from a low-

grade or anaplastic astrocytoma, grade III, is determined as a secondary 

glioblastoma. Approximately 90% of the diagnosed GBMs presents with a de 

novo development (9). Primary glioblastoma preferentially arises in older 

patients while secondary more frequently in younger patients (4). A distinction 

between the genetic pathways resulting in these subtypes has been seen (4). In 

general, aberrant activation of growth regulating functions such as growth factor 

receptors including epidermal growth factor receptors (EGFR) and platelet-

derived growth factor receptors (PDGFR) are seen. Downstream signalling 

pathways such as PI3K/Akt, Ras/MAPK and PLCγ are often aberrantly 

activated as well (6, 10-12). Giant-cell glioblastoma, comprising 5% of all 

glioblastomas, is a histological subtype which clinically and genetically 

possesses a hybrid position between primary and secondary glioblastoma (4).  
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 Low-grade astrocytoma,  

                    grade II 

 

  Anaplastic astrocytoma, grade III 

 

Primary GBM        Secondary GBM   Giant-cell GBM 

 

Figure 1. The three different subtypes of glioblastoma and the genesis of secondary GBM 

from a lower-grade malignancy.  

 

Prognosis for patients afflicted with GBM is poor; average survival time is only 

12-15 months with treatment (9, 13). Favourable prognostic factors are young 

age, absent or minimal neurological signs, complete surgical resection and good 

performance status (9). Surgery is the mainstay of treatment in combination with 

radiation- and chemotherapy. The demonstrated effect of chemotherapy alone 

has been poor and offer most often only palliation. However, the recently 

reported clinical trial of radiation therapy with concurrent and adjuvant 

Temozolomide, an alkylating agent, showed a clinical benefit making this the 

standard treatment today (9). Despite current standard treatment patients 

eventually develop recurrences or progression that becomes fatal. Recurrences 

often arise within centimetres from the main tumour mass due to the active 

migration of tumour cells. Metastasis outside the central nervous system, CNS, 

is rare (3).  Novel treatment regimens are thus needed in the management of this 

lethal tumour. In accordance with the increasing knowledge of the molecular 

abnormalities associated with GBM new molecular targeted agents directed at 

specific structures or components critical for tumour maintenance are generated.  
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Synovial sarcoma 

Sarcomas comprise a heterogeneous group of malignant tumours of 

mesenchymal origin. Two general categories of sarcomas are defined; soft tissue 

sarcomas and primary bone sarcoma (14, 15). Up to 10% of the soft tissue 

sarcomas are classified as synovial sarcomas (16, 17). The etiology is poorly 

understood although unravelling of the molecular profile is underway (17-19). A 

unique feature which has made diagnosis easier is a translocation, t(x; 

18)(p11.2; q11.2), found in over 90% of synovial sarcomas (20-22). The 

translocation results in fusion proteins SYT-SSX1, SYT-SSX2 or rarely SYT-

SSX4. Synovial sarcoma typically presents as two histological subtypes; 

monophasic or biphasic. The monophasic subtype is entirely composed of an 

ovoid spindle cell morphology whereas biphasic is comprised of both spindle 

cell elements as well as epithelial components. A, very rare, third subtype is 

called the poorly differentiated (16, 19, 20, 22).  

 

Despite its name, synovial sarcomas almost never arise in the joint although 

often in its close proximity. 80% of the cases arise in the extremities with a 

higher incidence in the thigh and knee (18-19). Clinically, it emerges as a deep-

seated, painless, slowly growing mass and it is often mistaken as benign due to 

its cystic appearance (18). It is however considered as a high grade malignancy 

with a poor prognosis (17, 19). The five year survival is 36-75% and ten year 

survival is 20-50% (17, 21, 23-25). At metastasis the median survival time is only 

10-22 months (19, 22). Regarding prognostic factors, a tumour size of > 5 cm has 

been shown to affect prognosis negatively although the only significant factor 

related to overall survival is the presence of metastasis at diagnosis (20). Several 

other prognostic factors have been suggested including gender, age, tumour 

location, histological grade, histological subtype, surgery margins, disease 

status, neurovascular invasion, bone invasion, necrosis, mitotic rate and type of 

SYT-SSX translocation (17-20, 22, 25-27). 
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The mainstay of treatment of primary synovial sarcoma is surgery in 

combination with radiation therapy. Doxorubicin chemotherapy is the first line 

treatment at metastasis (25, 28). The lungs are the most common site of 

metastasis in addition to lymph nodes, bone and bone marrow (18, 20, 25).  

 

Inflammation and cancer 

Chronic inflammatory bowel diseases, such as ulcerous colitis and helicobacter 

pylorus infections, are known to increase the risk of developing colon and 

stomach cancer (29). This is thought to be due to the DNA damage induced in 

proliferating cells by the immune cells secretion of reactive oxygen and nitrogen 

species produced normally during the response to the infection. The repeatedly 

induced DNA damage results in genomic alterations and a subsequently growth 

of transformed cells which may lead to tumour development. The tumour 

microenvironment is a mixture of tumour cells, extracellular matrix components, 

stromal cells, and endothelial cells. Interactions between these are considered as 

essential for neovascularisation as well as tumour development and progression 

(30-31). Cancer cells secrete chemoattractants which recruit macrophages and 

cause them to accumulate in the tumour tissue. An infiltration of immune cells, 

such as macrophages, has been seen in a variety of tumour types (29). It has been 

suggested that macrophages, in general, play a role in tumour development, 

progression and migration as well as inducing angiogenesis due to their 

expression and secretion of growth factors and cytokines (29, 32-34).  

 

Macrophages, present in most tissues, are a part of the human immune defence 

mechanism. Macrophage precursors proliferate and differentiate in the bone 

marrow before being secreted to the blood as monocytes. A further 

differentiation of monocytes into macrophages is required for them to leave the 

blood compartment and become adherent and gain access to tissues. Monocytes 
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are recruited to diseased tissue and accumulate as macrophages. Macrophages 

are involved in several physiological processes such as destruction of apoptotic 

and necrotic cells, inflammation, tissue repair and remodelling as well as 

phagocytosis of foreign bodies such as pathogens (33, 35). When recruited to 

tumour tissue monocytes can be differentiated into inflammatory or so called 

tumour-associated macrophages, TAMs (36-37). TAMs have been shown to 

represent the major inflammatory component in stroma of many tumours and 

suggested to be the link between inflammation and cancer (38-39). Evidence has 

emerged for a symbiotic relationship between tumour cells and TAMs. Although 

TAMs may kill neoplastic cells following activation they also produce a number 

of important mitogens and various growth factors and enzymes that stimulate 

tumour angiogenesis (29, 32, 34, 40). In addition, there is growing evidence of a 

local proliferation of TAMs at/in the tumour area and the density of TAMs and 

degree of vascularity has been shown to correlate with poor prognosis in 

carcinomas of the breast, ovary and cervix (29, 32, 41-42). It should though be 

noted that the role of TAMs in the development and progression of cancer is 

complex (32).  

 

Necrosis is induced in tumour and healthy tissue in response to ionizing 

radiation treatment. The resulting cell debris stimulates an inflammatory 

response in the affected tissue. The effect of treatment on TAMs and other 

immune cells present in the tumour tissue or in its surroundings is not well 

known. It has been shown that the number of activated inflammatory cells, 

macrophages and microglia, were reduced after treatment with BNCT in an 

animal brain tumour model (43). Whether this is a benefit or not for the outcome 

is not known.     
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CONCEPTS OF TARGETING 

Targeting may be utilized in different ways. For example a) by the use of a 

binary method taking advantage of the selective accumulation of a molecule in 

the target tissue and the subsequent local activation by an external source such 

as utilized in BNCT, or by b) the use of target-seeking molecules acting on 

molecular markers. Such molecular markers could be growth factor receptors, 

present on the tumour cells however absent or expressed at low levels on normal 

cells and which may have a functional role in the maintenance of the tumour.  

 

Boron Neutron Capture Therapy (BNCT) 

History of BNCT 

The concept of BNCT was introduced shortly after the discovery of the neutron 

(44). It had earlier been shown that absorption of neutrons by atomic nuclei, such 

as boron (B) and lithium (Li), resulted in high kinetic energy fission products 

and that the energy of the neutron, thermal (<0.5 eV) or fast (>10 keV), was of 

significance (45-47). When the first thermal neutron irradiation of boron took 

place it resulted in high linear energy transfer (high LET) fission products; 

alpha-particles (
4
He

2+
) and lithium ions (

7
Li

3+
) (45). The first clinical trials were 

though not performed until 1951 due to lack of a sufficient neutron source. 

Between 1951 and 1961 clinical trials of malignant gliomas were performed at 

Brookhaven National Laboratory, BNL, and Massachusetts General 

Hospital/Massachusetts Institute of Technology, MGH/MIT, with disappointing 

results. Poor penetration of neutrons in deeply seated tumours in addition to 

non-selective accumulation of boron compound in the tumour was thought to be 

due to the failure (48). The interest in BNCT of glioblastoma was resumed after 

the encouraging results achieved in clinical trials performed in Japan (from 1968 

and forward) and new trials were started in the United States 1994 (48-49).  Since 



 23 

then, considerable improvements have been made regarding boron compounds, 

neutron beam technology and knowledge about the radiation biology of BNCT. 

Epithermal neutrons (0.5 eV-10 keV) are now used due to their ability to 

penetrate deeper into tissue in comparison with thermal neutrons. 

 

Clinical trials have been performed in several countries for the treatment of 

glioblastoma and melanoma (50-53). In addition, several other tumour types such 

as thyroid cancer, squamous cell carcinoma, liver metastasis and head and neck 

cancer have been or are under evaluation (54-59). The BNC-reaction has also 

been investigated for treatment of rheumatoid arthritis, and then denoted as 

boron neutron capture synovectomy, BNCS (60-61).  

  

Principle of BNCT 

The ability of boron-10 (
10

B), a non-radioactive constituent of natural elemental 

boron, to capture neutrons is utilized in BNCT. As mentioned before the nuclear 

reaction between boron and a neutron results in high LET fission products; 
4
He 

(α-particle) and 
7
Li; and low LET γ-radiation (Figure 2). The high LET fission 

particles have short range in tissue, 9 and 5 µm, respectively. Along their way 

they create dense ionizing tracks with cell damaging impact.  
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4
He + 

7
Li + 2.79 MeV (6%) 

10
B + 

1
n                    [

11
B] 

    
4
He + 

7
Li + 2.31 MeV (94%) 

   

    

7
Li + γ + 0.48 MeV 

  

Figure 2. The principle of the BNCT reaction. The neutron capture by 
10

B results in the 

production of the unstable 
11

B which disintegrates into high LET 
4
He and  

7
Li, low LET γ-

radiation and the release of energy. 
4
He and 

7
Li travels less than one cell diameter, 10 µm, 

resulting in a local damaging effect in cells with accumulated boron.   

 

 

BNCT is a targeting modality in the sense that the major cell damage is limited 

to cells that have selectively accumulated boron. The γ-radiation contributes to 

the absorbed dose to the whole body but it does not deliver a dose of therapeutic 
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value (62). Neutrons interact with normally existing elements, especially 

nitrogen (N) and hydrogen (H), abundant in normal tissue giving rise to proton 

and γ-radiation, respectively (63). The cross-section for neutron capture is 

though low (N: 1.75 and H: 0.33 barns, respectively) in comparison with that for 

boron (3837 barns). A boron amount of at least 10-30 µg 
10

B/g tumour (10
9
 
10

B 

atoms/cell) is suggested to be required to effectively damage a cell (62).  

 

Boron compounds 

The extensive investigation of several low-molecular weight molecules in the 

early 1960s resulted in two compounds used in clinical trials today; the amino 

acid analogue boronophenylalanine (p-dihydroxyborylphenylalanine), BPA, and 

sodium mercaptoundecahydro-closo-dodecaborate (Na2B12H11SH), BSH (54). 

Both compounds have shown low toxicity and tumour/brain and tumour/blood 

boron ratios >1 (54). Extensive research is though continuous for the 

development of new selective boron compounds. 

 

BPA   

Due to its structural similarity to tyrosine, a natural melanin precursor, it was 

suggested that BPA (Figure 3) could be a boron compound for BNCT of 

melanoma. Later studies showed that BPA was selectively accumulated in other 

tumour cells as well which lead to the use of BNCT for treatment of GBM (64). 

BPA is transported across the blood brain barrier, BBB, and target selectively 

dividing cells (65). The transport into glioma cells has been thought to be 

facilitated by the natural amino acid system L preferentially transporting 

phenylalanine, tyrosine and leucine (66-68). A recent report has confirmed the 

uptake of BPA via the L-amino transporter-1, LAT-1, and up to 70% of tumour 

cells are affected by BPA-based BNCT via LAT-1 (69). In addition it was shown 

that various tumour types but especially gliomas express elevated levels of 
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LAT-1. In gliomas, the uptake of amino acids correlates with their 

histopathologically determined malignancy grade (70). In addition it has been 

shown that amino acid transport is increased in malignantly transformed cells in 

comparison with non-transformed parent cells. This is thought to be due to 

increased rate of transport and metabolism of amino acids (65, 68, 70). Several 

studies have shown a selective accumulation of BPA in tumour cells relative to 

normal tissue in both animal tumour models and in humans (65, 68, 71). 

 

 

 

 

Figure 3. Structure of boronophenylalanine, BPA. 

 

BPA has been widely used in clinical trials of both glioblastoma and melanoma 

(51-53). Today it is used either alone or in combination with other boron carriers 

in evaluation/clinical trials of several different malignancies (55-58, 72).  
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Platelet-Derived Growth Factors and their receptors 

Soluble growth factors or cytokines in addition to cell interactions with the 

environment, cell-cell interactions, and with the extracellular matrix (ECM), 

allows for the transfer of information affecting cell growth, motility, 

differentiation and apoptosis (73).  

 

PDGF was first discovered in human platelets were it possessed potent growth-

promoting effects on smooth muscle cells, fibroblasts and glial cells (74-76). 

Subsequent studies showed that PDGF consists of disulphide-linked covalent 

dimers of structurally related polypeptide chains. The chains occur as 

homodimers, PDGF-AA, PDGF-BB, PDGF-CC and PDGF-DD and the 

heterodimer PDGF-AB (77). PDGF-AA, -AB and -BB are secreted as active 

ligands while PDGF-CC and -DD are secreted as latent ligands that need 

proteolytical activation before receptor-binding (78-79). The PDGF ligands exert 

their effect by binding to alpha, α, or beta, β, PDGF receptors located at the cell 

surface. Upon ligand-binding the receptors form dimers; αα, αβ or ββ with 

different affinity for the ligands (Figure 4).  

 

Interaction between ligand and receptor results in autophosphorylation of the 

intracellular tyrosine kinase domain of the receptor and initiation of downstream 

signalling cascades that eventually result in cellular effects; proliferation, 

differentiation, migration or apoptosis (79-81). The ligand-receptor complex is 

thereafter rapidly internalised and degraded. A recycling process of the receptor 

to the cell membrane has also been observed (82). 
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Figure 4. The five PDGF ligands, PDGF-AA, -BB, -AB, -CC and -DD binds with different 

affinity to the three receptor dimers; αα, αβ and ββ. The subsequent activation of the receptor 

initiates downstream signalling pathways resulting in different cellular effects.  

 

PDGF plays a major role in physiological processes such as embryonal 

development, neural development, wound healing, regulation of interstitial fluid 

pressure and regulation of blood vessel tonus (83-85). Although having an 

important normal function, an altered expression of PDGF/PDGFR has been 

implicated in several disorders characterised by excessive cell growth, e.g. 

cancer as well as atherosclerosis and fibrotic diseases (82, 86-88). This was 

Extracellular space 

Intracellular space 

Cellular effects 
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reinforced by the discovery that the v-sis oncogene of Simian Sarcoma Virus 

(SSV), implicated in the pathogenesis of various tumours, was PDGF-B like 

(80). Tumours derived from the normal physiological targets of PDGF; glial 

cells, fibroblasts and smooth muscle cells, have been shown to co-express PDGF 

and its cognate receptor enabling autocrine stimulation (87). Such co-expression 

has been found in several malignancies, including meningiomas, melanomas, 

neuroendocrine tumours, ovarian cancer, pancreatic cancer, gastric cancer, lung 

cancer and prostate cancer (87). In addition to autocrine behaviour, paracrine 

stimulation of PDGFRs operating on both tumour cells and adjacent stroma and 

vasculature, has been seen (87). The activation of over-expressed PDGFRs 

induces a cellular response resulting in cell proliferation and survival of tumour 

cells. Over-expression of PDGF/PDGFR is the most common aberration 

although gene amplification or constitutively active receptors have been seen in 

some cases (83, 89).  

 

PDGF/PDGFR and gliomas 

Disturbed PDGF/PDGFR expression in addition to a number of other aberrant 

signal transduction pathways, such as EGFR, have been identified to play a key 

role in the molecular pathogenesis of low-grade gliomas and their progression to 

high grade GBM. It has also been shown that over-expression of PDGFRs is a 

fairly early event in the pathogenesis of gliomas (79-80).  PDGFRα has been 

shown to be expressed in glioma tissue while PDGFRβ is expressed in the 

proliferating endothelial cells in tumour capillaries. The receptor expression has 

also been shown to increase with increasing malignancy grade (79). PDGF has 

also been implicated in angiogenesis by the recruitment of pericytes and 

development of a connective stroma thereby preventing the tissue from regional 

collapse (79, 88, 90-91). Though an over-expression of PDGF isoforms and their 

receptors are found in brain tumours, the expression of PDGF-CC and -DD in 
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surrounding normal brain has been shown to be low (88). In addition, normal 

brain was found to express PDGF-AA and PDGFRβ, which do not bind each 

other (83). PDGF-AA, -AB, -BB and PDGFRs are expressed especially in glia 

cells and neurons, with varying cellular distribution (83). In GBM there is either 

a high expression of PDGFRα or EGFR. High levels of PDGFRα are 

particularly found in tumours without EGFR gene amplification (82). Over-

expression of PDGFR have been seen in 24% of astrocytomas and PDGF A and 

B chain ligands and receptors have been found to be over-expressed as much as 

100-fold in glioma tumour specimens in comparison with normal surrounding 

glia (80, 83). 

 

The five PDGF isoforms have been shown to be expressed in GBM cell lines 

and tissue as well as in proliferating endothelial cells within the tumour (83, 91-

92). Interestingly, it has been shown that PDGF-CC and -DD is expressed in 

tumour cell lines with no previously detectable A or B chain isoforms (79, 93-94).   

 

PDGF/PDGFR and synovial sarcoma 

Synovial sarcomas show aberrant signalling pathways involving expression of 

EGFR, human epidermal receptor (HER2/neu/ErbB2), CD44 and PDGFR for 

example (16-17). Both the α- and β-receptor of PDGF was shown to be over-

expressed, not amplified, in monophasic and biphasic synovial sarcoma (16, 95). 

The receptors were found to activate the PI3K/Akt pathway in both subtypes 

(16).   
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AIMS 

The general aim of this thesis is to highlighten aspects that could be of 

importance in developing novel treatment regimens utilizing specific targeting 

of tumour cells.  

 

Specific aims: 

 

 Develop a rapid filtration method that renders investigation of low 

concentrations of cell-associated boron in human glioma, synovial 

sarcoma, fibroblasts and monocytoid cells. 

 

 Investigate the accumulation of boron, delivered as BPA, in glioma cells 

(Paper I), synovial sarcoma cells (Paper II), fibroblasts (Paper I) and 

monocytoid cells (Paper III) in vitro. 

 

 Synthesise radioactive PDGF-AA-based dextran conjugates for the 

purpose of targeting PDGFRα in vitro (Paper IV). 

 

 Investigate accumulation, retention and localisation of cell-associated 

radioactivity delivered as PDGF-AA-based dextran conjugates in human 

glioma cells in vitro (Paper IV). 
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COMMENTS ON MATERIAL AND METHODS     

CELL CULTURE CONDITIONS (PAPER I-IV) 

All cell lines were maintained in humidified air with 5% CO2 (g) at 37ºC. Cell 

culture media were supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), L-glutamine (2 mM), streptomycin (45 µg/ml) and penicillin (45 IU/ml). 

Culture media and supplements were from Invitrogen Life Technologies 

(Stockholm, Sweden). 

 

Human malignant glioma cell lines (Paper I + IV) 

The human malignant glioma cell lines U343MGa31L, U343MGaCl2:6 and 

U563MG were kind gifts from Dr. B. Westermark, Uppsala University, Sweden. 

The U343MGa31L and U343MGaCl2:6 cell lines are clones of the U343MGa 

cell line derived from a glioblastoma multiforme biopsy (96). The U563MG cell 

line also originates from a glioblastoma multiforme biopsy (personal 

communication: Dr. B. Westermark). The U343MGa31L cell line has been shown to 

express PDGFRα with approximately 47 000 receptors/cell (96-97). 

U343MGaCl2:6, on the other hand, has been shown to be PDGFRα mRNA 

negative however shown to express functional and amplified EGFR at a level of 

approximately 180 000 receptors/cell (97-98). U563MG is regarded to have a low 

expression of PDGFR and EGFR (98, personal communication: Dr. B. Westermark). 

These three human cell lines are regarded as well established, consistent and 

representative of GBM in vivo and therefore considered suitable in vitro model 

systems. 

 

U343MGa31L and U563MG were grown in MEM-Earles medium while 

U343MGaCl2:6 cells were grown in D-MEM/F-12 medium. Cell culture media 
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was routinely changed three times a week and cells were subcultivated once a 

week.  

 

Although originating from the same tumour material the U343MGa31L and 

U343MGaCl2:6 cells show different growth patterns (Figure 5). When reaching 

a dense layer the U343MGaCl2:6 cells start growing like adherent spheroids 

(Figure 5B). These formed spheroids constituted a problem at subcultivation due 

to difficulties to attain the cells as single cells despite excessive re-suspension. 

U343MGa31L and U563MG on the other hand shows continuous growth 

laterally building an even more densely mosaic structure with increased cell 

number.  

 

 

 

Figure 5.  Microphotographs of glioma cells examined and photographed using an inverted 

light microscope (Nikon Eclipse E600). A) U343MGa31L, B) U343MGaCl2:6 (spheroid in 

the left corner) and C) U563MG cells. 

 

Human synovial sarcoma cell line (Paper II) 

The human synovial sarcoma cell line 4SS was also a kind gift from Dr. B. 

Westermark. The 4SS cell line, previously designated 4T or U4SS originates 

from an excised fibroxanthomatous lesion in a finger (99-100). It is described as a 

synovioma owing to its appearance as a giant cell tumour of tendon sheat origin. 

Subsequent studies determined the cell line to be homogeneous and 
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uncontaminated (101). The cell line has been shown to consist of predominantly 

aneuploid cells with a minority of cells showing diploid chromatin (102). One 

characteristic of the 4SS cell line is its ability to produce substantial amounts of 

hyaluronic acid, HA (100, 103). During subculture a high-viscosity layer, 

containing HA, was observed. Inspection by microscopy of the cell cultures 

revealed a cell density dependent appearance. After reaching a dense layer, 

“confluence”, the cells started to build a new layer on top of the first one (Figure 

6). The 4SS cells have been shown to express EGFR, HER2/neu, HER4, 

transforming growth factor alpha (TGFα), PDGFRα and -β and CD44 (103).  

 

4SS cells were grown in RPMI 1640 medium. Cell culture medium was 

routinely changed three times a week and cells were subcultivated once a week. 

Due to an observed cell density dependent growth the cells were studied at two 

different cellular states. State I cultures corresponded to 1.6-7.0·10
6
 cells/petri 

dish (cell density 2.0-8.9·10
4
 cells/cm

2
) and State II cultures corresponded to 

12.6-32.0·10
6
 cells/petri dish (cell density 1.6-4.1·10

5
 cells/cm

2
), respectively.  

 

 

 

Figure 6. Microphotograph of 4SS cells. A dense layer of 4SS cells starting to build a new 

cell layer. 
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Human monocytoid (histiocytic lymphoma) cell line (Paper III) 

The human monocytoid (histiocytic lymphoma) cell line U937-1 was a kind gift 

from Dr. K. Nilsson, Uppsala University, Sweden. U937-1 is a clone of the 

U937 cell line derived from a generalised histiocytic lymphoma (104-105). The 

U937-1 cells represent a monoblast phenotype when undifferentiated and can be 

differentiated to act as a model of blood monocytes (Personal communication:  Dr. 

K. Nilsson). Experimentally, U937-1 has been widely used to study monocytic 

differentiation and activation (106-112).  

 

Cells were grown in RPMI 1640 medium and subcultivated twice a week at a 

split ratio of 1:3. Undifferentiated U937-1 cells were grown as a single-cell 

suspension with a doubling capacity of 36-48 hours. The cells are shown to be 

of variable shape and size, although the majority are round with a cell diameter 

ranging from 8.1-16.9 µm (mean value 12.5 µm) (104). 

 

Human fibroblast cell line (Paper I)  

The human fibroblast cell line Ag1523 was used to represent normal fibroblasts 

and was purchased from American Type Culture Collection (Manassas, VA, 

USA). Ag1523 was grown in MEM-Earles medium that was routinely changed 

three times a week and cells were subcultivated once a week. The cells were 

used for experiments at passage 18-26 and in two different cellular conditions 

denoted non-confluent and confluent, respectively. Normal cells enter a 

quiescent state when reaching a dense layer which is absent in malignant cells 

that continues to grow beyond confluency. In the non-confluent condition (cell 

density 2.7·10
4 

cells/cm
2
) cells are proliferating. The cells form a dense layer 

reaching the confluent condition and considered as non-proliferating (cell 

density 3.0-3.6·10
4 
cells/cm

2
).  
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VISUAL INSPECTION (PAPER I-IV) 

Individual cell cultures of all cell lines were visually inspected by microscopy 

(Olympus CK2, Japan), both during maintenance and experiments. During the 

inspection any possible differences in cell morphology or cell density of 

experimental cultures in comparison with control cultures were recorded. In 

addition, the colour and the cloudiness, if any, of the cell culture media were 

also recorded.  This was done to reveal any toxicity or changes ascribed to the 

treatment during experiments i.e. BPA-induced toxicity (paper I-III) or damage 

to cells due to exposure to ionizing radiation emitted by 
125

I (paper IV).  

 

BORON UPTAKE STUDIES (PAPER I-III) 

BPA, 99% 
10

B enriched, (Glyconix Corp., New York, USA) was used at 

concentrations 0; 0.5; 1.2; 2.4; 3.6 and 5.3 µg 
10

B/ml, respectively. Boric acid 

has in previous in vitro studies been shown to be accumulated in cells via 

passive diffusion resulting in an accumulation ratio of 1:1 (113). Therefore, the 

accumulation of boron in the form of boric acid (Sigma Aldrich Chemie, 

Schnelldorf, Germany) at concentrations 0; 1.6; 4 and 8 µg B/ml, respectively, 

was used as a reference in the calculation of accumulation ratios for BPA (see 

statistics and calculations).  

 

The cell lines were incubated with boron compound, BPA or boric acid, for 18 

hours before being harvested and measured for boron content as described in 

paper I-III. The trypsin solution and the cell culture medium, used throughout 

the procedure, were supplemented with the corresponding boron concentration, 

BPA or boric acid, respectively, to avoid leakage due to diffusion of boron out 

of the cells during the preparation.  
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Cell-associated retention of boron (Paper I) 

The glioma cells, U343MGa31L and U343MGaCl2:6, respectively, were 

incubated with BPA for 18 hours before replacement with cell culture media 

devoid of boron. The cell cultures were further cultivated for 0-24 hours (0; 0.5; 

2; 6; 24 hours) before being harvested and measured for boron content as 

described in paper I.  

 

RAPID CELL FILTRATION (PAPER I-III) 

The rapid cell filtration used in papers I-III was developed from an oil filtration 

method reported by Capala and collegues (113). The method takes advantage of 

density differences and the inability of water and oil to dissolve in each other. It 

is based on a three-layer system in a 2.0 ml centrifuge tube where the bottom 

layer consists of 750 µl 1 M trichloroacetic acid, TCA (Merck), and the middle 

layer, 750 µl, of a mixture of silicon oil (Melting point bath oil, ρ = 1.05 g/ml, 

M9389, Sigma) and mineral oil (Light white oil, ρ = 0.84 g/ml, M3516, Sigma) 

(Figure 7). The cell suspension is applied as the top layer. The centrifuge tubes 

were instantly, after addition of the top layer, centrifuged at 12 000 rpm for 4 

min at room temperature (Eppendorf minispin) resulting in cells traversing the 

oil layer, rupture and cell lysis in the TCA-layer. The cell culture medium and 

oil layer were withdrawn and the TCA fractions transferred to clean vials and 

stored at 4ºC before analysis of boron content. Boron present in the TCA-

fraction is referred to as dissolved boron. Hydrolysis of the remaining cell 

precipitate, as described in paper I-III, was done to investigate the presence of a 

cell-bound boron fraction.  
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Figure 7. The principle of the rapid cell filtration. The botton layer consists of TCA, the 

middle layer of an oil mixture and the top layer is cell suspension. Centrifugation at 12 000 

rpm for 4 min results in cells traversing the oil layer, rupture and cell lysis in the TCA-layer. 

 

The ratio between the silicon and mineral oil was dependent on the cell type and 

therefore needed to be determined for each cell type included in the 

experiments. This was made by repeated cell filtrations with different ratios for 

each cell line. Centrifugation, instantly, after application of the cell suspension, 

was needed to avoid clotting of the cells, especially for U343MGaCl2:6. There 

was also a limitation of the number of cells applied in terms of clotting and 

ability to traverse the oil layer. A fraction of 2·10
6
 cells was shown to be the 

optimal number of cells applied in each tube. 

 

WASHING PROCEDURE 

To investigate the efficiency of the rapid cell filtration a conventional washing 

procedure was performed with U343MGaCl2:6 and 4SS cells for comparison. 

The cells were incubated with BPA or boric acid as described in paper I and II. 

After completed incubation the boron-containing cell culture medium was 

withdrawn and the cells were washed three times with 2 ml cell culture medium 

Cell suspension 

Oil mixture 

TCA-fraction 

12 000 rpm 

4 min 

Cell precipitate 
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(4ºC) without supplements (114). The cells were thereafter harvested by the use 

of trypsin (0.25% trypsin, Invitrogen, supplemented with corresponding boron 

concentration) and concentrated by centrifugation as described in the papers. 

After withdrawal of the supernatant, 750 µl 1 M TCA was added to the cells. 

The samples were thereafter transferred to clean vials and stored at 4ºC before 

analysis of dissolved boron content.  

 

The rapid cell filtration showed superior results in comparison with the 

conventional washing procedure. The higher extent of preserved cell-associated 

boron found in filtrated cells was considered to be a more realistic estimation of 

the tumour-associated boron concentration in an in vivo situation (unpublished 

results). 

 

INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROSCOPY 

(PAPER I-III) 

The definition of atomic emission spectroscopy is a detection of characteristic 

photon energy of different wavelengths emitted by excited atoms. In inductively 

coupled plasma atomic emission spectroscopy, ICP-AES, the atoms in a sample 

is excited by the passage through plasma, a conducting gas, with a temperature 

of 6000-10 000 K. The instant relaxation results in the release of photons of 

different wavelengths that is unique to each element. The ICP-AES measures the 

intensity, which is proportional to the amount, of the emitted photons from each 

ionic species in the sample in relation to a reference standard. The emitted 

photons are thereafter detected and analysed in the spectrometer. Results are 

presented as parts per million, ppm, or as counts per second, cps. Boron can be 

detected with varying sensitivity at different wavelengths, 208 and 249 nm.  
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Analysis of dissolved boron by ICP-AES (Paper I-III) 

A Spectro Cirros CCD ICP-AES and detection at 249 nm was used. The 

calibration curve consisted of six points ranging from 0-1.2 ppm. The standards 

used contained a known amount of BPA, yttrium and TCA, all weighed to get as 

precise volumes as possible. Yttrium was used as an instrumental control. A new 

calibration curve was made each time measurements were to be made. The 

correction coefficient for a calibration curve must be ≥ 0.99 and during the 

measurements the values were ≥ 0.9992. The standard error was below 0.017. 

During analysis, between every ten samples and between samples derived from 

different cell lines, a 0 ppm and a 0.1 ppm standard was measured to confirm the 

accuracy of the results and to control for memory effects from previous runs. 

The detection limit during the measurements was 0.0002-0.008 ppm.   

 

The ICP-AES needed 4 ml of each sample to be able to run duplicates and 

subsequently our stored samples (each sample in the rapid cell filtration resulted 

in maximum 750 µl) needed to be pooled before analysis. Pooling of samples 

was also necessary to achieve significant detection in the ICP-AES. 

Approximately four samples, of the same concentration, were pooled and diluted 

to 4 ml with 1 M TCA.  

 

Analysis of cell-bound boron by ICP-AES (Paper I-III) 

The calibration curve for cell-bound boron consisted of six points ranging from 

0-1.2 ppm, as described above. The standards contained a known amount of 

BPA, yttrium and Triton X-100 (5 w-%). The correction coefficients during 

measurements of cell-bound boron were ≥ 0.9988 and the standard error below 

0.020. As for analysing dissolved boron, the two standards were run every ten 

samples and between cell lines during measurement. The detection limit was 
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0.0004 ppm. The cell-bound boron samples were pooled as described for 

dissolved boron although diluted with Triton X-100 (5 w-%) instead of TCA.  

 

3
H-THYMIDINE INCORPORATION STUDY (PAPER II) 

Thymidine is a nucleoside involved in DNA synthesis and is incorporated into 

DNA of multiplying cells. By labelling thymidine with tritium, 
3
H, a low-energy 

beta-emitting (β) isotope, the incorporation of the molecule in the cells can be 

analysed by measuring cell-associated 
3
H-radioactivity.  

 

To illustrate an eventual cell density dependent proliferation observed by 

microscopy the incorporation of 
3
H-thymidine was investigated in 4SS cell 

cultures. Cultures were allowed to grow for 19 days without subcultivation, 

although replacement of cell culture medium was performed. The cells were 

incubated with 
3
H-thymidine and harvested as described in paper II. The 

experiments were performed in triplicates and parallel cultures, also in 

triplicates, were used for cell number determination. The samples were 

measured in a liquid scintillation counter (LKB Wallac 1214 Rackbeta).    

 

RADIOLABELLING (PAPER IV) 

Radiolabelling, incorporation of a radioactive element into a molecule or 

compound, makes it possible to study its metabolism, fate and utilization. This 

can be utilized in in vitro studies to track molecules and in vivo for detection of 

metabolic disorders, cancer etc. in addition to radionuclide therapy.  

 

Iodine-125, a γ-emitting radioactive isotope, can by an oxidation procedure bind 

to tyrosine groups in proteins and peptides. Having a half-life of 60 days in 
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addition to a well established radiolabelling procedure makes 
125

I suitable for in 

vitro studies.  

 

In this study PDGF-AA was radiolabelled with 
125

I by using the chloramine-T 

method as described in paper IV (115). In addition, radiolabelling of tyrosine 

with 
125

I using the same method was performed. After each radiolabelling 

procedure the exchange was determined; for PDGF-AA 55-85% of the protein 

was radiolabelled and for tyrosin 38-53%. The specific activity was determined 

to 0.43-1.47 MBq/µg for 
125

I-PDGF-AA. 

 

CONJUGATION PROCEDURE (PAPER IV) 

Conjugation of a protein to for example dextran, a water-soluble polysaccharide, 

can improve the stability and handling properties of internalisation and retention 

of the protein both in vitro and in vivo (116-120). Dextran is a synthetic polymer 

consisting of α-D-glucose molecules; linear chains of 1:6-α-linked glucose and 

1:3-α-linked moieties (Figure 8) (121-122).  

 

 

 

Figure 8. Structure of dextran (122) 



 43 

Besides being water-soluble, dextrans are colloidal, hydrophilic, inert in 

biological systems and do not affect cell viability. In vivo, dextran of molecular 

weight 40 kDa or less is completely excreted in the urine within 48 hours. 

Dextran can be metabolized to sugars by dextranases present in biological 

systems (121, 122). In order to conjugate dextran and a protein a chemical 

activation, introduction of reactive groups that can react with for example 

proteins, is required. Different reactive groups can be introduced in dextran 

chains depending on the chemical reagents used (121, 123). Cyanogen bromide 

that was earlier used for activation of dextran was replaced by the non-

hazardous alternative 1-cyano-4-dimethyl amino pyridinium tetra-fluoroborate, 

CDAP (124-125). CDAP, in combination with triethylamine (TEA), activates 

hydroxyl groups which can further react with primary amino groups in 

proteins/amino acids.  

 

Different conjugates were prepared by varying combinations of radiolabelled 

PDGF-AA or tyrosine and purified as described in paper IV; 
125

I-PDGF-AA-

dextran, PDGF-AA-dextran-
125

I-tyrosine and dextran-
125

I-tyrosine (specific 

activity see Table 1). Dextran of two different sizes, 10 and 40 kDa, were used.  

 

Table 1. Specific activity in MBq/µg PDGF-AA or tyrosine for the different conjugates.  

Dx = dextran 

Conjugate 
Specific activity 

(MBq/µg PDGF-AA or tyrosine) 

125
I-PDGF-AA-dx 0.81 

PDGF-AA-dx-
125

I-tyrosine (10 kDa dx) 2.11 

PDGF-AA-dx-
125

I-tyrosine (40 kDa dx) 4.39 

Dx-
125

I-tyrosine (10 kDa dx) 2.75 

Dx-
125

I-tyrosine (40 kDa dx) 4.81 
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ACCUMULATION, RETENTION AND LOCALISATION OF 

RADIOLABELLED PDGF-AA-DEXTRAN CONJUGATES (PAPER IV) 

The accumulation, retention and localisation of cell-associated radioactivity 

delivered by 
125

I-PDGF-AA, 
125

I-PDGF-AA-dextran, PDGF-AA-dextran-
125

I-

tyrosine and dextran-
125

I-tyrosine were investigated in glioma cell lines 

U343MGa31L, U343MGaCl2:6 and U563MG. The procedure is described in 

paper IV. 

 

AUTORADIOGRAPHY 

Autoradiography is a sensitive method for visualising the pattern of distribution 

of radiation in a cell or tissue. Every disintegrating radioactive atom can be 

detected.  

 

The method was used for detection of radioactivity (
125

I) after incubation of 

U343MGa31L, U343MGaCl2:6, U563MG and 4SS cells in 
125

I-PDGF-AA 

containing cell culture medium (unpublished results).  

 

Cells were seeded on glass slides, 0.8-1·10
6
 cells/slide, and placed in petri dishes 

(100 mm) before addition of 10 ml of corresponding cell culture media. The 

following day, the cell cultures were incubated with 0.5 ml 18.5 kBq/ml 
125

I-

PDGF-AA for 10, 40, 60, 90, 120, 240, 360 and 1440 min at 37ºC; two slides 

per incubation time. After completed incubation, slides were washed three times 

with serum-absent cell culture medium. Cells were thereafter fixated by 

treatment with 4% paraformaldehyde (PFA) for 5 min before being washed 

three times in milli-Q water and allowed to dry. Parallel slides, two slides/ 

incubation time, were incubated for 10, 20, 40, 60, 90 and 120 min at 4ºC with 

0.5 ml 18.5 kBq/ml 
125

I-PDGF-AA.  Slides were thereafter washed and fixated 

as described above. The following steps were performed in the absence of 
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visible light. The slides were dipped in photographic emulsion (40ºC, Ilford 

emulsion K5) and allowed to dry in racks for 2 h. The racks were thereafter 

stored in the dark for 14 or 28 days, respectively. The slides were then dipped 

into development emulsion (Ilford Phenisol) for 4 min at 18ºC before ending the 

reaction in a stop-bath (Ilford Ilfostop). The slides were washed in distilled 

water, fixated (Ilford Hypam) for 4 min in room temperature and finally washed 

in water. The slides were thereafter kept in darkness until visual inspection by 

microscopy (Nikon Eclipse E600, Japan) 

 

Slides incubated at 37ºC and stored for 28 days until development showed a 

detectable autoradiographic pattern. As seen in Figures 10A-D, radioactivity 

delivered as 
125

I-PDGF-AA appears as cell-associated (unpublished results).  

 

 

 

Figure 10. Autoradiography microphotographs of cell-associated radioactivity delivered as 

125
I-PDGF-AA in A) U343MGa31L, B) U343MGaCl2:6 C) U563MG and D) 4SS cells 



 46 

STATISTICS AND CALCULATIONS 

The total amount of boron determined by ICP-AES measurements were used for 

calculation of ng boron/10
6
 cells based on the equation: [(mean of ICP-AES 

readings · sample volume) / (number of 10
6
 cells)]. The curve slope for the total 

cell-associated accumulation of boron for BPA was related to the corresponding 

curve slope for boric acid to achieve the accumulation ratio for BPA (113). For 

calculation of boron amount in µg/g of cells, the cell diameter for the different 

cells were used for converting the number of cells into g. The glioma cell lines 

have a cell diameter of 13.6 µm as estimated for U343MGaCl2:6 (125). The cell 

diameter of 4SS and Ag1523 were estimated to 16 µm (personal communication: A-

L Hallbeck). U937-1 has a cell diameter of 12.5 µm (104). The amount of 

accumulated boron in relation to total administered amount was calculated as 

total µg B in cells/cell culture dish divided by total µg B in cell culture 

medium/dish. 

 

Student’s t-test, two-sample unequal variance test (Microsoft Excel) was used to 

calculate differences (paper I, II and IV). A p-value of ≤0.05 (two-tailed), 95% 

confidence interval was considered to be statistically significant. Standard errors 

for the different measurements are represented by error bars in the figures 

(papers I, II and IV). 

 

GENE AND PROTEIN EXPRESSION OF PDGFR, EGFR AND ERBB2 

IN HUMAN GLIOMA CELL LINES 

Preliminary studies regarding the gene and protein expression of PDGFRα and 

β, EGFR and ErbB2 (HER2/neu) have been performed in glioma cell lines 

U343MGa31L, U343MGaCl2:6 and U563MG (unpublished results). Gene 

expression was investigated by RNA purification with subsequent gel 
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electrophoresis showing ribosomal RNA of 18 and 28 s for all cell lines. 

Reverse transcriptase polymerase chain reaction, RT-PCR, was thereafter 

performed and PCR products were electrophoresed on agarose gel. All cell lines 

showed mRNA for PDGFRα and β, EGFR and ErbB2.  

 

Protein expression of PDGFRα and EGFR was investigated by Western blot. 

The cell lines had beforehand been incubated with PDGF-AA-dextran (10 and 

40 kDa dextran), EGF-dextran (10 and 40 kDa dextran), dextran-glycine, free 

PDGF-AA, free EGF or cell culture medium. Preliminary results showed 

phosporylated PDGFRα and EGFR expression in U343MGaCl2:6. Further 

experiments with U343MGa31L and U563MG cells are planned. 
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RESULTS AND DISCUSSION 

ACCUMULATION OF BORON IN HUMAN MALIGNANT CELLS          

(PAPER I + II) 

Novel treatment regimens which are adapted to the properties of a specific type 

of cancer are desired. Heterogeneity in addition to different degrees of 

vascularisation, which are conditions associated with malignant tumours, may 

complicate the desired uniform and selective distribution, thereby enabling a 

subset of cancer cells to progress. It is shown in this thesis that two human 

malignant glioma cell lines, U343MGa31L and U343MGaCl2:6, originating 

from the same GBM biopsy (96) presents distinct differences regarding 

accumulation of BPA. The cell lines are considered well established and 

consistent, properties that made them suitable as in vitro models of human 

glioblastoma. Synovial sarcoma is a distinct tumour with unique promise for 

targeted therapy. Due to the location and characteristics, BNCT might be an 

interesting alternative treatment regimen. The cell line 4SS, originating from a 

synovial sarcoma, was therefore investigated regarding accumulation of BPA. 

The suggested preferential concentration of boron of at least 10 µg 
10

B/g target 

tissue is a limiting factor for successful BNCT (62). Besides a preferential 

accumulation the intracellular retention of boron is also of importance for the 

efficacy. 

 

The development of a rapid cell filtration method, excluding excessive washing 

procedures, enabled the rapid separation of cells and boron-containing 

incubation media without loss of cell-associated boron.  Another feature is the 

possibility to discriminate between two fractions of cell-associated boron; a 

dissolved and a cell-bound fraction. An earlier study showed the absence of a 

cell-bound fraction, there referred to as protein-bound, in the U343MGa cell line 
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which is the parental cell line of U343MGa31L and U343MGaCl2:6 (113). Since 

the boron fraction has not been proven to be protein-bound it is here referred to 

as cell-bound.  

 

U343MGa31L and U343MGaCl2:6 showed clinically relevant amounts of 

accumulated boron; the highest determined cell-associated amount for 

U343MGa31L was 85 µg B/g of tumour cells and for U343MGaCl2:6 24 µg B/g 

of tumour cells. Diversity between the cell lines was also shown by the 

accumulation ratios; 6.5 for U343MGa31L and 2.6 for U343MGaCl2:6. The 

parental cell line, U343MGa, showed in a previous study an accumulation ratio 

of 1.3 but incubated at a higher boron concentration (113). Although the main 

part of the cell-associated boron was in a dissolved fraction the results revealed 

the presence of a cell-bound fraction of boron associated to the glioma cells. 

Half of the total accumulated boron amount, delivered as BPA, was released 

from the cells within 30 min after withdrawal of boron-containing cell culture 

media. The results may confirm a high degree of heterogeneity excisting within 

a tumour. This is a fact that should be taken into consideration during treatment.  

 

The synovial sarcoma cell line, 4SS, showed clinically relevant cell-associated 

amounts of boron, as high as 35 µg 
10

B/g of tumour cells. Although 

incorporation of 
3
H-thymidine and visual inspection by microscopy indicated a 

cell density dependent feature of the cell cultures this showed no significant 

impact on the accumulation of BPA. The determined accumulation ratios for the 

State I and State II cultures were 2.8 and 2.3, respectively. A cell-bound boron 

fraction was found although no consistent pattern of cell-bound boron in relation 

to cell culture state or BPA/boric acid concentration in the incubation medium 

was found. 
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The low boron concentration used in paper I-III, in comparison with a previous 

study (113) resulted in clinically relevant amounts of boron. This was obtained 

even though a very small amount, about 2%, of the administered boron amount 

ended up as cell-associated. BPA has been suggested to be transported into cells 

by L-amino acid transporter-1, LAT-1 (69). Considering a possible saturation of 

the amino acid transport system one may speculate if saturation may explain the 

low percentage of uptake in relation to the administered amount. If a saturation 

state is attained it may be advantageous to perform BNCT as a fractionated 

therapy and thereby reinforce the effect of the treatment. This may be further 

enlightened by the comparison of results from previous studies showing that an 

extensive variation in the concentration of administered boron is not mirrored by 

the same variation in the amount of accumulated boron in glioma cell lines (113). 

The relation between BPA concentration range and accumulation ratio at the 

cellular level is not known. Relatively low boron concentrations as used in paper 

I-III may present a more effective transport into cells. This may be clinically 

relevant due to the low expected concentration of BPA in poorly vascularised 

regions of the tumour.  

 

The heterogeneity of malignant tumours and specifically of GBM, which is 

further supported by results in paper I, may require a combinatorial approach to 

efficiently reach different subpopulations within the tumour (126). Regarding 

BNCT of GBM, combinations of BPA and BSH is under evaluation thus 

facilitating the distribution of boron to different areas of the tumour (127-128). 

Synovial sarcoma has not been investigated before regarding accumulation of 

BPA. Considering the promising results presented in paper II regarding 

accumulation of boron in a human synovial sarcoma cell line, 4SS, in vitro, 

further experiments evaluating the possibility to treat synovial sarcoma patients 

by BNCT is appealing.  
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ACCUMULATION OF BORON IN HUMAN FIBROBLAST AND 

MONOCYTOID CELLS (PAPER I + III) 

The tumour microenvironment, consisting of both tumour and normal cells in a 

complex interaction, yields both beneficial effects as well as disadvantages in 

the aspect of tumour survival and progression (29). Since healthy tissue is within 

the BNCT treatment area eventual effects on these cells ought to be considered. 

Nakagawa et al. investigated the effect of BPA-based BNCT on inflammatory 

cells, macrophages and microglia, in a rat glioma model (43). The results showed 

an effect on the monocyte/macrophage system by reduction of activated 

macrophages and microglia cells in the tumour area. The expression of resting 

microglia was unaffected. 

 

As a reference it was of interest to investigate the accumulation of BPA in 

normal human fibroblast cells, Ag1523, and in human monocytoid cells, U937-

1. The latter was used as a representative for normal human monocytes. 

Fibroblasts, Ag1523 cells, were used in two culture states, proliferative and non-

proliferative, respectively. The U937-1 cells were used in an undifferentiated 

state and hence proliferating.  

 

Ag1523 showed a growth dependent accumulation of BPA as shown by the 

accumulation ratios; 1.5 for proliferating and 0.7 for non-proliferating cell 

cultures. Although these are lower accumulation ratios in comparison with the 

malignant cells (paper I and II) the amount of boron was in a clinically relevant 

range. An amount of 27 µg B/g of cells was registered for proliferative Ag1523 

cells. The U937-1 cells as well showed a relevant amount of cell-associated 

boron, at highest 15 µg B/g of cells and an accumulation ratio of 1.7. A cell-

bound boron fraction was found in the fibroblast cultures, although the main part 

of the cell-associated boron was in a dissolved fraction. No cell-bound boron 



 52 

fraction was found in the U937-1 cells. Here, the uptake of boron in relation to 

the administered amount was even lower, about 0.6%, for the fibroblast and 

U937-1 cells in comparison with the 2% found for the glioma and synovial 

sarcoma cells. Earlier studies have shown a preferential uptake of BPA in 

transformed cells in comparison with normal parental cells. This could probably 

be explained by an enhanced transport and a greater need for metabolic 

substrates in the former (65, 68, 70-71). The differences between the cellular states 

for the fibroblasts may also be due to the suggestion that BPA targets dividing 

cells (65).  

 

The clinical significance of a sufficient amount of accumulated boron in normal 

cells may be complex. The infiltration of inflammatory cells in the tumour may 

have multifaceted roles. As mentioned earlier they possess both beneficial as 

well as disadvantageous effects. At the same time they secrete numerous growth 

factors, cytokines and chemokines that stimulate proliferation of tumour cells 

and, in contradiction, acts as the normal host defence trying to eradicate the 

tumour. Tumour-associated macrophages, TAMs, are suggested to be actively 

proliferating within the tumour and the density of TAMs is correlated to a poor 

prognosis (32, 41-42).  Since U937-1 cells are proliferative when undifferentiated 

they may be a suitable in vitro model of TAMs and are used in this study as a 

representative of human normal monocytes. It is though of interest to 

differentiate these cells into a phagocytotic phenotype and then reveal the 

accumulation of boron. Normal cells are also present in newly developed 

capillaries within the tumour. Reasonably, cells in these capillaries are in a 

proliferative state whereas normal cells in capillaries in the vicinity of the 

tumour may be quiescent. This could be of advantage as illustrated by the results 

achieved for the fibroblasts; a growth dependent accumulation of BPA, showing 

a higher degree of accumulation in proliferative cells. A destruction of 
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proliferative normal cells in tumour-associated capillaries could be of benefit by 

restricting the tumours access to nutrients and oxygen.  

 

Macrophages are interesting normal cells which can fuse with each other giving 

rise to giant cells with enhanced capacity (33, 129). They harbour two important 

characteristics which are motility and adaptation to new microenvironments. 

During tumour cell and macrophage fusion, which has been shown to occur, 

these properties can be of great significance for the ability of the tumour to grow 

and metastasise and, in addition, evade the immune system (33). Evidence 

suggests not only fusion between macrophages and tumour cells but also 

between tumour cells themselves. Tumour cell fusion may explain some of the 

common features found in tumours such as diversity, chromosomal aberrations 

and epigenetic regulation (33). With these facts in mind and considering BNCT 

treatment of a tumour, it could be of benefit for the outcome if macrophages and 

normal cells present in capillaries within the tumour area do accumulate boron.    

 

PDGF-AA-BASED DEXTRAN CONJUGATES (PAPER IV) 

The three GBM cell lines, U343MGa31L, U343MGaCl2:6 and U563MG were 

investigated regarding accumulation, retention and localisation of PDGF-AA-

based dextran conjugates. The experimental setting was designed to investigate 

the impact of a dextran molecule on the properties of the conjugates. As noted 

earlier, a prolonged retention in tumour cells could be of significance for the 

therapeutic effect. In the purpose of using a dextran chain as a carrier of toxic 

molecules for treatment, a longer dextran chain would allow a higher number of 

toxic molecules to be attached. Out of this perspective and in addition to the 

possible handling properties of different molecular weight dextran conjugates, 

conjugates of two different dextran sizes, 10 and 40 kDa were studied. The 
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results were compared with the radiolabelled unconjugated ligand, 
125

I-PDGF-

AA.  

 

PDGF-AA-based dextran conjugates showed, in comparison with radiolabelled 

PDGF-AA, a prolonged accumulation time, i.e. slower accumulation rate, until 

that the highest amount of cell-associated radioactivity was attained. A 

considerably prolonged retention was achieved for conjugates (10 kDa dextran) 

in comparison with radiolabelled PDGF-AA although results indicate 

differences between the cell lines. Cell-associated radioactivity delivered as 

radiolabelled PDGF-AA was rapidly released from U343MGa31L while 

retained for a longer time in U343MGaCl2:6 and U563MG. The half-life time 

for the PDGF-AA-based dextran conjugates (10 kDa dextran) exceeded 24 h in 

all cases. Even the dextran chain (10 kDa dextran) itself showed a prolonged 

retention with half-life times exceeding 24 h except in U343MGa31L cells (10 

min). Although having a higher specific activity, a longer dextran chain (40 

kDa), seemed to negatively change the properties of the conjugates as shown by 

the results found for internalisation and retention. This was indicated by slow 

accumulation rate and a very low amount of total cell-associated radioactivity. 

These results indicate that the relation between the size of dextran and protein as 

well as the total size of the conjugate is of importance for the properties of the 

conjugates. Due to these results, no further experiments with 40 kDa dextran 

conjugates were performed and consequently 
125

I-PDGF-AA-dextran (40 kDa 

dextran) was not prepared.  

 

The conjugates showed a differential distribution of cell-associated 

radioactivity. A higher degree of internalisation for 
125

I-PDGF-AA-dextran in 

comparison with PDGF-AA-dextran-
125

I-tyrosine and dextran-
125

I-tyrosine was 

found. At 0 h there was only modest diversity in the differential distribution of 

cell-associated radioactivity between the cell lines. A fairly higher internalised 
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fraction was recorded at 24 h for the PDGF-AA-based dextran conjugates in 

comparison with 0 h. The radiolabelled ligand showed an approximately equal 

distribution of cell-associated radioactivity in membrane and internalised at 0 h. 

A higher membrane-associated fraction was seen at 24 h for U343MGa31L and 

U343MGaCl2:6 while U563MG showed an equal distribution. PDGF-AA-based 

conjugates with 10 kDa dextran showed the most favourable targeting 

properties. While 
125

I-PDGF-AA-dextran was internalised at a high extent the 

results indicate that radiolabelling of dextran with 
125

I-tyrosine may influence 

the distribution towards a membrane-association. 

 

U343MGa31L cells have earlier been shown to express PDGFRα at a level of 

47 000 receptors/cell (96). The U343MGaCl2:6 cells were previously found to be 

mRNA negative for PDGFRα (97). U563MG has been regarded to have a low 

expression of PDGFRs (personal communication: Dr. B. Westermark). Preliminary 

results, which are unpublished, indicate that all three human glioma cell lines, 

U343MGa31L, U343MGaCl2:6 and U563MG, used in paper IV are PDGFRα 

mRNA positive. Further investigations are needed to explore the PDGFR gene 

and protein expression by these cells. It may be of interest to investigate the 

accumulation of PDGF-AA-based dextran conjugates in lower-grade gliomas 

also shown to over-express PDGFRs (83). Targeting to these low-grade gliomas 

may arrest malignant transformation in these tumours thereby reducing the 

chance of progression to a high-grade glioblastoma tumour.  

 

Knowledge of the properties of the different subpopulations in GBM may argue 

for a combinatorial drug approach to specifically target different tumoural 

compartments. The use of PDGFR kinase inhibitors have been shown to lower 

interstitial fluid pressure thereby enhancing the cellular transport allowing 

chemotherapeutic agents to be internalised to a higher extent (73, 79). This 

further supports the idea of a combinatorial drug approach. To this we add the 
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idea of using a dextran chain as a carrier of different chemotherapeutic agents as 

well as using both PDGF-AA and EGF as targeting moieties. Therapeutic agents 

of interest are stable isotopes such as 
10

B for the purpose of BNCT, radioactive 

isotopes as well as toxins. It is highly interesting to prepare and evaluate such 

dextran conjugates. 
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CONCLUSIONS 

 

- The human glioblastoma cell lines U343MGa31L and U343MGaCl2:6 

were shown to accumulate boron, delivered as BPA, in vitro, at 

concentrations of relevance for BNCT (Paper I). 

 

- The differences found in accumulation ratios and distribution of boron 

may indicate the importance of considering the presence of different 

subpopulations within a human glioblastoma tumour for an efficient 

treatment (Paper I). 

 

- The rapid cell filtration method used in this thesis shows superior 

properties in comparison with a conventional washing procedure. The 

method enables investigation of low boron concentrations and reveals the 

eventual existence of two cell-associated fractions of boron; dissolved and 

cell-bound (Paper I, II and III). 

 

- The human synovial sarcoma cell line, 4SS, was shown to accumulate 

boron, delivered as BPA, in vitro at concentrations of relevance for 

BNCT. Referring to this result, we suggest that BNCT might be a 

promising treatment alternative for this malignancy. Further investigations 

are although warranted to reveal the potential of BNCT as a novel 

treatment regimen (Paper II). 

 

- Microscopic inspection and cell-proliferation evaluation using 
3
H-

thymidine incorporation of 4SS cells in vitro indicated differences in the 

cell population in relation to cell density. This cell density dependent 

feature did not seem to be a high-impact factor for the accumulation of 
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BPA. Only a small and not significant difference in accumulation ratio 

and total amount of boron was found between the two cellular states 

tested (Paper II). 

 

- Normal cells, represented by a human fibroblast cell line and a human 

monocytoid cell line, accumulated boron delivered as BPA in vitro at cell-

associated concentrations of clinical relevance for BNCT. The human 

fibroblast cells accumulated boron delivered as BPA in a cell density 

dependent manner. Considering the complex environment within a 

tumour, further studies are needed to reveal whether accumulation of 

boron in normal cells is beneficial or disadvantageous for BNCT (Paper I 

and III). 

 

- Conjugation of PDGF-AA with a dextran chain significantly prolongs the 

retention of cell-associated radioactivity delivered by the PDGF-AA 

dextran conjugates in human glioblastoma cells in vitro (Paper IV). 

 

- A dextran chain of 10 kDa resulted in a PDGF-AA dextran conjugate with 

the most favourable targeting properties regarding accumulation, retention 

and localisation in human glioblastoma cells in vitro in comparison with 

conjugates based on 40 kDa dextran (Paper IV). 

 

- The size and constitution of the conjugates is important for its cellular 

distribution (Paper IV). 

 

- The in vitro properties of PDGF-AA-based dextran conjugates confirm 

the potential of receptor targeting (Paper IV). 
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FUTURE ASPECTS 

 

-  We initiated a study on gene and protein expression of PDGFRα and β, 

EGFR and ErbB2 on the human glioblastoma cell lines U343MGa31L, 

U343MGaCl2:6 and U563MG. Preliminary results, using RT-PCR and 

Western blot showed mRNA for PDGFRα and β, EGFR and ErbB2 for all 

cell lines. Of interest was a 800 kb mRNA band for PDGFRβ found in 

U343MGa31L cells. It is highly interesting to map the receptor expression 

in human glioblastoma cells for the development of future targeting based 

treatment modalities.  

 

-  When using receptors as specific targets on cancer cells, and especially 

when using the receptor ligand itself as target seeker, it is important to 

reveal if and how this affects the targeted cell. We initiated a study to 

investigate whether PDGF-AA-dextran conjugates induce activation of 

signalling pathways and/or a cellular response. After incubation with 

respective conjugate, dextran itself, free PDGF-AA/EGF ligand or cell 

culture media the cell cultures are to be analysed by DNA microarray 

(Affymetrix). Since conjugates based on 10 kDa dextran showed the most 

promising properties (paper IV) this conjugate will preferably be used.      

 

-  Since a combinatorial targeting approach may enhance the possibility of 

reaching several subpopulations in a tumour it is of interest to synthesise 

dextran-based conjugates with different targeting ligands such as PDGF, 

EGF and VEGF in combination, directed towards different receptor 

targets. It would also be of interest to synthesise dextran-based conjugates 

carrying different types of therapeutic agents; stable isotopes, radioactive 

isotopes as well as toxins.    
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-  PDGF ligands and PDGFRs are implicated in inflammatory processes and 

wound healing in addition to abnormal processes like tumour growth (82, 

86-88). PDGF has been shown to be an early event in the pathogenesis of 

for example human glioblastoma. Over-expression of PDGF-DD has been 

shown to increase the amount of macrophages (88). As mentioned before, 

several inflammatory diseases are correlated with a higher risk of 

developing cancer. One may speculate about the connection between 

macrophages and PDGF/PDGFRs in both inflammatory processes and 

cancer development and progression. In relation to work presented in this 

thesis, it would be of interest to investigate the accumulation of PDGF-

AA-based dextran conjugates in normal cells like macrophages for further 

evaluation of the impact of such treatment on normal cells implicated in 

the tumour environment.  

 

- A combinated cell culture, co-culture, of synovial sarcoma cells, 4SS, and 

monocytoid cells, U937-1, may be used as an in vitro model of 

rheumatoid arthritis, RA. The synovial lining in a RA joint is composed 

of type A and B cells. Type A cells are monocyte/macrophage-like and 

type B, the synoviocytes, are fibroblast-like. The type B cells express 

CD44 and secrete the synovial interstitial matrix. This is in resemblance 

with the 4SS cells that express CD44 and secrete extensive amounts of 

hyaluronic acid, HA, which is a component of the synovial interstitial 

matrix (102, 134). U937 cells, the parental cell line of U937-1, have been 

co-cultured with a sarcoma cell line, U-2 OS. The sarcoma cell line 

released factors promoting the growth of U937 (104). We co-cultured 4SS 

and U937-1 cells in a preliminary study and found that U937-1 cells, 

which grow in suspension, partially adhered to the 4SS cells. The 4SS 

cells continued to grow but appeared somewhat different which was 

visually observed by microscopy.  
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Long-term cell lines represent a highly selected population and are 

therefore not ideal representatives of cells in, for example, an intact 

tumour (90). A co-cultivation of cells, as an in vitro model, may render a 

more in vivo-like environment. This could enable the study of cell-cell 

interactions and possible effects of treatment on normal cells within/or in 

close proximity of the tumour in a more realistic manner.   
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