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Abstract 

Glioblastoma Multiforme (GBM) is an extremely aggressive grade IV brain tumour that 

is highly infiltrative and can spread to other parts of the brain quickly. It is the most 

common primary brain tumour where patients have a median survival of 14.6 months. 

Symptoms vary depending upon the location of the tumour and include seizures, 

progressive headaches and focal neurological deficit. The poor prognosis is 

characterised by deregulation of many key signalling pathways involving survival, 

growth, apoptosis and evasion of immune surveillance.  

In this study, we investigated whether complement factor H related protein 5 (CFHR5) 

from primary GBM cells direct from patients exhibited functional activity similar to 

factor H. The presence of CFHR5 was validated by western blot and ELISA technique 

from B30, B31 and B33 primary GBM cells. The functional capacity of CFHR5 was 

examined through the alternative pathway, co-factor, and decay acceleration assay. 

We demonstrated that CFHR5 was able to inhibit the alternative pathway through the 

same mechanism as factor H.  

Emerging evidence had shown that the innate immune protein surfactant protein D 

(SP-D) and recombinant human SP-D (rhSP-D) were able to induce apoptosis in 

eosinophilic leukaemic cells. We studied the ability of rhSP-D to induce apoptosis in 

U87 GBM cells through apoptotic and viability assays. rhSP-D was unable to mediate 

cell death and instead increased cell viability. This led us to investigate the expression 

of SP-D in U87 and B30 GBM cells through western blot, ELISA and immuno-

fluorescence detection. We demonstrated novel information about the production of 

SP-D by GBM cells. To extend our study, we investigated the interaction of THP-1 

macrophage with rhSP-D bound U87 cells. We carried out live cell imaging, RT-qPCR, 

and cell viability assays, to study the changes in cytokine expression and viability of 

cells. THP-1 did not engulf U87 cells; however, it did reduce the number of cells and 

decrease the expression of pro-tumourigenic cytokines. 

This study highlights the ability of primary GBM cells to evade innate immune 

detection by the secretion of functionally active CFHR5. It also demonstrated the ability 

of U87 to evade destruction by rhSP-D and THP-1 highlighting the extremely 

aggressive behaviour of the tumour and lack of new treatment to improve prognosis 

in over a decade. 
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1.1. Tumourigenesis 

The development of human tumour cells involves a complex succession of multistep 

processes including the transition and progression of a single or cluster of cells into a 

tumour (von Deimling et al., 1992;Smith et al., 1991). During this sequence of events 

the incipient tumour cells acquire mutation of genes which drives the transformation 

from normal into cancerous cells. These include the mutations of proto-oncogenes to 

form oncogenes, and loss of tumour suppressor function. These mutations violate 

tissue homeostasis and form a growth promoting environment (Schuurman et al., 

1997).  

1.2. Acquired capabilities 

The disruption of the cellular regulatory pathway of human cells is sufficient to impart 

tumorigenesis as genetic and cellular principles control cancer formation (Miller et al., 

1980). There are in excess of 100 distinct types of cancer and subtypes of tumours 

which can be located within specific organs. Most cancers acquire the same set of 

alterations in cell physiology of self-sufficiency in growth signals, insensitivity to 

growth suppressors, evasion of apoptosis, limitless replication, sustained angiogenesis, 

tissue invasion and metastasis to breach anti-cancer defence mechanism (Hanahan 

and Weinberg, 2000;Hirose et al., 2003). 

1.2.1. Self-sufficiency in growth signals  

Cancer cells are able to activate growth signals and independently stimulate cellular 

proliferation. These cells deregulate growth signals from normal tissue which carefully 

control cell growth and division to maintain a homeostatic environment. Cancer cells 

do not rely upon exogenous growth stimulation factors and mitogenic growth signals 

to trigger mitosis. The activation of oncogenes contributes to tumourigenesis with 

some mimicking normal growth signalling to exert their effect (Hirose et al., 2003). 

Cancer cells have the ability to synthesise growth factors creating autocrine stimulation 
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which is also referred to as positive feedback signalling loop. Tumours such as GBM 

and sarcomas frequently produce the growth factors platelet derived growth factor 

(PDGF) and tumour growth factor α (TGF-α) relinquishing their dependence on growth 

factors from other cells in the tissue (Fedi, Tronick and Aaronson, 1997). This ability for 

cancer cells to produce growth factor to which they can respond to creates autocrine 

proliferation. Cancer cells are also able to favour pro-growth signals by elevating the 

level of signalling receptors to render hyper-responsiveness to growth factors that 

normally would not trigger proliferation (Lukashev and Werb, 1998;Giancotti and 

Ruoslahti 1999). 

1.2.2. Insensitivity to anti-growth signals 

Incipient cancer cells avoid anti-proliferative signals which function to maintain cellular 

quiescence and tissue homeostasis. These signals compel cells into a quiescent state 

or force cells to abandon their proliferative potential. Tumour suppressors such as the 

retinoblastoma protein (pRB) and p53 protein play a crucial role in the negative control 

of the cell cycle and tumour progression. The pRB combine the intracellular and 

extracellular signals received and control whether or not a cell proceeds through its 

growth and division cycle. Loss of function through events such as mutations of its 

gene (RB1) permits persistent cell growth through the deregulation of the cell cycle in 

which the cell obtains a malignant phenotype (Weinberg, 1995;Moses, Yang and 

Pietenpo, 1990). The p53 signalling pathway has the ability to prevent cell cycle 

progression and induce apoptosis in response to a variety of stress signals such as 

damage to DNA. A common feature of cancer is the mutation of TP53 gene in which 

p53 lose their anti-tumourigenic activities and gain oncogenic functions that endow 

the cells with growth advantages (Muller and Vousden, 2013;Olivier, Hollstein and 

Hainaut, 2010). 
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1.2.3. Evading Apoptosis 

The ability of tumour cells to evade apoptosis is significant in the increase of tumour 

cell proliferation. Programmed cell death of damaged cells beyond repair, hypoxic cells 

and cells affected by signalling balance provoked by oncogene activation is essential 

for the organisms’ viability. The mutation of the pro-apoptotic regulator p53 is an 

acquired alteration in many types of cancer resistance to apoptosis. This aberration is 

present in more than 50% of human cancers and promotes tumourigenesis through 

the evasion of apoptosis (Harris, 1996). 

1.2.4. Limitless replicative potential 

Tumour cells have a profound characteristic in which they acquire the ability to escape 

the finite limit of the cell replicative life span (Corn and El-Deiry, 2002;Mathon and 

Lloyd, 2001). Normal cells evoke mortality after 60-70 doublings. With each doubling 

a progressive shortening of the telomeres is attributed to the end of chromosomes. 

After a finite number of replication, cells lacking telomerase enter senescence 

(Granger, Wright, and Shay, 2002).  Telomere maintenance is a clear component of the 

capability of tumour limitless replicative potential (Jefford and Finger, 2006). 

Telomerase expression permits telomere maintenance and 85-90% of cancer cells have 

telomerase present whereas the majority of somatic cells do not. It is evident that 

telomerase has a key role in immortalising cells (Li et al., 2005;Hiyama et al., 1996).  

1.2.5. Inducing tumour angiogenesis 

Progressive tumour cells rapidly divide and outgrow the blood supply causing hypoxic 

conditions (Vaupel, 2004). The blood supply provides oxygen and nutrients essential 

for cell survival (Byrne, Bouchier-Hayes and Harmey, 2005). Tumour angiogenesis 

induction relies upon an increase of pro-angiogenic gene expression by physiological 

stimuli such as hypoxia, oncogene activation or mutations of tumour suppressors 

(Hirose et al., 2003). Dependent upon the tumour type and microenvironment, the 
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angiogenesis switch is activated at different stages of the tumour progression. The 

aberrant vascular structure, abnormal blood flow, and haemorrhagic vascular network 

present in tumour angiogenesis as a result of the over expression of factors such as 

vascular endothelial growth factor (Bergers and Benjamin, 2003). 

1.2.6. Activating tissue invasion and metastasis 

Malignant tumours acquire characteristics allowing the cancerous cells to escape the 

primary tumour mass and invade adjacent tissue (Fidler, 1975). Carcinomas arising 

from epithelial tissue have an increased propensity to invade local tissue and 

metastasize distant. This progression involves a number of biological changes that 

start from local invasion to intravasation in which cancer cells spread to nearby blood 

and lymphatic vessels. The cancer cells then undergo extravasation as they invade the 

parenchyma of distant tissue, followed by the formation of small nodules of cancer 

cells. Macroscopic tumours are then formed in this final step known as colonisation 

from small nodules of cancer cells (Talmadge and Fidler, 2010;Fidler, 2003). 

1.3. Cancer stem cell hypothesis 

Recent evidence supports the concept that in several cancers, a phenotypically distinct 

subset of cancer cells with properties of stem cells is able to form tumours. These small 

numbers of cancer stem cells (CSC) are integral to the development and perpetuation 

of tumorigenesis. The majority of the tumour cells are non-tumorigenic cancer cells. 

CSC have been identified in tumours of the brain, hematopoietic system, breast, 

prostate and colon (Jordan, Guzman, and Noble, 2006;Bauman et al., 1999;O’Brien et 

al., 2006). These cells have the ability of self-renewal, the capability to differentiate into 

any cell within the tumour and to proliferate extensively (Jordan, Guzman, and Noble, 

2006). The existence of CSC had been suggested in 1971 by Park et al and in 2002 by 

Ignatova et al as they described cells with stem cell properties in human cortical glial 

tumours (Ignatova et al., 2002;Park, Bergsagel and McCulloch, 1971). It is likely that 

CSC originate from mutations of normal self-renewal stem cells or mutated progenitor 
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cells that have acquired the ability of self-renewal. Progenitor cells have the ability to 

differentiate into a specific type of cell but unlike stem cells lack the ability of self-

renewal (Jordan, Guzman, and Noble, 2006). For many cancers, the origin of the cancer 

stem cells is unknown (Reya et al., 2001). However, there is recent evidence that 

particular types of leukaemia occur from accumulating mutations in haematopoietic 

stem cells (HSC).  Cancer stem cells unique ability of self-renewal allows tumour 

recurrence after treatment including chemotherapy despite the small number of 

cancer stem cells present. This relapse can occur many years after treatment (Tu, Lin, 

and Logothetis, 2002) 

1.4. Astrocytoma 

Astrocytomas are brain tumours which are divided into four histological gradings by 

the world health organisation (WHO) depending upon the invasiveness, atypia, mitotic 

activity, vascular proliferation and necrosis of the cancer . They are derived from 

astrocytes which are star shaped glial cells in the brain (Walker et al., 2011). Generally, 

astrocytomas do not spread from the brain to other parts of the body, however there 

are extremely rare incidences of extracranial metastasis of grade IV astrocytoma 

(Robert and Wastie, 2008).  

Pilocytic astrocytoma is the most common paediatric brain tumour. It is classified by 

the WHO as a grade I tumour and accounts for 20% of brain tumours in patients under 

the age of 20 (Goth and Rajewsky, 1974;Jones et al., 2012). Pilocytic astrocytoma is a 

low-grade tumour usually benign or slow growing and has the potential to be 

completely removed by surgical resection. Survival rates are as high as 96% over a 10 

year period and the majority of patients are cured of their tumour (Louis et al., 

2007;Ohgaki and Kleihues, 2005). Grade II (low grade) astrocytoma is a slow growing, 

diffusely infiltrating glioma with a tendency to progress to a high-grade astrocytoma. 

It is the most common form of low grade glioma with epileptic seizures as the most 

common symptom (van der Sanden, G.A.C et al., 1998;Lote et al., 1997). The mean age 

of diagnosis is between 35-40 years and only a small percentage of children and adults 
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older than 65 years of age are diagnosed (Shaw et al., 1989). Anaplastic astrocytoma 

is a malignant tumour with an intrinsic predisposition to progress to GBM. According 

to the WHO 2007 grading system, histologically anaplastic astrocytoma displays 

cytological atypia, anaplastic features and mitotic activity (Louis et al., 2007). A poor 

prognosis with a median survival of 2-3 years is associated and current treatment 

includes surgical resection and radiotherapy (Fritsche et al., 2010). 

1.5. GBM 

GBM is the most common primary brain tumour with an incidence of 3.55 new cases 

per 100,000 per year (Ohgaki et al., 2004). GBM is a grade IV astrocytoma, characterised 

by uncontrolled cellular proliferation, diffuse infiltration, extensive genomic instability, 

tendency for necrosis, angiogenesis, and resistance to apoptosis. The tumour is 

composed of high inter- and intra- morphological heterogeneity hence the term 

“multiforme” (Furnari et al., 2007;Liu et al., 2012). Despite aggressive treatment 

including surgical resection and radiotherapy with concomitant chemotherapy, 

prognosis remains poor due to GBM recurrence, with a median survival of 14.6 months. 

This poor prognosis is mostly characterised by deregulation of many key signalling 

pathways involving survival, growth, proliferation and apoptosis due to a highly-

mutated genome (Furnari et al., 2007).  

GBM is a robust malignant tumour distinguished by its local invasion pattern 

(Gabrusiewicz et al., 2014;Hermanson et al., 1992). Generally, GBM do not metastasize 

extracranially, however there have been rare cases in which 0.44% of GBM have spread 

to other parts of the body (Robert and Wastie, 2008). These rare cases are often 

reported in patients who have undergone craniotomy which is the surgical removal of 

part of the bone from the skull to access the brain (Anzil, 1970). Metastasis is rare as 

the brain does not have a lymphatic system; the presence of the dura matter which is 

a thick membrane surrounding the brain would make penetration of GBM difficult; it 

is likely that the short life span of GBM patients does not allow the tumour long enough 

to metastasize (Newton, Rosenblum and Walker, 1992;Robert and Wastie, 2008). 
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There are also three prominent features that aid success of radio- and chemo-

resistance in GBM patients. This includes the high tendency of tumour cells to spread 

to normal brain causing recurrences, the restriction imposed by the blood brain barrier 

(BBB) for drug distribution to the brain and the different cell population within the 

tumour with different drug sensitivities. The highly infiltrative manner of GBM entails 

maximal surgical resection of 78-98% to avoid neurological morbidity (Fritsche et al., 

2010;Lehtinen et al., 2009).  

The DNA repair pathways are crucial mechanism for resistance to treatment as they 

endeavour to prevent DNA damage caused by chemotherapy and radiotherapy in an 

attempt to destroy tumour cells thus counteracting the effect of treatment. Likewise, 

the DNA repair enzyme O6 –methylguanine-DNA methyltransferase (MGMT) is able to 

reverse the cytotoxic effect implemented by GBM treatment including temozolomide 

(Minniti et al., 2009). Survival rates show 42% after 6months of diagnosis, 18% at 1 year 

and 3% at 2 years.  GBM are highly invasive and lack clear margins and therefore 

cannot be completely removed by surgical resection which increases the prospect for 

remission. Although there have been recent advances in cancer biology the treatment 

outcome has remained consistently poor in GBM (Friedman, Kerby and Calvert, 

2000;Fujisawa et al., 1999). 
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Fig 1.1. The spread of GBM visualised on MRI scans. A patient with the tumour 

predominately located on the right temporal. A) Presurgical scan of GBM surrounded 

by oedema (arrow). B) Gross total resection and clear resection cavity through surgery 

and radiotherapy. C) Scan 6 months later of GBM recurrence at the resection margin 

(arrow) and the spread across the Sylvian fissure in the frontal lobe. D) Scan after 

surgery of both tumours. E) Postsurgical scan after 3 months of GBM recurrence at the 

resection margin and the spread across the corpus callosum to the other hemisphere 

(Holland, 2000). 
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GBM are composed of three major populations: tumour cells, CSC and microglia 

infiltration (Fritsche et al., 2010;Tada et al., 2001). Clinical symptoms may include 

progressive headaches, seizures and focal neurological deficit (Oberndorfer et al., 

2008;Pace et al., 2009;Faithfull, Cook and Lucas, 2005). The tumour is generally located 

in the frontal and temporal lobes of the brain (Fig 1.1.), but may also be present in the 

brainstem, cerebellum and spinal cord (Kanu et al., 2009;Holland, 2000). GBM are most 

often de novo (primary GBM) which develop quickly and robustly with a three month 

period before the initial symptoms develop to indicate the onset of the tumour. 

Primary GBM accounts for approximately 90% of GBM cases and are predominately 

found within patients older than 45.  This tumour may also develop from a lower grade 

tumour to a higher malignancy (secondary GBM) over a 5-10 year period and is 

primarily present in patients younger than 45. These subtypes have distinct genetic 

aberrations but are histologically indistinguishable (Furnari et al., 2007;Maher et al., 

2006;Fujisawa et al., 1999). 

1.6. CD133+ CSC in GBM 

CSC are proposed to extensively contribute to tumour progression and resistance to 

treatment. These cells have the same characteristics as normal stem cells as they are 

capable of self-renewal, the ability to differentiate into any cell within the tumour, 

proliferate extensively and are rare (Jordan, Guzman, and Noble, 2006). Normal neural 

stem cells express CD133 (Prominin-1) a 120 kDa five-transmembrane protein which 

are found in CSC in multiple brain tumour samples including GBM (Morse et al., 

2004;Samaras et al., 2009). CD133+cells have shown clonogenic, infinite growth and 

stem cell properties and are capable of forming original polyclonal tumours when 

xenografted onto nude mice. The xenograft consisted of approximately 20% CD133+ 

cells mimicking the unique low frequency of normal stem cells and 80% CD133- cells. 

CSC are chemoresistant and radioresistant and therefore responsible for 

tumourigenesis and recurrence after conventional glioblastoma therapy (Zipfel et al., 

2002;Hao et al., 2002;Tada et al., 2001).  
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1.7. EGFR amplification pathway in GBM 

The epidermal growth factor receptor (EGFR) gene is involved in the regulation of 

cellular proliferation and is amplified in 50% of GBM cases, half of which exhibit the 

most common mutant form EGFRvIII that has a deletion of exons 2-7 (Shinojima et al., 

2003). This variant is tumour-specific and has the ability to increase tumourigenesis in 

GBM by down-regulating apoptosis and enhancing proliferation (Nagane et al., 

1996;Narita et al., 2002).  The presence of EGFRvIII has shown to associate with a worse 

prognosis than EGFR alone. Amplification of EGFR is predominant in primary GBM as 

60% of primary cases exhibit EGFR amplification whereas only 10% of secondary GBM 

patients have EGFR amplification (Shinojima et al., 2003;Watanabe et al., 1996). 

1.8. p53 mutation in GBM 

The p53 tumour suppressor responds to DNA damage, cytotoxic stress and prevents 

the initiation of cells with unstable genomes by inducing cell cycle arrest and 

apoptosis. p53 has the ability to have this regulatory effect as it is a transcription factor. 

More than 2500 genes many of which are involved in tumourigenesis are regulated by 

p53 (Hoh et al., 2002; Vousden and Lu, 2002). Mutations of TP53 gene are present in 

GBM and are unable to elicit tumour suppression. Secondary GBM have a considerably 

high incidence of TP53 mutations (>65%), of which approximately 90% were previously 

present in the first biopsy with low grade or anaplastic astrocytoma, while TP53 

mutations are rare (<10) in primary GBM (Watanabe et al., 1997;Ohgaki et al., 

2004;Watanabe et al., 1996). It is evident that progression of low grade astrocytomas 

to GBM is associated with a clonal expansion of cells driven by successive p53 

mutations that had been previously acquired, endowing them with a selective growth 

advantage (Sidransky et al., 1992). 
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1.9. PTEN mutation in GBM 

The tumour suppressor gene phosphate and tensin homolog (PTEN) at chromosome 

10q23 is mutated in approximately 30% of GBM. PTEN mutations are enhanced in 30% 

of primary GBM but are rare in secondary GBM as only 4% is present in this subtype 

(Fujisawa et al., 1999;Knobbe, Merlo and Reifenberger, 2002). The loss of PTEN tumour 

suppression function is triggered by PTEN homozygous deletion or PTEN methylation. 

PTEN mutations do not affect the outcome of GBM patients (Tohma et al., 1998;Ohgaki 

et al., 2004) 

1.10. Astrocyte physiology and morphology 

Astrocytes from which GBM are derived from are the most abundant cells in the central 

nervous system (CNS) and outnumber neurons by over 5 fold. Astrocytes are divided 

into two main subtypes based on their anatomical location and cellular morphologies 

(Rivest, 2009; Sofroniew and Vinters, 2010). Fibrous astrocytes are found mainly in 

white matter of the central nervous system and have many long cylindrical branching 

processes. Protoplasmic astrocytes are present throughout gray matter with shorter 

and fewer sheet-like processes, some of which fill the spaces between elements in the 

neutrophil (Miller and Raff, 1984;Sofroniew and Vinters, 2010).  

The prevailing view for many years regarded astrocytes as passive elements in the brain 

providing support to neurons as well as development and maintenance of the BBB  

which protects neural tissue from circulating blood in the rest of the body (Sofroniew 

and Vinters, 2010;Kimelberg and Nedergaard, 2010;Markiewicz and Lukomska, 2006). 

It is now clear astrocytes play a vital role in maintaining homeostasis in the CNS 

especially in ionic homeostasis, energy metabolism, synaptic signalling between 

neurons and in the innate immune response. These neuroglia cells express receptors 

that enable them to respond to compounds such as neurotransmitters which transmit 
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signals from one neuron to another, growth factors and cytokines (Miller and Raff, 

1984;Sofroniew and Vinters, 2010;Ransohoff and Brown, 2012). 

1.11. The immune system 

The mammalian immune system is designed for efficient detection and elimination of 

a variety of pathogens and modified host cells. The immune system can be classified 

as two interconnected subsystems of innate and adaptive immunity; both rely upon 

the ability of the immune system to distinguish between self and non-self molecules 

(Weller et al., 1995). Innate immunity encompasses host defences that range from non-

specific barrier function of epithelia to non-specific response using germ-line encoded 

pattern recognition receptor (PRR) for immediate recognition of microbial pathogens. 

The PRR that enable the prompt response include scavenger receptor (SR) and toll like 

receptor (TLR) (Getz, 2005;Clark and Kupper, 2005). The binding of pathogens to TLRs 

activate nuclear factor kappa B (NF-KB) signalling which is a master switch for the 

induction of inflammation (Takeda, Kaisho and Akira, 2003). Microbes produce 

pathogen associated molecular patterns (PAMPs) which are essential for microbial 

survival and are detected by PRR. Cellular components include macrophage, dendritic 

cells (DC), natural killer (NK) cells, and granulocytes which destroy pathogens (Clark 

and Kupper, 2005).The principle functions of innate immunity include opsonisation, 

activation of complement and coagulation cascade which leads to activation of pro-

inflammatory signalling pathways, phagocytosis and induction of apoptosis 

(Mogensen, 2009;Kumar, Kawai and Akira, 2011). 

Activation of adaptive immune system is controlled by the induction of PRR signals 

(Weller et al., 1995; Akira, Uematsu, Takeuchi, 2006). It is initiated by the innate immune 

DC presentation of the antigen to ‘naïve’ T lymphocytes. A direct adaptive immune 

response is generated against the antigen presented through destruction by cytotoxic 

T lymphocytes (CTL) and stimulation of B lymphocytes to produce antibodies against 

the antigen (Hansson et al., 2002). This system has the advantage of immunologic 

memory to remember pathogens and tumour cells to mount an immunological 
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response of a greater magnitude upon re-encounter with fewer antigens (Clark and 

Kupper, 2005). 

1.12. Astrocytes innate immunity in the brain 

Over the past decade, research in the area of innate immunity within the brain has 

mainly focused upon microglial the resident immune cell. More recently astrocytes 

have been acknowledged for their ability to elicit an innate immune response as they 

express cytokines, complement proteins and a variety of PRRs (Rivest, 2009;Nair, 

Frederick and Miller, 2008) .  

PRRs efficiently detect infectious agents or endogenous danger signals, and in-turn 

augment an inflammatory response. One of the main PRRs expressed by astrocytes is 

TLR3 which is essential for the recognition of TLR3 ligands such as mRNA from necrotic 

cells due to tissue damage (Table 1.1.). A local inflammatory reaction is then mediated 

as a result of the receptor-ligand binding (Jack et al., 2005; Farina et al., 2005). Unlike 

TLR that facilitate extracellular recognition of pathogens, nucleotide-binding domain 

(NOD) 1 and 2 sense intracellular microbes. Upon activation, an immune response is 

induced promoting the recruitment of interleukin-6 (IL-6), chemokines and activation 

of mitogen activated protein kinase (MAPK) and NF-kB pathway (Sterka, Rati and 

Marriott, 2006). A highly effective endocytic receptor termed mannose receptor is also 

a PRR located on the cell surface of astrocytes that enable the clearance of pathogens 

through internalisation (Burudi et al., 1999;Liu et al., 2004). Similarly, SR have the ability 

to internalise modified lipids and therefore may potentially provide a mechanism 

through which bacterial infections can be fought (Husemann et al., 2002). 

The complement system plays a crucial role the innate immune response in the brain. 

Components of the complement system including factor B and D as well as the 

complement inhibitors factor H and I, are expressed by astrocytes in normal and 

pathological conditions. The complement components expressed can initiate a pro-

inflammatory response through the release of anaphylatoxins, pathogen cell lysis and 

opsonisation for pathogen clearance (Gasque et al., 2000; Ohlsson et al., 2003).  
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Several cytokines such as IL-6, granulocyte macrophage- colony stimulating factor 

(GM-CSF), IL-1β, TGF-β and tumour necrosis factor alpha (TNF-α) are important 

mediators of astrocyte function, secreted succeeding a pathogen recognition trigger. 

The released cytokines have the ability to activate nearby cells, promote the innate 

immune response, and generate an immunosuppressive environment when needed. 

During brain trauma IL-6 and IL-1β are crucial cytokines which repair lesions and 

restore the integrity of the BBB (Herx, Rivest and Yong, 2000 ;Swartz et al., 2001). 

Chemokines are also expressed by astrocytes and these chemotactic cytokines 

including CCL2 and CXCL12 promote the recruitment of inflammatory immune cells 

(Tran and Miller, 2003). 
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Table 1.1 PRR expressed by astrocytes 

 

PRR Astrocytes References 

TLR TLR2, TLR3, TLR4, TLR5, 

TLR9 

(Park et al., 2006) 

(Carpentier et al., 2005) 

(Bsibsi et al., 2002) 

(Bowman et al., 2003) 

 

NOD NOD1, NOD2 (Sterka, Rati and Marriott, 

2006b) 

 

SR SR-B1, SR-macrophage 

receptor with collagenous 

structure (MARCO), SR C 

type lectin (CL) 

(Alarcon et al., 2005) 

(Nakamura et al., 2006) 

(Husemann and 

Silverstein, 2001) (Sasaki 

et al., 2001) 

 

Mannose receptor Mannose receptor (Liu et al., 2004b) 

 

Complement factors C1q, C1r, C1s, C4, C2, C3, 

factor B, factor D, C5, C6, 

C7, C8, C9 

(Gasque et al., 2000) 

 

Complement receptors 

(CR) 

CR1, CR2, complement 

anaphylatoxin receptor 

(CaR); C3aR, C5aR 

(Gasque et al., 2000) 

 

Complement inhibitors C1-INH, decay 

accelerating factor 

(DAF)/CD55, membrane 

co-factor protein 

(Gasque et al., 2000) 
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(MCP)/CD46, CD59, factor 

H, factor I  

 

1.13. Cytokines in Glioblastoma  

Cytokines are small multifunctional pleiotropic proteins composed of glycoproteins 

and polypeptides. The dual function of some cytokines enables the same protein to 

support tumour growth or inhibit it (Table 1.2.).  Functionally cytokines exert pro-

inflammatory T helper 1 (Th1) response, anti-inflammatory (Th-2) and 

immunosuppressive effects. Glioma cells secrete cytokines which influence 

proliferation, immune cell infiltration, migration and tumour cell infiltration on GBM 

microenvironment (Curtin et al., 2005;Fenstermaker and Ciesielski, 2004). 
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Table 1.2. Cytokine function in non-tumourigenic brain and GBM 

CYTOKINE Role in immunity Role in GBM References 

Pro-inflammatory 

cytokine 

   

TNF-α 

 

 

 

 

IL-6 

 

 

 

 

 

 

Interferon (IFN)-Ƴ 

 

 

 

 

 

IL-12 

 

 

 

-Promotes monocytes, 

granulocytes and NK cells 

cytotoxicity. 

-Induces the expression of IL-6 

 

-Promotes B-cell differentiation 

into antibody producing cells 

 

 

 

 

 

-Increased antigen processing and 

presentation through up-

regulating MHC class I and II 

expression to enable recognition 

by T-cells. 

 

-Increases the cytotoxicity of NK 

cells and DC. 

 

 

-Enhances tumour growth through 

promoting glioma cell invasion and 

angiogenesis 

 

 

-Increases tumour progression by 

enhancing glioma invasion, angiogenesis 

and inhibition of apoptosis. 

 

 

 

 

-Inhibits GBM growth. 

 

 

 

 

 

-decreased expression. 

-reduces tumour growth. 

 

 

(Chen et al., 1993) (Roth 

and Weller, 

1999)(Yarlagadda, Alfson 

and Clayton, 2009) 

 

(Erta, Quintana and 

Hidalgo, 2012) 

(Weissenberger et al., 

2004) 

(Yarlagadda, Alfson and 

Clayton, 2009)  

 

(Fabry, Raine and Hart, 

1994) (Kominsky et al., 

1998) (Natsume et al., 

2000)  

 

 

(Roy et al., 2000) (Tugues 

et al., 2015) (Wang et al., 

2015) 
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IL-8 

 

-A chemoattractant that activates 

neutrophils. 

 

-Enhances tumour growth through 

angiogenesis and invasion. 

-Aberrantly highly expressed. 

(Bickel, 1993) (Brat, Bellail 

and Van Meir, 2005) 

 

 

Anti-inflammatory 

cytokine 

   

TGF-β 

 

 

 

IL-10 

 

 

 

IL-4 

 

 

 

IL-13 

-Regulate migration. 

-Prevents B and T cell proliferation. 

-Inhibits DC maturation. 

 

-Down-regulates T-helper cell 

cytokines. 

 

 

-Regulates maturation of B cells, T 

cells and mast cells. 

 

 

-Down regulate T helper cell 

cytokines. 

-Promotes tumour growth through 

stimulating GBM migration and 

angiogenesis. 

 

-Enhances tumour growth by preventing T-

cell proliferation. 

 

 

-Inhibits tumourigenesis. 

 

 

 

-Over expression in GBM. 

-Cytotoxic activity. 

(Barcellos-Hoff et al., 

2009) (Lu et al., 2011) 

 

 

(Huettner et al., 1997) 

(Yarlagadda, Alfson and 

Clayton, 2009)  

 

(Yarlagadda, Alfson and 

Clayton, 2009) (Yu et al., 

1993) 

  

(Husain and Puri, 2003) 

(Mori, Maher and Conti, 

2016) 
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1.13.1. The role of TNF-α in GBM 

TNF-α is a pro-inflammatory cytokine that plays a crucial role in cellular events 

including differentiation, proliferation, cell survival, and death (Parameswaran and 

Patial, 2010). The pro-inflammatory cytokine has the ability to activate the NF-KB 

signalling pathway to elicit its inflammatory function.  TNF-α has the ability to induce 

activation of NF-KB pathway by enabling the activation of the inhibitor KB kinase (IKK) 

to phosphorylate the inhibitor of KB (IKB). This in turn allows the translocation of NF-

KB from the cytoplasm into the nucleus to promote the transcription of target genes 

that have anti-apoptotic properties. Activation of the pathway induces anti-apoptotic 

signals to maintain cell viability (Kwon et al., 2004;Hoesel and Schmid, 2013). NF-KB 

can act as an activator or inhibitor of apoptosis depending upon the apoptotic stimuli 

(Kaltschmidt et al., 2000). There is growing evidence that increased concentrations of 

endogenous TNF-α in cancer are linked to tumour progression. In GBM, the expression 

of TNF-α is associated with inflammation driven carcinogenesis. Endogenous TNF-α 

actively promotes tumour growth through the enhancement of tumour proliferation 

angiogenesis (Nabors et al., 2003;Grivennikov, Greten and Karin, 2010). The expression 

of TNF-α is high in GBM and contributes to the chronic inflammatory environment that 

enhances tumour growth. TNF-α has the ability to induce the expression of 

downstream cytokines including IL-6 which contributes to glioma progression (Tanabe 

et al., 2010). 

1.13.2. The role of IL-6 in GBM 

IL-6 is a pro-inflammatory cytokine that is highly expressed in many malignant 

tumours including GBM as it plays an important role in maintaining growth and 

survival (Sikora, Chlebna-Sokol and Krzyzanska-Oberbek, 2001;Liu et al., 2010). It 

promotes cell invasion and migration through auto- and paracrine signals that induce 

the phosphorylation of signal transducers and activators of transcription (STAT) by 

Janus kinases (JAK). It is known that after IL-6 activation of the cytoplasmic 

transcription factors they are translocated to the nucleus and trigger transcription of 
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targeted genes (Goswami, Gupta and Sharma, 1998; Liu et al., 2010;Sansone and 

Bromberg, 2012; Sansone and Bromberg, 2012). Mice models have previously shown 

that IL-6 contributes to tumour progression and growth by activation of STAT3 

through mediating cell growth and differentiation (Weissenberger et al., 2004). The 

expression of IL-6 is also related to the grade of the astrocytoma as previous studies 

had found that the concentration of IL-6 increased in a positively correlation to an 

increased malignancy of different grade gliomas, as the more aggressive tumours had 

greater IL-6 production (Shan et al., 2015;Weissenberger et al., 2004). 

1.13.3. The role of TGF-β in GBM 

TGF-β production is known to be enhanced in glioma tissue as this ability of tumour 

cells to generate their own growth factors reduces their dependency on stimulation 

from normal tissue microenvironment (Olofsson et al., 1992;Joseph et al., 2013). TGF-

β stimulation is also associated with the mutation of the gene regulator c-myc and the 

activation of platelet derived growth factors (PDGF) signalling events. Upregulation of 

TGF-β enables the cytokine to prevent proliferation of normal human astrocytes by 

interfering with growth factors including epidermal growth factor (EGF). TGF-β is an 

immunosuppressive cytokine which can elicit a cascade of events allowing GBM to 

evade the host immune system (Barcellos-Hoff et al., 2009;Grauer et al., 2007). 

These events include the ability to suppress tumour infiltrating T cells, DC maturation 

and reduce major histocompatibility complex (MHC) class II expression of CD4+ T cells. 

The inhibition of dendritic cells reduces the production of IL-12 which is involved in T 

cell proliferation and thus contributes to GBM avoiding an immune response (Llopiz 

et al., 2009;Joseph et al., 2013). It is known that within the early stages of 

tumourigenesis TGF-β has the capacity to induce tumour regression by inhibition of 

tumour cell proliferation in comparison to the later stages of tumour development 

(Drabsch and ten Dijke, 2012). Cui et al demonstrated that within low grade tumours 

the cytokine contributed to tumour inhibition whereas in higher grade glioma it 

contributed to tumour progression. As over 90% of GBM cases are primary tumours in 
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which the disease develops rapidly with no early precursor signs this anti-tumour 

characteristic is rarely seen (Cui et al., 1996; Furnari et al., 2007). 

1.13.4. The role of IL-12 in GBM 

IL-12 is secreted by mature DC and macrophages to increase the presence of cytotoxic 

immune cells including CTL, NK cells, DC and the production of B lymphocyte (Morse 

et al., 2004;Okada et al., 2007). Within GBM, the ability of IL-12 to facilitate the 

production of CTLs permits an induction of pro-inflammatory cytokine release. In turn 

apoptosis is induced and a TH1 response mediated by the differentiation of naïve T 

cells to eliminate tumours is triggered. Preliminary data obtained from clinical trials of 

the use of IL-12 in GBM therapy indicated a reduction in tumour size of approximately 

50%. In addition, administration of IL-12 to C57BL/6 mice with GBM demonstrated a 

decrease in tumour growth. IL-12 expression is reduced in GBM to allow the tumour 

to invade neighbouring tissue (Vom Berg et al., 2013;Liu et al., 2002) 

1.14. Immune privilege of the brain 

Immune privilege had previously been defined as the absence of immune cells in the 

CNS including the brain. In light of recent data, the characteristics of immune privilege 

has been redefined and is no longer considered absolute. It is now acknowledged that 

immune privilege varies between region and age. There had been a general 

misconception spanning decades that had attributed immune privilege entirely to the 

BBB (Carson et al., 2006). The concept of immune privilege had stemmed from the 

ability of antigens within the brain to avoid systemic immunological recognition. It is 

now evident that immune privilege is specific to brain parenchyma and the peripheral 

immune system. The immune privilege of the brain is imperative for damage limitation 

during inflammation as it is an extremely sensitive organ with poor regenerative 

capacity (Cosacak, Papadimitriou and Kizil, 2015;Hong and Van Kaer, 1999;Shrestha et 

al., 2013). 
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Microglia are resident macrophages of the brain and are known to be the main innate 

immune cells within the brain. They are derived from monocytic lineage and originate 

from the bone marrow. Due to the brain micro-environment the phenotype of 

microglia is reduced compared to other tissue macrophages. Once there is an onset 

of injury or pathogen invasion the microglia are able to upregulate immune-

phenotype characteristics (Chan, Kohsaka and Rezaie, 2007;Lull and Block, 2010). 

Inflammation in the brain is minimised to prevent brain damage through the secretion 

of anti-inflammatory cytokines such as TGF-β or IL-10 which supress microglia activity. 

Once inflammation has been established within the brain the immune privilege 

concept is undermined which may be a result of blood brain barrier damage and the 

upregulation of cytokine expression including IL-6 and IL-12 (Boche et al., 2006; 

Hagberg et al., 2015). 

1.15. Cancer immuno-editing of GBM 

Cancer immuno-editing is comprised of 3 phases in which the innate and adaptive 

immunity shape the fate of tumour development. Elimination also known as immune 

surveillance is the first phase characterised by the ability of the immune system to 

destroy transformed cells before they are clinically detectable (Mittal et al., 2014). 

Theories of the immune system scanning for and eradicating early tumour cells was 

first proposed in the early 1900s by Ehrlich (Ehrlich, 1909). 50 years later this theory 

was developed and the concept of immune surveillance was proposed by Burnet and 

Thomas (Burnet, 1957; Thomas, 1959).  

In the brain, early transformed cells are detected by innate immune cells such as DC, 

macrophages, the complement system and NK cells to facilitate elimination through 

destruction of tumour cells, phagocytosis, cell lysis and presentation to T cells (Friese, 

Steinle and Weller, 2004). As the brain is known to be an immuno-privileged site 

protected by BBB, it lacks lymphatics (Galea et al., 2007). To overcome this hurdle 

dendritic cells, have the ability to pass through the perivascular space and cerebral 

spinal space to present the antigen to T cells in the lymph node. The activated T cells 
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undergo clonal expansion and migrate from the cervical lymph node to the brain 

tumour. CD8+ CTL are able to recognise the tumour and induce killing through the 

release of cytotoxic effector molecules such as perforin and IFN-Ƴ (Pellegatta, Cuppini 

and Finocchiaro, 2011;Ransohoff, Kivisakk and Kidd, 2003).  

The next step in cancer immuno-editing is the equilibrium phase in which the tumour 

cells are in a state of functional dormancy. During this phase the cells are in constant 

interaction with the immune system and some of the cells undergo changes and 

become resistant to immune recognition and elimination (Dunn, Old and Schreiber, 

2004). The final phase is the escape phase commonly recognised as the 7th hallmark of 

cancer in which the tumour cells are immuno-edited and escape elimination (Hanahan 

and Weinberg, 2011). Brain tumour cells enter the escape phase through changes to 

the cell or microenvironment. This ultimately reduces the immunogenicity of tumour 

cells and lowers immune recognition. Brain tumours are able to escape elimination 

from the immune system and develop into clinically detectable gliomas through 

several mechanisms including the release of immuno-suppressive cytokines such as 

TGF-β and IL-10.  The release of these cytokines supress the proliferation of T-cells, NK 

cells, and macrophage to evade immune destruction (Pellegatta, Cuppini and 

Finocchiaro, 2011;Weller and Fontana, 1995;Huettner et al., 1997). In addition, glioma 

cells are able to disguise themselves as normal cells and escape immune detection. 

This occurs through a variety of mechanisms including expressing complement protein 

factor H to prevent complement activation (Gasque et al., 2000;Ferreira, Pangburn and 

Cortes, 2010). 

1.16. The Complement system  

The complement system is one of the first line of defence mechanisms in innate 

immunity for the brain. Activation of complement opsonises the pathogen or altered 

self-cells for phagocytic uptake, induces an inflammatory response and also enables 

cell lysis. Complement is activated through 3 different pathways which are the 

alternative, classical and lectin pathway (Fig 1.2.) (Dunkelberger and Song, 2010). The 
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alternative pathway is triggered by the spontaneous hydrolysis of C3 in which 2 

cleaved products are formed. The cleaved anaphylatoxin C3a elicits inflammation 

whereas C3b opsonises pathogens and also bind to C3 convertase (C3bBb) to form C5 

convertase (C3bBbC3b) (Thurman and Holers, 2006). The activation of the classical 

pathway is through the binding of C1q directly to pathogens, altered self-cells or to 

antibody antigen complexes. This triggers the C1r to activate C1s which cleaves C4 and 

C2 to generate C4a anaphylatoxin, C4b opsonin, C2a and C2b. C4b and C2b bind to 

form C3 convertase (C4b2b) (Celik et al., 2001). Similarly, in the lectin pathway both C4 

and C2 are also cleaved producing the same products and generate C3 convertase 

(C4b2b). The lectin pathway is activated by mannose binding lectin (MBL) binding to 

oligosaccharides on pathogens. The associated enzyme mannan binding lectin serine 

protease (MASP) 1 and 2 are responsible for the cleavage of C4 and C2 (Ali et al., 2012). 

All 3 pathways converge at C3 convertase enabling the cleavage of the central 

complement component C3 to form C3a and C3b (Fig 1.2.). The opsonin C3b binds to 

C3 convertase and generate C5 convertase (C3bBbC3b) (C4b2Bc3b), which enables the 

cleavage of C5 to form anaphylatoxin C5a, and opsonin C5b. C5b binds to the 

pathogen and also to C6, C7, C8, and C9, and produce a membrane attack complex 

(MAC) which generates pores on the cell leading to osmotic cell lysis (Dunkelberger 

and Song, 2010). 
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Fig 1.2. Complement system. Complement activity is initiated by 3 main pathways, 

the alternative pathway, classical pathway and lectin pathway. Opsonins generated are 

circled green and anaphylatoxins are circled yellow. The activated cascade of 

complement leads to the formation of C3 convertase. An amplification loop is 

generated as the cleavage of C3 forms C3b and C3a. C3a is an anaphylatoxin which 

elicits inflammation. The opsonin C3b is either inactivated or binds to C3 convertase 

to form C5 convertase that cleaves C5 to generate C5b or anaphylatoxin C5a. The 

terminal stages of complement include C5b bound to C6,C7,C8 and C9 to form MAC 

which allows cell lysis (Adapted from; Rus, Cudrici and Niculescu, 2005) 

. 
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1.16.1. The Alternative pathway 

The alternative pathway is an antibody independent system, capable of differentiating 

between self and non–self through the strict control of the host’s soluble and 

membrane bound complement regulatory components. Soluble factor H and 

properdin regulate activation of the alternative pathway. Factor H enhances the 

protection of host surfaces from complement activation through its ability to bind to 

sialic acid exhibited on host cells when C3b is present. In contrast properdin is 

important for the stabilisation of C3 convertase (Rodriguez de Cordoba et al., 

2004;Hourcade, 2006). The majority of Pathogens do not exhibit complement 

regulators or sialic acids on their surface and therefore do not attract factor H. 

Membrane bound self-cell regulators CD35 (complement receptor type 1, CR1), CD46 

(membrane cofactor protein, MCP), and CD55 (decay accelerating factor, DAF) are 

essential to the prevention of an autoimmune response by initiating the inactivation 

of C3b whereas CD59 prevents the formation of MAC (Dinasarapu et al., 2012).  

The ability of auto-activation by the alternative pathway is a unique characteristic 

originating in the fluid phase in plasma. Low level spontaneous conformational change 

of C3 is termed tickover which enables this abundant protein to be constantly 

hydrolysed as the internal thioester bonds bind with water at a rate of 1% per total C3 

generated per hour. C3(H2O) evokes a C3b like function in the ability to recruit factor 

B in the presence of Magnesium ion (Mg2+) permitting its cleavage by the serum 

protease factor D to generate Ba and Bb fragments (Thurman and Holers, 2006;Harris 

et al., 2007). The active Bb fragment remains bound to C3(H2O) which is integral for 

the formation of the initial C3 convertase. This molecule elicits the cleavage of C3, 

triggering the formation of C3a and C3b. In turn C3b binds to the cleaved Bb fragment 

generating C3 convertase (C3bBb) which initiates a positive feedback amplification 

loop. The released C3a is an anaphylatoxin with chemotactic functions. C3b is 

deposited in an indiscriminately manner onto self and pathogenic surfaces, if left 
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uncontrolled opsonisation and the assembly of the membrane attack complex will 

occur on self-cells (Thurman and Holers, 2006;Pangburn et al., 2000). 

1.16.2. Factor H 

Factor H (150 kDa) is an important soluble regulator of the alternative pathway. It is 

composed of 20 short consensus repeats (SCRs) also known as complement control 

proteins (CCPs). Each unit is highly conserved and is composed of 60 amino acids. This 

complement inhibitor is a single chain glycoprotein which is present in plasma at a 

concentration between 110-615 µg/mL. It is mainly secreted by the liver and has the 

appearance of ‘flexible beads’ on a string (Ripoche et al., 1988;Rodríguez de Córdoba 

et al., 2004). Factor H gene is located on chromosome 1q32 in the regulators of 

complement activation (RCA) gene cluster which include, complement factor H like 

protein 1 (CFHL-1) Complement factor H related protein (CFHR) 1-5, the regulators C4 

binding proteins, CR type 1, DAF, and MCF (Ferluga et al., 2017). Factor H has the ability 

to elicit a complement inhibitor effect through its ability to compete with factor B for 

C3b binding, preventing the formation of C3 convertase; accelerate the decay of C3 

convertase (C3bBb) by displacing factor Bb to dissemble the enzyme; act as a co-factor 

for factor I to inactivate C3b by cleaving the α-C3b chain into 2 fragments of 68 and 

43 kDa. The functional activity of factor H is facilitated through the N-terminal SCRs 1-

4 (Rodríguez de Córdoba et al., 2004) 

In the presence of glycosaminoglycans and sialic acid (polyanionic molecules) the 

affinity of factor H increases for surface bound C3b. Factor H has 3 binding sites for 

C3b at SCRs 1-4, 7-15, and 19-20. Once bound it then has ability to form dimers and 

tetramers at the C-terminus through SCRs 19-20 (Ferreira, Pangburn and Cortes, 2010). 

The C-terminus 19-20 SCRs represents the central binding and recognition domain of 

the protein. Factor H is able to bind to cell membrane and differentiate between self 

and non-self surfaces through its C-terminal. Some multicellular pathogens have 

remained undetected for destruction by the complement system as they are able 

recruit host factor H to their surface (Kopp et al., 2012). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Rodr%C3%ADguez%20de%20C%C3%B3rdoba%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15163532
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rodr%C3%ADguez%20de%20C%C3%B3rdoba%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15163532
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Factor H deficiencies and mutations are associated with the onset of diseases such as; 

dense deposit disease (DDD) which is caused by uncontrolled activation of the 

alternative pathway. It is generated through deposition of activated C3 fragments into 

the kidney glomeruli in which end-stage renal failure can develop (Appel et al., 2005). 

Mutations in the C-terminus of factor H at SCR 19-20 lead to defective recognition and 

the onset of atypical haemolytic uremic syndrome (aHUS). This rare kidney disease is 

characterised by haemolytic anaemia, low platelet count, and acute renal failure in 

which end stage renal failure can develop through uncontrolled activation of the 

alternative pathway (Jozsi et al., 2006). Age related macular degeneration (AMD) is the 

leading cause of blindness in the elderly due to uncontrolled activation of the 

alternative pathway and factor H polymorphism (Klein et al., 2005). 

1.16.3. CFHR5 

CFHR5 is the longest human CFHR protein at 65 kDa composed of 9 SCRs. This protein 

is unique in comparison to CFHR 1-4 as it contains 5 SCR domains that share sequence 

homology (46%, 75%, 57%, 48% and 71%) to SCRs 10-14 of factor H (Fig 1.3.). This 

particular domain of factor H has been attributed to C3b, heparin and C-reactive 

protein binding. CFHR5 is a glycosylated protein associated with lipoprotein particles 

with an unknown plasma concentration. The N-terminal shares 89% and 84% sequence 

identity with SCRs 1-2 of CFHR 1-2 and the C-terminal shares a sequence homology 

of 64% with SCR 19 and 42% with SCR 20 of factor H deduced from the cDNA sequence 

(Fig 1.4) (McRae et al., 2002). This protein has the ability to bind to C3b, heparin, C-

reactive protein, and iC3b the cleavage product of C3b. Weak co-factor activity in 

cleaving C3b by factor I and competing with factor B for C3b binding has been 

attributed to CFHR5 (McRae et al., 2005;McRae et al., 2001).  
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Fig 1.3. Schematic representation of factor H, CFHL-1 and CFHR1-CFHR5. Each 

circle represents a SCR and is aligned on the basis of amino acid sequence homology 

with factor H. It includes a summary of the SCRs involved in protein binding, decay 

acceleration and co-factor activity which is represented by a solid blue. The dotted 

lines indicate SCRs where binding sites or function remain uncertain (Adapted from; 

Skerka et al., 2013). 
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Fig 1.4. Nucleotide sequence of CFHR5 cDNA and amino acid sequence. 

Numbering of the nucleotide acid sequence is indicated on the left and the mature 

amino acid sequence on the right (McRae et al., 2001). 
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1.17. Surfactant protein D expression 

Surfactant protein D (SP-D) is a collagen containing C-type lectin, termed collectin 

which is capable of providing innate immuno-protection at pulmonary as well as extra 

pulmonary sites.  In serum SP-D concentration is present at 48.7 ng/mL. SP-D is 

predominantly synthesised and secreted into the lung airspace by alveolar and 

bronchiolar epithelial cells. It is constitutively secreted by alveolar type II cells at the 

alveolar level and more proximally by non-ciliated Clara cells (Crouch, 2000;Kuroki et 

al., 1998;Lemos, McKinney and Rhee, 2011;Madsen et al., 2000). Extra pulmonary 

detection of SP-D has increasingly become more common and has been shown to be 

secreted by ductal epithelial cells in salivary glands, glandular epithelial cells in the 

stomach, mucosal epithelial cells in the small intestine, mammary epithelial cells in the 

breast and is present in human amniotic fluid as early as 26 weeks gestation (Table 

1.3.) (Miyamura et al., 1994;Crouch, 2000;Madsen et al., 2000). Recently SP-D has also 

been detected within the brain but the source from which the collectin has been 

secreted from is yet to be confirmed (Schob et al., 2013). 
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Table 1.3. Pulmonary and extra pulmonary sites of SP-D expression  

Anatomical site Organ Cellular source 

 

References 

Respiratory 

tract/oropharynx 

/nasopharynx 

  
 

  Lacrimal glands 

Lung 

Salivary gland 

Trachea and bronchi 

Ductal epithelial cells 

Alveolar type II cell, non-ciliated bronchiolar cells 

Ductal epithelial cells 

Submucosal glands and respiratory epithelial cells 

(Brauer et al., 2007) 

(Voorhout et al., 1992) 

(Crouch, 2000) 

(Wong et al., 1996) 

 

Gastrointestinal tract 
  

 

  Biliary tract 

Oesophagus 

Pancreas (exocrine) 

Small intestine 

Stomach 

Intrahepatic ductal epithelial cells 

Squamous epithelium 

Ductal epithelial cells (and islets) 

Mucosal epithelial cells 

Glandular epithelial cells 

(Madsen et al., 2000) 

(Madsen et al., 2000) 

(Crouch, 2000) 

(Reid, 1998) 

(Reid, 1998) 

 

Genitourinary tract 
  

 

  Kidney 

Prostate 

Collecting duct epithelium 

Glandular epithelium 

(Madsen et al., 2000) 

(Herias et al., 2007) 

 

Skin and soft tissue 
  

  
Breast 

Sweat glands 

Mammary epithelium 

Ductal epithelium 

(Crouch, 2000) 

(Crouch, 2000) 
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Other 

 

  
 

  Brain 

Heart 

Pancreas (endocrine) 

Placenta 

Testis 

? 

? 

Islets 

? 

Leydig cells 

(Schob et al., 2013) 

(Reid, 1998) 

(Herias et al., 2007) 

(Leth-Larsen et al., 2004) 

(Crouch, 2000) 
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1.17.1. SP-D structure 

SP-D is composed of four main regions that include an N-terminal, collagenous region, 

α-helical neck and carbohydrate recognition domain (CRD) located on chromosome 

10q 22-23 (Fig 1.5.). The cysteine rich N-terminal region is required for disulphide 

dependent crosslinking to stabilise the 130 kDa trimer comprised of 3 identical 43 kDa 

polypeptide chains. A 520 kDa dodecamer structure is regularly assembled from 4 

homotrimeric subunits at the N-terminal and a maximum of 8 dodecamers are able to 

assemble to form a large oligomeric structure (Holmskov, Thiel and Jensenius, 2003; 

Kolble et al., 1993;Madhukaran et al., 2015).  

The triple helical collagen region is highly conserved and lacks interruption in the gly 

x-y repeats where x and y can be any amino acid. Each SP-D monomeric structure has 

59 gly-x-y repeats which are intertwined with 2 additional chains and form a right 

handed super helix with a 4 nm diameter. The conserved gly-x-y repeats reveal the 

importance of the conserved regions ability to control the spacial separation of CRDs 

which is critical for normal SP-D function (Kishore et al., 2005). Maintenance of the 

shape and stability of the protein is provided by interchain hydrogen bonds between 

the C-terminus of amino acids at position x and the N-terminus of the glycine residue 

which face into the centre of the helix. The collagen region is rich in hydroxylated 

proline and lysine residues which are commonly at position x and contribute to 

stabilise the domain (Crouch et al., 1994;Ogasawara and Voelker, 1995). 

The trimerising coiled coil neck region is composed of 33 amino acid residues and 

connects the globular CRDs with the collagen domain. The neck consists of 8 α-helical 

turns which are formed upon the parallel arrangement of the polypeptide chains. In 

addition, this region acts as an initiation point for the trimerisation and nucleate the 

formation of the collagen triple helix (Hoppe and Reid, 1994;Kovacs et al., 2002;Zhang 

et al., 2001). The neck also maintains and supports the organisation of CRDs within a 

trimer which is a crucial feature for ligand recognition. The globular CRDs are located 
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at the C-terminus and have the ability to recognise carbohydrates and PAMPS on the 

surface of pathogens in a calcium dependent manner (Zhang et al., 2001).  
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Fig 1.5. Schematic diagram illustrating the organisation and assembly of SP-D. 

The primary structure of SP-D is composed of a cysteine rich N-terminal (green), a 

collagen gly-x-y domain (blue), an α-helical coiled coil neck (yellow) and a CRD region 

(red). SP-D is a large dodecamer structure comprised of four trimeric subunits and has 

a cruciform like appearance in electron microscopy in which the subunits are of equal 

lengths and end in globular heads (Adapted from Nayak et al., 2012). 
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1.17.2. Pathogen recognition and clearance 

SP-D via its CRD region has the ability to recognise and interact with viruses, bacteria, 

yeast, fungi and dying cells to elicit an immune response through agglutination and 

opsonisation which renders the microbes susceptible to macrophage and neutrophil 

killing (Table 1.4.). The CRD region can recognise repetitive carbohydrate moieties 

conserved within all pathogens, which in turn elicits agglutination, and enhance 

phagocytosis (Haczku, 2008;Kishore et al., 2006). Interaction between the gly-x-y 

collagenous domain and immune cell receptors promote a clearance of apoptotic cells, 

necrotic cells, allergens and pathogens through a variety of mechanisms that involve 

phagocytosis, chemotaxis, viral neutralisation, oxidative and antigen presenting 

properties. Enhanced phagocytosis is a crucial step in pathogen clearance as it is likely 

to take place by regulating the expression of pattern recognition receptors, 

opsonisation of pathogens and acting as an activation ligand (Nayak et al., 

2012;Wright, 2005). 
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Table 1.4. Summary of interaction with SP-D and pathogen 

Microbe Effect of SP-D Reference 

Gram negative bacteria   

E.coli 

Enterobacter aerogenes 

Klebsiella pneumoniae 

Legionella pneumophila 

Pseudomonas aeruginosa 

 

Agglutination, enhanced uptake and growth inhibition 

Growth inhibition 

Growth inhibition 

Growth inhibition 

Enhanced uptake by phagocytosis 

(Wu et al., 2003) 

(Wu et al., 2003) 

(Wu et al., 2003) 

(Sawada et al., 2010) 

(Lim et al., 1994) 

 

Gram positive bacteria   

Staphylococcus aureus 

Streptococcus pneumoniae 

Mycobacterium avium 

Enhanced uptake 

Agglutination and enhanced uptake 

Enhanced uptake by macrophages 

(Hartshorn et al., 1994) 

(Hartshorn et al., 1998) 

(Kudo et al., 2004) 

 

Virus   

Influenza A virus 

Human Immunodeficiency virus 

Respiratory syncitial virus 

Agglutination, neutralisation, enhanced phagocytosis 

Neutralisation 

Neutralisation 

(Hartshorn et al., 1994) 

(Meschi et al., 2005) 

(Hickling et al., 1999) 

 

Fungi   

Aspergillus fumigatus 

Candida albicans 

 

Cryptococcus neoformans 

Agglutination and enhanced uptake 

Agglutination, growth inhibition, and inhibition of 

phagocytosis 

Agglutination 

(Madan et al., 1997) 

(van Rozendaal et al., 2000) 

 

(Schelenz et al., 1995) 
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1.17.3. A recombinant form of truncated SP-D 

A recombinant truncated form of human SP-D (rhSP-D) was produced containing 8 

gly-X-Y repeats, α-helical trimerising neck region, and CRD.  The absence of the 

oligomerising N-terminal was to prevent formation of a larger SP-D structure. The 

rhSP-D expressed represented a 60 kDa homotrimeric subunit when analysed by gel 

filtration chromatography and chemical crosslinking. This relatively small structure of 

the native 520 kDa dodecamer is a 20 kDa monomeric protein under reduced 

electrophoresis conditions. It is apparent that the trimer formed is not a result of 

aberrant linking between CRDs as no higher oligomers were observed. The 

recombinant protein has the ability to bind to carbohydrates through the 3 CRDs held 

together by the trimerising neck which is stabilised by the 8 gly-x-y collagen region. 

The α-helical neck is essential for CRDs to bind to carbohydrates as without it the 

recombinant protein has a weak affinity for sugars (Singh et al., 2003). 

1.17.4. SP-D in the brain 

The presence of SP-D has also been detected in extra pulmonary sites including the 

brain (Madsen et al., 2000;Akiyama et al., 2002). The expression was detected at the 

microvascular levels of the brain parenchyma, choroid plexus stroma and pineal gland. 

In patients who have an autoimmune disease, CNS infection or cerebral infarction SP-

D levels are reduced compared to those who are healthy. SP-D is abundant at the 

limitan astrocytic feet and immunological perivascular space. The location of such 

abundancy is of great importance as both play an vital role in the immunological 

response, therefore the function of SP-D in the brain is considered to resemble its 

pathogen elimination role in the brain (Schob et al., 2013). 

1.17.5. SP-D in cancer 

Little attention has been placed upon the expression of SP-D in cancer and more 

research is needed in order to understand the implications this protein has in tumours. 

SP-D is expressed in mice with lung cancer and can potentially be used as a biomarker 
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for the disease as it can distinguish normal mice from mice with lung adenocarcinoma. 

Tumour bearing mice have a significant increased serum level of SP-D compared to 

mice that do not have tumours and the size of the tumour correlates with SP-D level 

(Lin et al., 2007;Zhang et al., 2003). The enhanced SP-D level is present whether the 

lung cancer is induced chemically or genetically or conditionally regulated mutant k-

ras induced tumours. Type II cells which surround the tumour also have an elevated 

level of SP-D expression however the cause for this is unknown. It is suggested that 

the enhanced SP-D secretion from the tumour cells within the lung trigger a response 

by the surrounding type II cells too also enhance SP-D production. After the SP-D is 

secreted by lung tumours into the extracellular space it is assumed that the collectin 

will reach the systemic circulation through lymphatic drainage (Zhang et al., 2003). 

Gene expression of the SP-D is also present in mammary, prostatic, colonic, gastric and 

pancreatic carcinomas obtained from lymph node metastatic non-pulmonary 

adenocarcinoma (Table 1.5.) (Betz et al., 1995).  The expression of SP-D was revealed 

in prostate adenocarcinomas through positive immunostaining for malignant prostate 

(Fig 1.6.). 

Table 1.5. Expression of SP-D in extrapulmonary cancers 

SP-D expression in 

extrapulmonary tumours 

Location 

Breast 

Colon 

Lymph node 

Pancreas 

Prostate 

Stomach 
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Fig 1.6. Immuno-histochemical staining of malignant and non-malignant 

prostate cells. 4a, 4c= prostate adenocarcinoma; 4b, 4d, 4e= non-malignant prostate 

tissue; 4nc= negative control staining (Kankavi et al., 2014) . 
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There is a greater concentration of SP-D at the inflammatory sites of non-malignant 

prostate tissue with an immunoreactivity of 91% for SP-D and 82% in malignant 

prostate. Kankavi et al, suggested that the decreased expression in malignant prostate 

may be due to the malignant transformation of cells which may impair their capacity 

to produce SP-D. The reduced SP-D expression in prostate adenocarcinoma can 

influence the progression of the tumour. Interestingly high grade prostatic 

intraepithelial neoplasia had strong SP-D staining (Kankavi et al., 2014). 

1.18. Microglia 

Microglia are the main immune cells of the brain and are the resident macrophage 

located within the brain parenchyma behind the BBB. They are mononuclear cells 

derived from monocytic lineage and originate in the bone marrow. Within the adult 

brain these cells are slowly turned over and replenished by proliferation and constitute 

between 5%-20% of total glia cells in the brain (Benveniste, 1997;Greter, Lelios and 

Croxford, 2015;Pivneva, 2008;Saijo and Glass, 2011). In the healthy brain microglia are 

described as resting and adopt a ramified morphology in which they function as 

supportive glial cells. In response to brain injury or pathogen invasion microglia are 

activated and their cellular processes undergo contraction. The organ specific 

macrophage is transformed into a amoeboid morphology to render the cell competent 

to elicit an innate immune response or tissue repair (Saijo and Glass, 2011). They serve 

as the first line of defence and function similarly to tissue macrophage in other organs 

and migrate towards the site of injury. Prolonged microglia activation has the ability 

to sustain chronic inflammation of the brain and can lead to neuronal dysfunction and 

cell death through the release of toxic reactive oxygen species (ROS) (Rock et al., 2004).  

1.18.1. Microglia function 

Microglia are stimulated by macrophage colony stimulating factor (M-CSF) and 

granulocyte M-CSF (GM-CSF). M-CSF deficient mice that experience injury or 

pathogen infiltration do not have normal microglia proliferation and have a down 
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regulated complement response. In the developing brain microglia phagocytose cells 

undergoing apoptosis whereas in the adult brain, the phagocytic function is 

downregulated in resting ramified microglia (Fischer and Reichmann, 

2001;Santambrogio et al., 2001). Upon activation by pathological endogenous signals 

such as neuronal dysfunction or exogenous infection the phagocytic function is 

upregulated and microglia respond appropriately. The cells acquire the ability to 

undergo proliferation, migration towards the affected site, phagocytosis and generate 

ROS (Pivneva, 2008). They also enhance innate immune cell surface receptors including 

pattern recognition and complement as well as the secretion of pro-inflammatory 

cytokines such as TNF-α and IL-6 and IL-12. The expression of pro-inflammatory 

cytokines is one of the main defence mechanisms implemented by microglia. They also 

express the cytokine receptors and can react or be activated by the pro-inflammatory 

cytokines thus extending the inflammatory response (Lawson, Perry and Gordon, 

1992;Lee, Nagai and Kim, 2002)  

1.18.2. Microglia in GBM 

GBM is the most common and deadliest primary intracranial brain tumour 

characterised by a high degree of microglia and macrophage infiltration. The Glioma 

infiltrating macrophages (GIM) comprise up to 40% of the total GBM tumour mass 

(Gabrusiewicz et al., 2011). The origin or GIM are mainly resident microglia, and can 

also contain monocyte derived from circulating blood if the integrity of the BBB has 

been compromised. Recent evidence has revealed that these innate immune cells have 

a potent pro-tumour function in GBM (Watters, Schartner and Badie, 2005). GIM 

contribute to the mediation of GBM growth and infiltration into normal brain as they 

acquire the ability to enhance tumour proliferation, survival and immune-suppression 

(Tran Thang et al., 2010). The recruitment of GIM is induced by a variety of factors 

including GBM secreted cytokines such as TGF-β which is known to promote tumour 

growth. The ability of the infiltrating resident macrophage to mediate GBM invasion is 

unique as other endogenous cells such as oligodendrocytes and endothelial cells do 

not influence GBM motility (Markovic et al., 2009;Coniglio and Segall, 2013). 
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1.19.  Aims 

GBM is the most aggressive primary brain tumour and is resistant to current treatment. 

This report describes studies aimed at understanding the involvement of the innate 

immune proteins factor H and SP-D in GBM. The main aims are to: 

- To analyse the functional activity of CFHR5 derived from primary GBM cells 

including; inhibiting activation of the alternative pathway; acting as a co-

factor for factor I mediated cleavage of C3b; accelerating the decay of C3 

convertase. 

- To investigate the effects of rhSP-D on U87 cells to reduce cell viability 

through inducing apoptosis, and altering tumour suppressor and cytokine 

gene expression.  

- To study the expression of SP-D in GBM. 

- To investigate the effects of a co-culture with THP-1 and U87 
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2: Chapter 2- Materials and Methods 
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2.1. Purification of factor H  

50 mL of filtered normal human serum (TCS biosciences) was dialysed overnight 

against wash buffer I (25 mM Tris (sigma-Aldrich) pH 7.5, 140 mM sodium chloride 

(NaCl) (sigma-Aldrich), 0.5 mM ethylenediaminetetraacetic acid (EDTA) (sigma-Aldrich) 

with a magnetic stir bar on a stirrer at 4 °C. A CnBr-activated sepharose column 

coupled with anti-factor H antibody (MRC immuno-chemistry unit, Oxford) was 

equilibrated to room temperature for 15 min. 

The column was washed with distilled water and wash buffer I. The serum was passed 

through the column which was then washed to remove impurities. Factor H elution 

buffer (3 M magnesium chloride (MgCl2) (sigma-Aldrich), 25 mM Tris pH 8.0, 140 mM 

NaCl, 0.5 mM EDTA) was added to the column and the protein was collected in 1 mL 

fractions then neutralised with 1 M Tris pH 7.5. A spectrophotometer was used to 

measure the absorbance (A) 280 and the fractions of a similar reading were dialysed 

together overnight against 1 L of distilled water and then against dialysis buffer I (10 

mM monopotassium phosphate (KH2PO4) (sigma-Aldrich), 140 mM NaCl, 0.5 mM 

EDTA, pH 7.5) for 4 h. The concentration was measured using a nanodrop. 

2.2. Nanodrop 

A nanodrop spectrophotometer was used to measure the concentration of purified 

Factor H. 3 µL of distilled water was pipetted onto the bottom pedestal of the 

nanodrop. The upper pedestal was lowered onto the bottom pedestal and left to rest 

for 1 min. The water was wiped away with dry lint free lab wipe to ensure both 

pedestals were clean. 1 µL of factor H elusion buffer was pipetted onto the bottom 

pedestal. The arm was then closed and the solution was used as a blank to calibrate 

the nanodrop. The solution was removed with a lab wipe and cleaned with 1 µL of 

distilled water. 1 µL from each 1 mL factor H aliquot was pipetted onto the lower 

pedestal and the arm was lowered. The absorbance was measured at A280 and the 
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concentration was measured in µL/mL. After each reading the upper and lower 

pedestals were cleaned with 1 µL of water and a lab wipe.  

2.3. Preparation of 12% polyacrylamide gel 

Table 2.1.- Composition for preparing 12% resolving gel 

Components Volume (µL) 

Distilled water 1600 

30% Acrylamide (sigma-Aldrich) 2000 

1.5 M Tris (pH 8.8)  1300 

10% SDS  50 

10% ammonium persulphate (APS) (sigma-Aldrich) 50 

tetramethylethylenediamine (TEMED) (sigma-

Aldrich) 

10 

Table 2.2.- Composition for preparing 5% of stacking gel 

Components Volume (µL) 

Distilled water 1400 

30% acrylamide  330 

1.0 M Tris-HCL (pH 6.8) 250 

10% SDS 20 

10% APS 20 

TEMED 5 

 

A 12% poly-acrylamide gel was prepared using the components in Table 2.1. and 2.2. 

Two glass plates were placed into a casting frame and transferred onto a casting stand.  

The resolving solution using the components in Table 2.1 was prepared. TEMED and 

APS were added last to catalyse the acrylamide polymerisation. The solution was 
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pipetted in-between the glass plates and left to polymerise for 10 min at room 

temperature. After this period the stacking solution in Table 2.2 was prepared and 

TEMED and APS were added last. The solution was pipetted on top of the resolving 

gel and a gel comb was inserted and left for 10 min for the gel to polymerise.  The 

plates were then transferred into an electrophoresis chamber and placed into a gel 

tank which was then filled with 1X running buffer (2.5 mM Tris, 19.2 mM glycine (sigma-

Aldrich), 0.01% SDS) and the gel comb was then removed.  

2.4. SDS polyacrylamide gel electrophoresis (SDS-PAGE) of cellular components 

200 µg/mL of factor H was added in a 1.1 ratio with 2X sample buffer (sigma-Aldrich) 

and placed on a heating block at 100 °C. It was denatured for 10 min and vortexed for 

10 s to mix the sample. Protein marker (thermo-scientific) and denatured factor H were 

loaded onto the gel and separated according to size by electrophoresis for 90 min at 

120 V.  The gel was removed from the apparatus and stained with coomassie blue stain 

solution (0.1% coomaisse blue (sigma-Aldrich), 10% acetic acid (sigma-Aldrich), 20% 

methanol (sigma-Aldrich)) over night at room temperature. The following day the 

staining solution was removed and the gel was de-stained with de-stain solution (10% 

acetic acid, 20% methanol) for 3 h to allow the bands to be visualised. An image was 

taken of the gel with a Bio-Rad imager. 

2.5. Western blot of factor H– Bio-Rad transblot  

A 12% gel was composed using the components in table 2.1 and 2.2. 200 µg/mL of 

factor H in a 1.1 ratio with 2X sample buffer was heated to 100 °C and an SDS-PAGE 

was run to separate the protein according to size. The gel was placed onto a premade 

turbo sandwich containing filter paper and nitrocellulose membrane soaked in buffer 

(Bio-Rad). Bubbles between the membrane and gel were removed with a blot roller. 

The stack was placed onto the transfer cassette (Bio-Rad) and the transfer was run for 

7 min at 25 V. Nitrocellulose membrane was blocked overnight with 2% bovine serum 

albumin (BSA) (sigma-Aldrich) at 4 °C to enable the agent to bind to all the unoccupied 
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sites on the membrane to prevent antibody non-specific binding. The following day 

the membrane was washed in 1X PBS with 0.05% tween-20 (sigma-Aldrich).  

Primary monoclonal anti-human, mouse, anti-factor H (MRCOX23) antibody (MRC 

immune-chemistry unit, Oxford) in a 1.1000 ratio with 1X PBS was added to the 

membrane as the antibody is able to recognise epitopes on factor H. The membrane 

was incubated for 1 h at room temperature on a shaker to allow the antibody to bind. 

The membrane was washed to prevent background and remove unbound antibodies. 

It was then probed with the secondary antibody anti-mouse, rabbit immunoglobulin 

G- horse radish peroxidase (IgG-HRP) (sigma-Aldrich) in a 1.1000 ratio with 1X PBS for 

1 h at room temperature on a shaker. The membrane was washed and 

3,3’diaminobenzidine (DAB) (sigma-Aldrich) was added for 5 min as the substrate is 

able to bind to the enzyme HRP and form an insoluble brown product where the 

protein is positioned. An image was taken with a Bio-Rad imager. 

2.6. Cell culture for primary GBM cells 

Ethical approval was obtained from Brunel University and John Radcliffe hospital. All 

patients consented to obtaining GBM cells during surgical resection.  

Primary GBM cells B30, B31, B33 (John Radcliffe hospital), were grown in Dulbecco’s 

modified eagle medium-F12 (DMEM/F12) (thermo-fisher life technologies), 

supplemented with 10% v/v heat inactivated fetal bovine serum (FBS) (thermo-fisher 

life technologies) v/v and 1% penicillin streptomycin (thermo-fisher life technologies). 

The cells were placed into a 75 cm3 culture flask (nunc) and incubated for 48 h in a 

humidified 5% carbon dioxide (CO2) atmosphere at 37 ˚C. The media was discarded 

and the cells were washed with 1X PBS. 3 mL of 1X trypsin- EDTA (thermo-fisher life 

technologies) was added to the flask and incubated for 2 min at 37 ˚C with 5% CO2 to 

dissociate the adherent cells from the flask. 1X PBS was added to neutralise the cells 

and the entire content was centrifuged at 2000 revolutions per minute (rpm) for 5 min 

and the pellet was re-suspended in 1 mL of DMEM/F12.  
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2.7. Extraction of cellular components 

Removal of supernatant 

0.2 x106 B30, B31 and B33 passage (P) 2 cells were re-suspended in 1 mL of DMEM-

F12 with 1% penicillin streptomycin in replicates. The cells were dispensed into 12 well 

plates (nunc) and incubated for 48 h at 37 °C with 5% CO2. After this period the 

supernatant was centrifuged for 5 min at 10,000 rpm to remove any cells in suspension. 

The pellet was discarded and the supernatant was stored at 4 °C. 

Total cell extract 

The wells were washed with 1X PBS and 250 µL of 1X trypsin-EDTA was added to the 

adherent cells. The plate was placed into the incubator for 3 min under normal growth 

conditions and 1X PBS was added to the wells to neutralise the effect. The cells were 

then centrifuged for 5 min at 10,000 rpm and the pellet was re-suspended in 500 µL 

of lysis buffer I (150 mM Tris Ph 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton x-100 (sigma-

Aldrich), 0.1 SDS, 1% sodium deoxycholate (sigma-Aldrich), 1 mM 

phenylmethylsulfonyl fluoride (PMSF) (sigma-Aldrich)) to lyse the cell and release the 

intracellular content. 

Membrane fraction 

Replicates of the total cell extract were placed on ice for 25 min with regular vortexing 

every 5 min for 10 s. The cells were then centrifuged at 10,000 rpm for 20 min. The 

pellet was discarded and the supernatant containing the membrane was stored at 4 

°C. An SDS-PAGE was run with the supernatant, membrane fraction and total cell 

extract of primary GBM cells. 
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2.8. Dot Blot for factor H 

10 µL of B30 P2, B31 P2, B33 P2 supernatant, membrane fraction, total cell extract, 200 

µg/mL of purified full length factor H (positive control) and 10 µL of 2% BSA (negative 

control) was added to nitrocellulose membrane (thermo-fisher scientific). The samples 

were incubated at room temperature for 30 min and were blocked with 2% BSA on a 

shaker for 45 min at room temperature. The membrane was washed with 1X PBS- 

0.05% tween20. A 1.1000 ratio of primary antibody mouse anti-factor H with 1X PBS 

was added to the nitrocellulose membrane and incubated at room temperature for 45 

min on a shaker. The membrane was then washed and probed with the antibody rabbit 

IgG-HRP and 1X PBS (1.1000) for 45 min at room temperature. The nitrocellulose 

membrane was washed again and the colour was developed with DAB. 

2.9. Purification of factor H in primary GBM 

2 X106 B30 P3, B31 P3, B33 P3, and B30 P30 cells were grown in 75 cm3 culture flask in 

serum free DMEM/F12 until the cells were 80% confluent. The growth media was 

centrifuged for 5 min at 2000 rpm to remove cells in suspension. The pellets were 

discarded and the supernatants were dialysed overnight against wash buffer I and then 

passed through the CnBr activated sepharose column coupled to anti-factor H 

antibody. The column was washed and the protein was eluted and dialysed overnight 

against distilled water followed by dialysis buffer. The concentration was measured 

with a nanodrop. 

A 12% acrylamide gel was run with 50 µg/mL of eluted protein and 200 µg/mL of factor 

H in 1 X running buffer. A dot blot was then performed using the primary antibody 

anti-factor H and secondary antibody IgG-HRP with 45 min incubation period. The 

colour was then developed with DAB. 
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2.10. Western blot of primary GBM for factor H 

A 12% SDS-PAGE was prepared using the components in table 2.1 and 2.2. 200 µg/mL 

of factor H, 5 µL of supernatant and 15 µL of membrane fraction from primary GBM 

cells  were added in a 1.1 ratio with 2X sample buffer and denatured at 100 °C for 10 

min. The samples was vortexed and loaded into the wells of the gel along with 5 µL of 

protein marker. The gel was run at 120 V with 1X running buffer for 90 min.  

Once the run was complete the gel was placed in 1X transfer buffer (25 mM Tris, 190 

mM glycine (sigma-Aldrich), pH 8.3) with 2 fibre pads, 6 pieces of whatman filter paper 

(thermo fisher scientific), and a nitrocellulose membrane for 5 min to ensure the gel 

was equilibrated by the removal of contaminating electrophoresis buffer salts. A 

transfer sandwich was assembled with whatman filter paper, fibre pads, nitrocellulose 

membrane and the gel. Air bubbles were removed with a blot roller to allow efficient 

transfer to take place. The sandwich was fastened into a western blot cassette and 

transferred into an electrode assembly chamber. An ice pack and the assembly 

chamber were placed into a gel tank and filled with 1X transfer buffer and left to run 

at 70 V for 2 h at 4 °C to mitigate the heat produced.  

After this period the nitrocellulose membrane was blocked overnight with 2% BSA at 

4 °C on a shaker. The blocking agent was discarded and the membrane was rinsed in 

1X PBS with 0.05% tween20. Primary anti-factor H antibody in a 1.1000 ratio with 1X 

PBS was added to the membrane for 1 h at room temperature on a shaker and was 

then washed. The secondary antibody IgG-HRP with 1X PBS in a 1.1000 ratio was 

incubated with the nitrocellulose membrane on a shaker at room temperature for 1 h. 

The membrane was then washed and the bands were visualised by the addition of 

DAB. 
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2.11. Enzyme linked immunosorbent assay (ELISA) for factor H  

0.2 X106 B30 P3, B31 P3, and B33 P3 cells were re-suspended in 1 mL of serum free 

DMEM/F12 in a 12 well plate, which was then incubated in a humidified 5% CO2 

atmosphere at 37 ˚C. At 6 h, 12 h, 24 h, and 48 h, 100 µL of the growth medium was 

centrifuged for 5 min at 10,000 rpm. The pellet was discarded and the supernatant was 

added to 100 µL 50 mM carbonate bi-carbonate buffer (CBC) (Ph 9.6) (sigma-Aldrich) 

in a microtiter plate (nunc). 100 µL of CBC buffer was added to separate wells in 

replicates. 20 µg/100 µL of human factor H was added to the first well and underwent 

a 2 fold serial dilution with the neighbouring wells which contained CBC buffer creating 

a serial dilution from 10 µg/100 µL to 0.075 µg/100 µL. The microtiter plate was 

incubated overnight at 4 °C to immobilise the protein to the well in the presence of 

CBC.  

The following morning the samples were decanted and the wells were washed with 1X 

PBS-0.05% tween 20. 2% BSA was added to each well and the plate was incubated for 

2 h at 37 °C. The blocking solution was removed and the wells were washed 

thoroughly. Primary anti-factor H antibody was added to each well in a 1.5000 ratio 

with 1X PBS for 1 h at 37 °C. The antibody was removed and the wells were washed. 

The wells were then probed with secondary antibody IgG-HRP with 1X PBS in a 1.5000 

ratio for 1 h at 37 °C. After this period the wells were washed and the colour was 

developed with o-Phenylenediamine (OPD) (sigma-Aldrich) in the dark. The plate was 

then placed into a microtiter plate reader and the A450 was measured.  

A linear graph was then plotted of the absorbance reading against the concentration 

of human factor H was then used to calculate the concentration of protein secreted 

from GBM cells. An unpaired T-test statistical analysis was performed with the 6 h time 

point against 12 h, 24 h, and 48 h.  

 



55 

 

2.12. Alternative pathway assay 

109 rabbit blood cells 

2 mL of rabbit red blood cells in alsevers (tcs bioscience) was washed with 1X PBS with 

55 mM EDTA. The samples were centrifuged for 5 min at 2000 rpm (4⁰C). The 

supernatant was then removed and the pellet was re-suspended and washed with 

DGVB buffer ((2.1 mM sodium barbital (sigma-Aldrich), 59 mM NaCl, 0.08% gelatine 

(sigma-Aldrich) ,7 mM MgCL2, 10 mM ethylene glycol tetraacetic acid (EGTA) (sigma-

Aldrich)) and centrifuged for 5 min at 2000 rpm. The pellet was re-suspended in 4 mL 

of DGVB buffer and 100 µl was added to 1.4 mL of distilled water. The A541 was 

measured until a value of 0.7 was obtained which is equivalent to, 109cells/mL. 

AH50 

100 µL of DGVB buffer was added to wells in replicates on a microtiter plate. 40 µL of 

normal human serum with 160 µL of DGVB  buffer was added to a separate well. The 

serum underwent a 2 fold serial dilution with the neighbouring wells that contained 

100 µL of DGVB buffer. The plate was incubated for 1 h at 37˚C followed by the addition 

of 100 µL of 109 rabbit blood cells to each well. 100 µL of 109 rabbit blood cells and 

100 µL of distilled water were added to a separate well for 100% lysis and 200 µL of 

distilled water was added to a different well for 0% lysis. The plate was incubated for 

1 h at 37˚C and then centrifuged for 5 min at 2000 rpm. 150 µL of supernatant was 

transferred to a new microtiter plate and the A541 was measured. The percentage of 

haemolysis was calculated using the formula; (measured OD)-(OD 0% lysis)/(OD 100% 

lysis)-(OD 0% lysis)*100. A graph was plotted and the serial dilution at which 50% 

haemolysis (AH50) occurred was noted. 

Factor H depleted serum  

The same serum used to calculate the AH50 was passed through the factor H column.  

The flow through of factor H depleted serum was stored at 4 °C. A dot blot of factor H 
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deficient serum, factor H (positive control) and 2% BSA (negative control) was 

performed with primary anti-factor H antibody and secondary IgG-HRP antibody.  

Alternative pathway assay for purified factor H related protein 

100 µL DGVB buffer was added in replicates to wells on a microtiter plate. 200 µg/mL 

of purified protein from B30 P3, B31 P3, and B33 P3 were added to wells with 40 µL of 

AH50 factor H deficient serum. DGVB buffer was added to a total volume of 200 µL. A 

2X fold serial dilution of the purified protein was carried out with the neighbouring 

cells that contained 100 µL DGVB buffer. The samples were incubated for 1 hour at 37 

°C. After this period 100 µL of 109 rabbit blood was added to each sample; 100 µL of 

109 rabbit blood cells and 100 µL of distilled water were added to a separate well for 

100% lysis; and 200 µL of distilled water was added to a separate well for 0% lysis. The 

microtiter plate was returned to the 37 °C incubator for 1 h and then centrifuged for 5 

min at 2000 rpm. 150 µL of supernatant was removed and transferred from each well 

to a new microtiter plate. The A541 was measured with an ELISA plate reader and the 

percentage of haemolysis was calculated using the formula; (measured OD)-(OD 0% 

lysis)/(OD 100% lysis)-(OD 0% lysis)*100.  A graph was then produced. 

2.13. Co-factor assay 

200 and 100 µg/mL of purified protein from B30, B31, B33, factor H (positive control) 

and 0 µg/mL of factor H (negative control) were incubated with 3 µg of C3b (comp 

tech), 500 ng of factor I (comp tech), 10 mM sodium phosphate (pH 7.2) (sigma-

Aldrich), and 1X PBS to a final volume of 30 µL. The samples were incubated at 37 °C 

for 30 min and were then heated for 15 min at 60 °C. The samples were separated 

under reduced conditions through SDS-PAGE. The bands were stained overnight in 

staining solution and were then de-stained for 4 h with de-staining solution. An image 

was taken with a Bio-Rad imager of the gel. 
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2.14. Decay acceleration assay 

A microtiter plate was coated with 250 ng of C3b in replicates and immobilised in a 96 

well plate in 50 mM CBC buffer (pH 9.6) overnight at 4 °C. The wells were then washed 

with 1X PBS. 400 ng of factor B (comp tech), 25 ng of factor D (comp tech), 2 mM of 

nickel chloride (sigma-Aldrich) and 4% BSA were added to each well for 2 h at 37 °C 

for the formation of nickel chloride stabilised C3 convertase. The wells were then 

washed with 1X PBS.  0, 10, 50, 100, 150, 200 µg/mL of factor H and CFHR5 were added 

to each well. The plate was incubated for 30 min at 37 °C. After the incubation period 

the plate was washed and, goat polyclonal antibody to human factor B (comp-tech) 

with 1X PBS (1.2000) was added to detect intact C3 convertase complexes. The plate 

was incubated for 1 h at 37 °C and was then washed extensively. Anti-goat IgG-HRP 

(comp-tech) with 1X PBS (1.2000) was added to each well and incubated for 1 h at 37 

°C. The wells were then washed and OPD was added for 5 min in the dark. The A450 

was measured with an ELISA plate reader, and a graph was produced.  

2.15. RT-qPCR of B30 

Cell preparation 

0.5 X106 B30 P3 cells were re-suspended in 2 mL of serum free media, in replicates and 

placed into a 6 well plate at 37 °C with 5% CO2. At each time point of 1 h, 6 h, 12 h, 24 

h and 48 h. The wells were washed with 1X PBS and 500 µL of 1% trypsin-EDTA was 

added to the adherent cells and incubated for 2 min at 37 °C with 5% CO2. The cells 

were transferred to room temperature conditions and 1.5 mL of 1X PBS was added to 

the cells in suspension and centrifuged for 5 min at 10,000 rpm. The supernatant was 

decanted and the pellet was stored at -80 °C.  
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RNA extraction 

An RNA extraction kit (sigma-Aldrich) was used to extract RNA from B30 cells. 10 µL 

of β-mercaptoethanol (β-ME) was added to the ready-made lysis solution (10 µL β-

ME/1 mL lysis solution). The pelleted cells were lysed with 250 µL of lysis solution and 

vortexed for 10 s. 250 µL of 70% ethanol (sigma-Aldrich) was added to the lysate and 

the entire content was transferred to a binding column. The samples were centrifuged 

at 13,000 rpm for 15 s and the flow through was discarded.  500 µL of ready-made 

wash solution I was added to the column and centrifuged for 15 s at 13,000 rpm. The 

column was transferred to a new collection tube and 500 µL of wash solution II was 

added. The sample was centrifuged for 15 s at 13,000 rpm and the flow through was 

discarded. 500 µL of wash solution II was added and centrifuged for 2 min at 13,000 

rpm. The flow through was discarded and a dry spin took place for 1 min. The column 

was transferred to a new collection tube and 50 µL of ready-made elution buffer was 

added. The sample was centrifuged for 1 min at 13,000 rpm and the eluted RNA was 

stored at 4 °C. 

DNase treatment 

To prevent DNA contamination of RNA sample a DNase kit (qiagen) was used. 5 µL of 

10X reaction buffer and 5 µL of DNase 1 enzyme were added to the eluted RNA and 

incubated for 15 min at room temperature. 5 µL of stop solution was added and the 

samples were incubated at 70 °C for 10 min. The concentration (ng/µL) and purity 

260/280 of RNA were measured using nanodrop. A reading of the ratio at ⁓2.0 was 

accepted as pure RNA.  

cDNA synthesis 

A high capacity RNA- cDNA kit (thermo-fisher scientific) was used to synthesise cDNA 

from the eluted RNA. 10 µL of 2X RT buffer and 1 µL of 20X RT enzyme mix were added 

to 9 µL of RNA. The samples were transferred into a PCR machine to commence the 
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reverse transcription reaction. The mixtures were incubated at 37 ⁰C for 60 min and 

the reaction was then stopped automatically by the change in temperature to 95 °C 

for 5 min. The cDNA formed was stored at 4 °C. 

qPCR 

A master mix for each gene to be detected was formed which included 5 µL of power 

SYBR green master mix (thermo-fisher scientific ), 75 nM of forward primer (Dr Tsolaki, 

Brunel University), 75 nM of reverse primer (Dr Tsolaki, Brunel University), and 100 ng 

of B30 cDNA template of 1 h, 6 h, 12 h, 24 h or 48 h. The following forward and reverse 

primers were used (Table 2.3.) 

Table 2.3. Table of primers used for B30 RT-qPCR  

Primer Forward primer sequence 

(5’-3’) 

Reverse primer sequence 

(5’-3’) 

18S ATGGCCGTTCTTAGTTGGTG CGCTGAGCCAGTCAGTGTAG 

TNF-α AGCCCATGTTGTAGCAAACC TGAGGTACAGGCCCTCTGAT 

TGF-β GTACCTGAACCCGTGTTGCT GTATCGCCAGGAATTGTTGC 

IL-6 GAAAGCAGCAAAGAGGCACT TTTCACCAGGCAAGTCTCCT 

IL-12 AACTTGCAGCTGAAGCCATT GACCTGAACGCAGAATGTCA 

 

1 µL of cDNA were pipetted into separate wells in replicates on a 96 well Micro Amp 

plate. 9 µL of master mix in Table 2.3. were also added to the same wells at each time 

point. The plate was sealed and centrifuged for 2 min at 2000 rpm to eliminate air 

bubbles. The plate was then placed into the qPCR machine to undergo 40 cycles at 

which the samples were heated to 95 °C to break double stranded DNA into single 

strands, 55 °C to allow annealing of primers to single stranded DNA template, and 72 
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°C for the formation of cDNA. During the process the wells were illuminated and SYBR 

green that had bound to newly formed double stranded DNA were excited at 497 nm 

and emitted fluorescence at 520 nm. Once enough amplicons had been produced the 

fluorescent signal rose above the baseline and crossed the threshold during the 

exponential phase.  

Data analysis 

Data was analysed by relative quantification (RQ) which is the fold change between 

the sample and calibrator. The following equations below were used: 

ΔCt= Ct (gene of interest)- Ct (housekeeping gene) 

ΔΔCt= ΔCt (sample)- ΔCt (calibrator) 

Relative quantity (RQ)= 2-ΔΔCt 

 

Data was represented in log10 scale as qPCR results are highly skewed in the linear 

phase. The statistical analysis unpaired T-test was carried out to deduce the 

significance of the results. 

2.16. Competent cells 

A single colony of Escherichia coli (E.coli) BL21 (λDE3) pLysS was inoculated in 5 mL of 

nutrient rich Luria Broth (LB) (10 g tryptone (sigma-Aldrich), 5 g yeast extract (sigma-

Aldrich), 10 g NaCl, pH 7.5)) to maintain bacterial growth. 5 µL of chloramphenicol (34 

µg/mL, dissolved in ethanol) was also added in a 1.1000 ratio of LB as this E.coli strain 

is resistant to this antibiotic. A single colony was also inoculated without 

chloramphenicol as a control. The cells were grown overnight in a 37 ˚C shaking 

incubator. 500 µL of the overnight culture was added to 30 mL of LB and 30 µL of 

chloramphenicol (1.1000) to ensure only the desired E.coli pLysS strain would grow. 

The cells were grown until an A600 of 0.3- 0.4 which is when the E.coli cells are in the 

early log phase and are at their optimum state to produce protein.  The culture was 

then centrifuged at 3,500 rpm for 10 min and the supernatant was discarded. 12 mL of 

ice cold 0.1 M calcium chloride (CaCl2) (sigma-Aldrich) was added to the pellet and the 
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cells were placed on ice for 1 h. After this period the cells were centrifuged at 3,500 

rpm for 10 min and the supernatant was removed. The pellet was re-suspended in 2 

mL of 0.1 M CaCl2 to improve the competence of the cells as the positively charged 

calcium ions, is able to neutralise the effect of the negatively charged outer membrane. 

2.17. Transformation of cells 

1 µL of plasmid pUK-D1 containing cDNA for the 8 gly-x-y collagen domain, α-helical 

neck region and CRD of SP-D (Dr Kishore, Brunel University, Singh et al., 2003).was 

added to 100 µL of competent cells which contained CaCl2 to enable the negatively 

charged plasmid DNA and competent cells to get into close proximity. The cells were 

left on ice for 1 h to decrease the temperature. Afterwards, the cells underwent heat 

shock as they were suddenly placed into a 42 °C water bath for 90 s to enable the 

plasmid DNA to pass into the cell. Immediately after, the cells were placed on ice for 5 

min. 800 µL of LB was added to the cells and incubated at 37 ˚C for 45 min to allow 

the cells to recover. After incubation, the cells were streaked onto LB agar (LB, 15g/L 

agar) petri dishes one of which contained ampicillin (100 µL/mL) as the plasmid is 

resistant to this antibiotic and chloramphenicol in a 1.1000 ratio. The cells were grown 

overnight at 37 ˚C and the LB agar plate was stored at 4 °C the following morning. 

2.18. Pilot scale protein expression of rhSP-D 

A single colony of transformed competent cells was inoculated and grown in 5 mL LB, 

in a 1.1000 ratio with ampicillin and chloramphenicol overnight within a shaking 

incubator at 37 ˚C.  Cells from the overnight culture were streaked onto LB agar petri 

dishes which contained ampicillin and chloramphenicol in a 1.1000 ratio. The petri 

dishes were incubated overnight at 37 °C. 500 µL of overnight culture were added to 

10 mL of LB with ampicillin and chloramphenicol (1.1000). The cells were placed in a 

37 ˚C shaking incubator and were grown for approximately 3 h until the cells were in 

log phase represented by A600 0.6- 0.8. This is when the number of cells continue to 

double at a constant rate every 20 min. Once the required absorbance was reached 1 
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mL of the cells were transferred to a separate culture tube and left in the 37 ˚C shaking 

incubator for 3 h to represent an uninduced control to observe expression efficiency. 

The remaining cells were induced with 0.5 mM isopropyl-1-thio-β-D-

galactopyranoside (IPTG) (sigma-Aldrich) for 3 h at 37 ˚C. 1 mL of induced and 

uninduced samples were centrifuged for 2 min at 13,000 rpm. The supernatant was 

decanted and the pellets were re-suspended in 100 µL of 2X sample buffer.  

A 12% acrylamide gel was composed with the components in Table 2.1. and 2.2. The 

induced and un-induced samples were denatured at 100 °C for 10 min and were then 

loaded into the wells of the gel. The SDS-PAGE was run with 1X running buffer for 90 

min at 120 V. The gel was stained overnight and de-stained the following morning for 

3 h. An image was then taken with a Bio-Rad imager to visualise the induced band at 

20 kDa. 

2.19. Large scale protein expression of rhSP-D 

A single colony from the pilot scale expression was inoculated in 30 mL of LB 

supplemented with ampicillin and chloramphenicol (1.1000), in a 37 °C shaking 

incubator overnight.  25 mL of overnight culture was added to 500 mL of LB (ampicillin 

and chloramphenicol 1.1000) until A600 0.6- 0.8 was reached which indicate that the 

cells were in log phase which is when the number of cells increase exponentially. After 

this period 1 mL of the cells were transferred to a separate culture tube and left in the 

37 ˚C shaking incubator for 3 h to be used as an un-induced control. The remaining 

cells were induced with 0.5 mM (IPTG) for 3 h in the 37 ˚C shaking incubator. 1 mL of 

induced and uninduced cells were centrifuged for 2 min at 13,000 rpm and the pellets 

were re-suspended in 100 µL of 2X sample buffer. 

The samples were denatured for 10 min at 100 °C and were then briefly vortexed 

before loaded onto an acrylamide gel. An SDS-PAGE was run for 90 min at 120 V. The 

gel was stained overnight and destined the following morning to observe if the protein 

had been expressed at 20 kDa. The remaining cells were harvested by centrifugation 
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at 10,000 rpm for 10 min and the pellet containing insoluble inclusion bodies were 

stored at -20 °C. 

2.20. Cell lysis and sonication of inclusion bodies 

The cell pellet containing inclusion bodies was re-suspended in lysis buffer (50 mM 

Tris pH7.5, 200 mM NaCl, 5 mM EDTA, 0.1% v/v Triton X-100, 0.1 mM PMSF) to agitate 

the cells and rupture the cell membrane. A magnetic stir bar was added to the cells 

and left spinning on a magnetic stirrer at 4 ˚C for 1h. The cells were placed on ice and 

had 10 cycle of sonication, in which sound waves of ultrasonic frequencies >20 kHz 

was applied for 30 s with 2 min interval periods to further disrupt the cell membrane 

and release cellular content. The cells were then centrifuged for 30 min at 10,000 rpm 

after which the supernatant was discarded and the pellet was stored at -20 ˚C. 

2.21. Dialysis to refold rhSP-D 

The rhSP-D was recovered in an inactive state in inclusion bodies within the pellet. 50 

mL of buffer I (50 mMTris-HCLpH7.5, 100mM NaCl, 5 mM EDTA, 6 M urea and 10 mM 

β-ME) which contained the denaturants urea and β-ME was added to solubilise the 

sample as part of the process to obtain active rhSP-D.  A magnetic stir bar was added 

to the cells and left spinning on a magnetic stirrer at 4 ˚C for 1h. The resolubilised 

material was dialysed against buffer I containing 4 M urea, followed by 2 M urea, then 

1 M urea at 2 hour intervals to slowly decrease the concentration of the solubilisation 

agent buffer I to allow the protein to refold optimally. Buffer I with no urea was dialysed 

against the dialysate overnight to remove urea. The following day the dialysate was 

dialysed against affinity calcium buffer (50 mM Tris pH7.5, 100 mM NaCl, 5mM CaCl2, 

0.05% sodium azide) for 4 h to remove EDTA and calcify the protein in preparation for 

affinity chromatography. The dialysate was centrifuged at 10,000 rpm for 15 min and 

the supernatant was stored at 4 °C.  
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2.22. Purification of rhSP-D 

The refolded rhSP-D was purified via affinity chromatography containing a maltose 

agarose matrix within a column. The maltose-agarose column was washed with 

distilled water and affinity calcium buffer (50 mM Tris pH7.5, 100 mM NaCl, 5 mM 

CaCl2, 0.05% sodium azide) to remove any contaminants and equilibrate the column. 

The dialysate was passed through the maltose agarose column as rh-SPD is able to 

bind to carbohydrates such as maltose in the presence of calcium. The column was 

then washed with 1 M salt buffer (50 mM Tris pH7.5, 1 M NaCl, 5 mM CaCl2, sodium 

azide 0.01%) to remove impurities such as non-specific complexes. 30 mL of affinity 

calcium buffer (50 mM Tris-HCL, 100 mM NaCl, 5 mM CaCl2, 0.05% sodium azide) was 

then passed through the column to remove the salt.  

The bound protein was then eluted with SP-D elusion buffer (50 mM Tris pH 7.5, 100 

mM NaCl, 5 mM EDTA, 10 mM β-ME) and collected in 1 mL fractions. The protein A280 

and concentration in µg/mL was measured on a nanodrop and stored at -20 °C. 15 µL 

from each 1 mL fraction was added to 2X sample buffer in a 1.1 ratio. The samples 

were heated to 100 °C for 10 min and an SDS-PAGE was run to deduce if purified rhSP-

D at 20 kDa had been obtained. The gel was stained and de-stained to visualise the 

band of purified rhSP-D.  

2.23. Lipopolysaccharide removal 

During pilot and large scale, endotoxin is released from the outer membrane of E.coli 

and contaminates the recombinant protein. A Pierce high capacity endotoxin removal 

column (thermo-fisher scientific) was used to remove endotoxins from rhSP-D which 

are able to elicit endotoxin shock, tissue injury, death in host organisms and interfere 

in cell culture techniques. The column contained resin with porous cellular beads 

attached to Ɛ-poly-L-lysine which has a high affinity for lipopolysaccharide (LPS) as it 

has a binding capacity of 2 million EU/ mL and is capable of removing up to 99% of 

endotoxin. Use of the column was followed as instructed by the manufacturer’s 
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guidelines. The column was equilibrated at room temperature and then placed into a 

collection tube. It was centrifuged for 1 min at 2000 rpm and the storage solution was 

removed.  

To regenerate the column 0.2 N sodium hydroxide in 95% ethanol was added and the 

resin was suspended in the solution. The column was incubated at room temperature 

for 2 h on a shaker. The column was placed into a collection tube and centrifuged for 

1 min at 2000 rpm. The solution was discarded and 2 M NaCl was added to the column 

then removed via centrifugation at 2000 rpm for 1 min into a collection tube. 

Endotoxin free ultra-pure water was added to the column which was then placed within 

a collection tube; centrifuged for 1 min at 2000 rpm and the solution was then 

discarded. This step was repeated 3 times. Purified rhSP-D was added to the column 

and incubated for 1 h at 4 °C on a shaker. The column was placed within a new 

collection tube and centrifuged for 1 min at 2000 rpm. The protein was collected and 

stored at -20 °C. 

2.24. Endotoxin quantitation 

The Pierce limulus amoebocyte lysate (LAL) Chromogenic Endotoxin Quantitation Kit 

(thermo-fisher scientific) was used to detect gram negative bacterial endotoxin within 

purified rhSP-D. Firstly, the endotoxin standard stock solutions were prepared in sterile 

endotoxin free Eppendorf tubes. A 1.0 EU/mL endotoxin standard solution was 

prepared using the equation [(X-1)/20]mL of endotoxin-free water where X represents 

the endotoxin concentration on the vial. Therefore 50 µL of endotoxin stock was added 

to 1.25 mL of endotoxin free water to obtain the stock concentration of 1.0 EU/mL. The 

solution was vortexed for 1 min and 250 µL was removed and added to 250 µL of 

endotoxin free water to form 0.5 EU/mL. 250 µL of 1.0 EU/mL stock was transferred to 

750 µL of endotoxin free water within to form 0.25 EU/mL stock. 100 µL of 1.0 EU/mL 

was then added to 900 µL of endotoxin free water to form 0.1 EU/mL.  
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1.4 mL of endotoxin free water was added to a LAL reagent composed of the pro-

enzymes lyophilised lysate from amebocytes of a horse shoe crab that are catalysed 

by bacterial endotoxins. The lyophilised LAL was stored on ice in the dark. A vial 

containing 7 mg of lyophilized chromogenic substrate was then reconstituted with 6.5 

mL of endotoxin free water to yield a concentration of 2 mM. In the presence of 

endotoxin, the colourless chromogenic substrate is cleaved and a yellow chromophore 

p-Nitroaniline (pNA) is released.   

A 96 well microtiter plate was equilibrated on a heating block at 37 °C for 10 min. 50 

µL of rhSP-D, endotoxin free water, and stock solutions of 1.0, 0.5, 0.25 and 0.1 EU/ mL 

were added in replicates to separate wells on the plate and then covered with a lid. 

The plate was incubated at 37 °C for 5 min, followed by the addition of 50 µL of 

reconstituted LAL to each sample to enable any endotoxin present to catalyse the pro-

enzyme. The plate was placed on a shaker for 10 s and then incubated for 10 min at 

37 °C. 100 µL of substrate solution was pipetted into each well at a regular speed in 

the same order that the LAL was added. The plate was transferred onto a shaker for 10 

s and then incubated at 37 °C for 6 min. 50 µL of stop reagent (25 % acetic acid) was 

added to each well and the plate was placed on a shaker for 10 s. The absorbance at 

450 nm was measured on a spectrophotometer plate reader and the values obtained 

for endotoxin free water was subtracted from rhSP-D and endotoxin stock absorbance 

readings. A standard curve was plotted as the absorbance is directionally proportional 

to the endotoxin level and can therefore be used to determine the concentration of 

endotoxin. The coefficient of determination (r2) was also calculated to establish the 

accuracy of the regression curve. Endotoxin free rhSP-D was then divided into 1 mL 

aliquots and stored at -20 ° C. The concentration of each aliquot was then measured 

on a nanodrop. 
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2.25. Western blot for rhSP-D 

A 12% SDS-PAGE was prepared using the components in table 2.1 and 2.2. The 

polymerised gel was placed into an electrophoresis cassette and then transferred into 

a gel tank, filled with 1 X running buffer. 200 µg/mL of rhSP-D and 2% BSA (negative 

control) were added to 2X sample buffer in a 1.1 ratio.  The samples were placed onto 

a 100 °C  heating block for 10 min.  The samples were vortexed for a 10 s and loaded 

into the wells of the gel along with 5 µL of protein marker. The gel was run in an 

electrophoresis tank for 90 min at 120 V. Once the run was complete the gel was placed 

in 1X transfer buffer with fibre pads, whatman filter paper, and nitrocellulose 

membrane for 5 min. The sandwich was placed into the gel tank and the transfer took 

place for 2 h at 4 °C.  

After this period the nitrocellulose membrane was blocked overnight with 2% BSA at 

4 °C. The blocking agent was discarded and the membrane was rinsed in 1X PBS-0.05% 

tween20. Primary polyclonal anti-human, rabbit anti-SPD antibody (Dr Kishore, Brunel 

University Singh et al., 2003), in 1.1000 ratio with 1X PBS was added to the 

nitrocellulose membrane as the antibody is able to recognise epitopes on SP-D. The 

membrane and antibody were incubated for 1 h at room temperature on a shaker. The 

membrane was washed with 1X PBS-0.05% tween-20. 

Staphylococcus (S).aureus Protein A  (PA) -HRP (sigma-Aldrich) antibody with 1X 

(1.1000) was incubated with the nitrocellulose membrane on a shaker at room 

temperature for 1 h to bind to the primary antibody. The membrane was then washed. 

To visualise the protein band, DAB was added to the membrane for 5 min and an 

Image was taken with a Bio-Rad imager. 
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2.26. Cell culture for U87 cells 

U87 cells (Sappo Meri, Haartman Institute, Helsinki) are grown in DMEM/F12 with 10% 

FCS and 1% penicillin streptomycin at 37 °C in 5% CO2. The adherent cells are 

dissociated from the flask with 1X trypsin-EDTA and were washed with 1X PBS. 

2.27. The binding of rhSP-D to U87 cells 

0.1 X106 U87 cells were re-suspended in 500 µL of serum free media and placed in 

replicates onto coverslips in a 24 well plate. The cells were incubated overnight at 37 

°C with 5% CO2. The media was removed and the cells were washed with 1X PBS. 4% 

para-formaldehyde (sigma-Aldrich) was added to the cells and fixed for 10 min at room 

temperature to immobilise cellular structures to prevent the degeneration process in 

order to preserve the cell in a life like state.  

The cells were then washed thoroughly with 1X PBS and 0, 5, 10 and 15 µg/mL of rhSP-

D were then added to separate wells in replicates. 5 mM CaCl2 was added to each well 

as rhSP-D binds to carbohydrates in a calcium dependent manner. The plate was 

incubated for 2 h at 4 °C on a shaker to allow the protein to bind to U87 cells without 

becoming internalised. The wells were washed thoroughly with 1X PBS to remove any 

unbound rhSP-D. 2% BSA was added to each well at room temperature for 1 h to block 

the remaining surfaces to prevent non-specific binding. 

 A 1.1000 dilution of primary anti-SP-D antibody with 1X PBS was added to each well 

to allow the antibody to bind rhSP-D. 1X PBS alone was added to the control replicates. 

The plate was then incubated at room temperature for 1 h and was then washed with 

1X PBS to remove unbound antibodies. A 1.500 dilution of the secondary conjugate 

antibody PA-  Fluorescein isothiocyanate (FITC) (sigma-Aldrich) with 1X PBS was added 

to all the cells for 1 h at room temperature in the dark. 
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The cells were then washed with 1X PBS and 1.1000 dilution of the fluorescent nuclear 

stain 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) (sigma-Aldrich) with 1X 

PBS (1.1000) was added to each well at room temperature for 10 min in the dark to 

allow the stain to bind to double stranded DNA. The cover slips were washed with 1X 

PBS to remove excess unbound stains and were then mounted onto microscope slides. 

One drop of antifade (sigma-Aldrich) was added to each cover slip to prevent 

photobleaching and preserve fluorescent signals. A new cover slip was placed on top 

and the results were analysed using a Leica fluorescent microscope at 40X 

magnification to detect the blue nucleic stain DAPI and the green fluorescent signals 

emitted by the conjugate FITC. 100 cells were counted and the number of cells labelled 

with FITC was recorded and this was repeated 10X to calculate the percentage of 

bound protein. 

2.28. Apoptosis assay 

0.1 X106 U87 cells were resuspended in 1 mL of serum free media. The cells were 

incubated with 0, 10, 15, or 20 µg/mL of rhSP-D and 5 mM CaCl2 for 2 h  at 4 °C to 

allow the protein to bind to the membrane.  The cells were centrifuged for 5 min at 

10,000 rpm to remove unbound rhSP-D. The pellet was re-suspended in 1 mL of serum 

free media and dispensed onto cover slips for 6, 12, 24 and 48 h at 37 °C with 5% CO2.  

An apoptosis assay was carried out with an annexin V-FITC apoptosis detection kit 

(sigma-Aldrich) to observe apoptosis induced by membrane bound rhSP-D. 1 µL of 

ready-made 10 X binding buffer stock solution (100 mM HEPES/sodium hydroxide, 1.4 

M sodium chloride, 25 mM CaCl2, pH 7.5) was added to 1 mL of distilled water and 

vortexed for 10 s to form 1 X binding solution of which 200 µL was added to each well. 

5 µL of annexin V FITC (50 µg/mL) was added to each well to allow the protein 

conjugate to label phosphatidylserine sites on the membrane surface of U87 cells. 10 

µL of propidium iodide (100 µg/ mL) which was used to label necrotic cells and 10 µL 

of the nucleic stain DAPI in 1X PBS (1.1000) were both added to all the cells. The plate 

was then incubated at room temperature, for 10 min in the dark to allow binding to 
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take place. The cover slips were washed with 1X PBS to remove any unbound stains 

and were then placed onto microscope slides. 1 drop of antifade was added to each 

cover slip to prevent photobleaching of the fluorescent dyes. A new cover slip was 

placed over the cells and the results were analysed immediately with a Leica 

fluorescent microscope to detect any fluorescent signals present at 40X magnification. 

2.29. Analysis of cell viability  

0.25 X106 U87 cells were counted and re-suspended in 1 mL of serum free media. The 

cells were dispensed into a 12 well plate and were incubated for 24 h at 37 °C with 5 

% CO2. The following day the cells were washed with 1X PBS and 0, 10, 15, or 20 µg/mL 

of rhSP-D were added in replicates to the cells with 5 mM CaCl2. The wells at different 

concentrations of rhSP-D were incubated for 6 h, 12 h, and 24 h. 

At each time point the cells were washed with 1X PBS and dissociated with 1X trypsin-

EDTA was added for 2 min at 37 °C with 5 % CO2. The cells were centrifuged for 5 min 

at 10,000 rpm and the pellet was re-suspended in 1 mL of serum free media. 30 µL of 

re-suspended cells were mixed with trypan blue in a 1.1 ratio and vortexed for 10 s. 

The mixture was pipetted onto a haemocytometer and viewed under a microscope at 

10X magnification. The total number of cells and total number of cells stained blue per 

4X4 quadrant were counted with a microscope. The formula ((viable cell number/total 

cell)X100) was used to calculate the percentage of death caused by the addition of 

rhSP-D.  

2.30. Agglutination 

0.1 X106 U87 cells were re-suspended in 1 mL DMEM-F12 including 1% penicillin 

streptomycin and 5 mM of CaCl2. 0, 10, or 15 µg/mL of rhSP-D was added to the re-

suspended cells at 4 °C for 2 h on a shaker to allow rhSP-D to bind. The cells were then 

centrifuged for 5 min at 10,000 rpm and the pellet was re-suspended in 1 mL of serum 

free media. The cells were transferred onto a cover slip within a 24 well plate for 24 h 
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at 37 °C with 5% CO2. 1X PBS was then used to wash the cells. 500 µL of 4% para-

formaldehyde was added to each well for 10 min at room temperature. The cells were 

washed thoroughly with 1X PBS and the cover slip was placed onto a slide. A drop of 

anti-fade was added and a new cover slip was placed on top. A Leica microscope was 

used to take a phase contrast image of the cells at 10X magnification. 

2.31. RT-qPCR for U87 and rhSP-D 

Cell preparation 

0.5 X106 U87 cells were re-suspended in 2 mL of DMEM-F12 and 1% penicillin 

streptomycin in replicates with 0 or 20 µg/mL of rhSP-D and 5 mM CaCl2. The cells 

were incubated for 2 h at 4°C to allow rhSP-D to bind and were then centrifuged at 

10,000 rpm for 5 min. The supernatant was discarded and each pellet was re-

suspended in 2 mL of serum free media. The cells were transferred into a 6 well plate 

at 37 °C with 5% CO2. At each time point of 1 h, 6 h, 12 h, 24 h and 48 h the supernatant 

was discarded and the cells were washed with 1X PBS. 500 µL of 1X trypsin-EDTA was 

added to the adherent cells and incubated for 2 min under normal growth conditions. 

The cells were transferred to room temperature conditions and 1.5 mL of 1X PBS was 

added to the cells in suspension. The cells were centrifuged for 5 min at 10,000 rpm 

and the pellet was stored at -80 °C.  

RT-qPCR 

RNA was extracted from the cells at each time point using an RNA extraction kit in 

which the cells were lysed and passed through a binding column. The eluted RNA was 

treated with DNase to remove contaminating DNA. RNA was then converted into 

cDNA as the sample were heated to 37 °C for 60 min and 95 °C for 5 min to stop the 

reaction. A master mix for each target gene was composed containing SYBR green, 

forward primer, reverse primer and cDNA. The following primers were used (Table 2.4.).   
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Table 2.4. Primers used for RT-qPCR treated and untreated U87 

Primer Forward primer sequence 

(5’-3’) 

Reverse primer sequence 

(5’-3’) 

18S ATGGCCGTTCTTAGTTGGTG CGCTGAGCCAGTCAGTGTAG 

TNF-α AGCCCATGTTGTAGCAAACC TGAGGTACAGGCCCTCTGAT 

P53 AGCACTGTCCAACAACACCA CTTCAGGTGGCTGGAGTGAG 

IL-6 GAAAGCAGCAAAGAGGCACT TTTCACCAGGCAAGTCTCCT 

 

1 µL of cDNA from treated and untreated cells were pipetted into separate wells on a 

96 well Micro Amp plate in replicates. 9 µL of master mix P53, TNF-α, IL-6 and 18s RNA 

were added to the wells at each time point. The plate was then placed into a qPCR 

machine to undergo 40 cycles at which the samples were heated to 95 °C, 55 °C and 

72 °C. A statistical analysis paired T-test were carried out to deduce the significance of 

the results. 

The following equations were used: 

ΔCt= Ct (gene of interest)- Ct (housekeeping gene) 

ΔΔCt= ΔCt (sample)- ΔCt (calibrator) 

Relative quantity (RQ)= 2-ΔΔCt 

2.32. Cell proliferation assay 

0.25 X106 U87 cells were counted and re-suspended in serum free media. 0, 10 and 15 

µg/mL of rhSP-D with 5 mM CaCl2. The cells were placed on a shaker at 4 °C to allow 

the protein to bind to the cells. After this period the cells were centrifuged for 5 min 

at 10,000 rpm and the pellet was re-suspended in 1X PBS to wash away un-bound 

protein. The cells were centrifuged for 5 min at 10,000 rpm and the supernatant was 



73 

 

discarded. The pellet was re-suspended in DMEM-F12 with 1% penicillin streptomycin 

and dispensed into 6 well plates along with the untreated cells in replicates. The plate 

was incubated for 48 h at 37 ° C with 5% CO2. 

After 48 h the media was removed and the cells were washed. The cells were 

dissociated with 1X trypsin-EDTA and centrifuged for 5 min at 10,000 rpm. The 

supernatant was decanted and the pellet was re-suspended in 1 mL of media. 30 µL of 

treated and untreated cells were mixed with trypan blue and vortexed for 10 s to 

ensure the samples were mixed together. A cover slip was placed onto a 

haemocytometer and the cells were pipetted underneath and viewed under a 

microscope at 10X magnification. 4 quadrants were counted and the number of cells 

in each quadrant were added together and divided by 4 to obtain the average cell 

count. The cells were then divided by 2 which is the dilution factor and then multiplied 

by 104 in order to calculate the number of cells per mL. The formula used was shown 

below: 

Total cells/mL = ((Total cells counted/number of quadrants)/dilution factor)X104 

2.33. Western blot for U87 supernatant 

Cell preparation 

0.25 X106 U87 and B30 cells were re-suspended in 1 mL of DMEM-F12 with 1 % 

penicillin streptomycin and dispensed into a 12 well plate. The cells were incubated for 

48 h at 37 °C with 5% CO2. The growth media was centrifuged for 5 min at 10,000 rpm 

to remove non adherent cells that were in suspension. The supernatant was added to 

2X sample buffer in a 1.1 ratio and placed onto a heating block at 100 °C for 10 min to 

denature the protein. 
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Transfer 

A 12 % acrylamide gel was prepared using the components in table 2.1 and 2.2. The 

samples were denatured for 10 min, vortexed for 10 s, and loaded onto the wells of 

the gel along with 5 µL of protein marker and a negative control of 2% BSA. The gel 

was run in an electrophoresis tank for 2h at 120V in 1X running buffer. After the cells, 

had been separated on the gel according to their size, the gel and western blot 

materials were soaked in 1X transfer buffer, for 5 min. They were then fastened into a 

sandwich and placed into an electrode assembly. The tank was filled with 1X transfer 

buffer and left to run for at 70 V for 2 h at 4 °C.  

Blotting 

The nitrocellulose membrane was blocked overnight with 2% BSA at 4 °C on a shaker 

and was then washed in 1X PBS- 0.05% tween20. Primary, rabbit, anti-SP-D antibody 

and 1X PBS were added in a 1.1000 ratio onto the nitrocellulose membrane and 

incubated for 1 h at room temperature on a shaker. The membrane was again washed 

and then incubated with secondary S.aureus PA-HRP antibody with 1X PBS in a 1.1000 

ratio for 1 h at room temperature on a shaker. The membrane was washed and DAB 

was added for 5 min. An image was then taken on a Bio-Rad imager. 

 2.34. ELISA for U87 supernatant 

0.25 X106 U87 and B30 cells were re-suspended in 1 mL of DMEM-F12 with 1% 

penicillin streptomycin and added to a 12 well plate which was then incubated in a 

humidified 5% CO2 atmosphere at 37 ˚C. At 1 h, 6 h, 12 h, 24 h, and 48 h, the growth 

media was removed and centrifuged for 5 min at 10,000 rpm to separate non-adherent 

cells from the media. 100 µL of supernatant was added to 100 µL of 0.05 M CBC (pH 

6.9) in a well of a microtiter plate.  100 µL of 0.05 M CBC was added to separate wells 

in replicates. 20 µg/100 µL of rhSP-D was added to the first well that contained CBC 

and was mixed thoroughly. A 2 fold serial dilution took place with the neighbouring 
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CBC wells creating a serial dilution from 10 µg/100 µL to 0.075 µg/100 µL. The 

microtiter plate was incubated overnight at 4 °C. 

The following morning the samples were decanted and the wells were washed with 1X 

PBS-0.05% tween-20. 2% BSA was added to each well and incubated for 2 h at 37 °C. 

The wells were washed and primary antibody, rabbit, anti-human, SP-D with 1X PBS 

(1.5000) was added to each well for 1 h at 37 °C. After this incubation period the wells 

were washed and secondary antibody S.aureus PA-HRP in 1X PBS (1.5000) was added 

to each well for 1 h at 37 °C.  Washing with 1X PBS-0.05% tween-20 then took place 

followed by the addition of OPD in the dark for 5 min. The plate was then placed into 

a microtiter plate reader and the absorbance was read at an OD of 450 nm.  

A linear graph was then plotted of the absorbance reading against the concentration 

of rhSP-D which was then used to calculate the concentration of SP-D secreted from 

U87 and B30 cells. 

2.35. RT-qPCR of U87 

Cell preparation 

0.5 X106 U87 and B30 cells were re-suspended in 2 mL of DMEM-F12, with 1% penicillin 

streptomycin and transferred into a 6 well plate in replicates. The plates were incubated 

at 37 °C with 5% CO2. At each time point of 1 h, 6 h, 12 h, 24 h, 48 h the supernatant 

was discarded and the wells were washed with 1X PBS. The cells were dissociated with 

1X trypsin EDTA and were centrifuged for 5 min at 10,000 rpm. The supernatant was 

discarded and the pellet was stored at -80 °C. 
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qPCR 

An RNA extraction kit was used to lyse the pellets and pass the samples through a 

binding column. The column was washed extensively and RNA was eluted in 50 µL 

fractions. Contaminating DNA was removed from the eluted RNA using a DNase kit. 

The RNA was converted into cDNA with an RNA to cDNA conversion kit in which the 

sample wee heated at 37 °C for 1 h and 95 °C for 5 min. A master mix for each gene 

to be detected was formed using the forward and reverse primers in Table 2.5. (SP-D 

primer- Dr Sotiriadis, Brunel University)  

Table 2.5. Primers used for RT-qPCR U87 

Primer Forward primer sequence 

(5’-3’) 

Reverse primer sequence 

(5’-3’) 

18S ATGGCCGTTCTTAGTTGGTG CGCTGAGCCAGTCAGTGTAG 

SPD AATGGCAAGTGGAATGACAG GCACCCCAGTTGGCTCAGAA 

TNF-α AGCCCATGTTGTAGCAAACC TGAGGTACAGGCCCTCTGAT 

IL-6 GAAAGCAGCAAAGAGGCACT TTTCACCAGGCAAGTCTCCT 

10 µL of master mix were added to separate wells on a 96 well Micro Amp plate. The 

plate underwent 40 cycles at which it was heated to 95 ⁰,55 ⁰C and 72 ⁰C during qPCR.  

The comparative CT method (∆∆CT) was used for data analysis which involved 

calculating the ∆CT and ∆∆CT value. A statistical analysis unpaired T-test test were 

carried out to deduce the significance of the results. 

The following equations were used: 

ΔCt= Ct (gene of interest)- Ct (housekeeping gene) 

ΔΔCt= ΔCt (sample)- ΔCt (calibrator) 

Relative quantity (RQ)= 2-ΔΔCt# 
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2.36. Intracellular detection of SP-D in U87 and B30 GBM cells 

0.1 X106 U87 and B30 cells were re-suspended in 1 mL of DMEM-F12 with 1% penicillin 

streptomycin and were cultured on to coverslips in a 24 well plate in replicates. The 

cells were incubated for 6 h, 12 h, 24 h, and 48 h at 37 °C with 5% CO2. At each time 

point the cells were washed with 1X PBS and fixed with 4% paraformaldehyde for 10 

min at room temperature. The solution was removed and the cells were washed 

thoroughly with 1X PBS. 1 mL of 100% methanol was added to each well for 10 min at 

-20 °C to permeabilise the membrane of the adherent cells to ensure access of the 

antibody to the antigens. The methanol was removed and the cells were washed with 

1X PBS. The cells were fixed with 4 % para-formaldehyde to immobilise the antigens 

whilst maintaining the authentic cellular structure.  

2% BSA was added to each well for 1 h at room temperature and the cells were then 

washed with 1X PBS. Primary antibody anti-SP-D with 1X PBS (1.1000) and 1X PBS 

alone (negative control) were both added to the permeabilised cells in replicates. The 

plates were then incubated at room temperature for 1 h. After this period the wells 

were washed and S.auerus PA-FITC with 1X PBS in a 1.500 ratio was added to all the 

wells for 1 h at room temperature in the dark. The cells were then washed with 1X PBS 

and then 1X DAPI was added to each well at room temperature for 10 min in the dark. 

The cells were washed thoroughly and the cover slips were then mounted onto 

microscope slides. Anti-fade was added to the cover slips and new coverslips was 

placed over the adherent cells.  The results were analysed using a Leica fluorescent 

microscope at 20X magnification.  

2.37. Cell culture for primary THP-1 cells 

THP-1 (Dr Pathan, Brunel University) cells were grown in Roswell Park Memorial 

Institute (RPMI) (thermo-fisher life technologies), supplemented with 10% v/v heat 

inactivated FBS v/v and 1% penicillin streptomycin. The cells were placed into a 75 cm3 

culture flask and incubated for 48 h with CO2 at 37 ˚C. The growth media containing 
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the cells in suspension were centrifuged at 2000 rpm for 5 min and the pellet was re-

suspended in 1 mL of RPMI.  

2.38. THP-1 differentiation 

0.5 x106 THP-1 cells were counted and re-suspended in serum free RPMI. The cells 

were placed into a 6 well plate and 25 ng/mL of phorbol 12-myristate 13-acetate 

(PMA), or 15 µg/mL of rhSP-D with 5 mM of CaCl2  were added to the cells in replicates. 

Untreated THP-1 cells were included as a negative control and all the cells were 

incubated for 24 h at 37 °C with 5% CO2. The following day the cells in suspension 

were centrifuged for 5 min at 10,000 rpm. The supernatant was discarded and the 

pellet was re-suspended in 1 mL and a cell count was taken with a haemocytometer.  

1X PBS was added used to wash the cells to ensure all the cells in suspension were 

removed and an image was taken of the differentiated cells. A sterile cell scarper was 

then used to remove the adherent cells. 1 mL of 1X PBS were added to the wells and 

the cells were removed and centrifuged for 5 min at 10,000 rpm. The supernatant was 

discarded and the pellet was re-suspended in 1 mL of RPMI.  

The cells were mixed in a 1.1 ratio with trypan blue and the cell count was taken with 

a haemocytometer viewed under a microscope with a 10X magnification. The number 

of cells in 4 quadrants were counted and this was repeated for each sample. 

Equation used to calculate cell number: total cells/mL = ((Total cells counted/number 

of quadrants)/dilution factor)X104 . 

To calculate the average % of differentiated THP-1 cells into macrophage the following 

calculation was used: (adherent cell count/total well cell count)X100. 
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2.39. Dissociation of THP-1 with trypsin-EDTA 

0.5 X106 THP-1 cells were re-suspended in 2 mL of RPMI with 1% penicillin 

streptomycin and were then placed into 6 well plates with 25 ng/mL of PMA. The plates 

were incubated for 24 h at 37 °C with 5% CO2 and the following day the wells were 

washed with 1X PBS. Serum free media was added to the wells and placed back into 

the same incubator for 24 h to allow the cells to rest. The wells were washed thoroughly 

and 500 µL of 1X trypsin-EDTA was added for 2 min at 37 °C with 5% CO2. After this 

time period 1.5 mL of 1X PBS was added to the wells to neutralise the effect. The 

solution was centrifuged for 5 min at 10,000 rpm. The supernatant was discarded and 

the pellet was re-suspended in media. The cells were added to trypan blue and the cell 

count was taken with a haemocytometer. 

 2.40. Cytokine gene expression of U87 cells in co-culture with THP-1 cells 

Cell preparation 

0.5 X106 THP-1 cells were re-suspended in 2 mL of RPMI with 1% penicillin-

streptomycin and pipetted into 6 well plates in replicates. 25 ng/mL of PMA was added 

to each well and the plate was then incubated for 24 h at 37 °C with 5% CO2. The 

following morning after the cells had differentiated and adhered to the wells, the 

media was removed. 1X PBS was used to wash the cells which were then replenished 

with RPMI for 24 h under normal growth conditions to allow the cells to rest. The 

following day the media was removed and the cells were washed. 1 X106 U87 cells 

were counted and 15 µg of rhSP-D and 5 mM of CaCl2 were added to for 2 h at 4 °C 

on a shaker to allow the collectin to bind. 

After this period the cells were centrifuged for 5 min at 10,000 rpm and the pellet was 

re-suspended in 1 mL of 1X PBS to remove any unbound protein. The cells were then  

centrifuged for 5 min at 10,000 rpm and the pellet was re-suspended in 2 mL of DMEM-

F12. These cells were then placed into the same well as the THP-1 cells. U87 cells with 
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no protein bound were also pipetted in replicates into wells with THP-1 cells and wells 

without THP-1. The cells were placed into an incubator at 37 °C with 5% CO2 for 1 h, 2 

h, and 6 h. At each time point the media was discarded from the wells and the cells 

were washed to remove any non-adherent cells. 500 µL of 1X trypsin-EDTA was added 

to the wells for 2 min at 37 °C with 5% CO2. 1.5 mL of 1X PBS was then added to the 

wells and the U87 cells in suspension were centrifuged for 5 min at 10,000 rpm after 

which the supernatant was discarded and the pellet was stored at -80 °C. 

RT-qPCR 

An RT-qPCR was then carried out on with U87 cells alone, U87 cells in co-culture with 

THP-1 and rhSP-D bound U87 cells in co-culture with THP-1. The primers in Table 2.6. 

were used. 

Table 2.6. primers for RT-qPCR for co-culture 

Primer Forward primer sequence 

(5’-3’) 

Reverse primer sequence 

(5’-3’) 

18S ATGGCCGTTCTTAGTTGGTG CGCTGAGCCAGTCAGTGTAG 

TNF-α AGCCCATGTTGTAGCAAACC TGAGGTACAGGCCCTCTGAT 

TGF-β GTACCTGAACCCGTGTTGCT GTATCGCCAGGAATTGTTGC 

IL-6 GAAAGCAGCAAAGAGGCACT TTTCACCAGGCAAGTCTCCT 

IL-12 AACTTGCAGCTGAAGCCATT GACCTGAACGCAGAATGTCA 

 

The comparative CT method (∆∆CT) was used for data analysis which involved 

calculating the ∆CT and ∆∆CT value. A statistical analysis unpaired T-test and paired T-

test were carried out to deduce the significance of the results. 

The following equations were used: 
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ΔCt= Ct (gene of interest)- Ct (housekeeping gene) 

ΔΔCt= ΔCt (sample)- ΔCt (calibrator) 

Relative quantity (RQ)= 2-ΔΔCt 

 

2.41. Live imaging  

0.5 X106 THP-1 cells were counted and re-suspended in 2 mL of RPMI with 1% penicillin 

streptomycin and placed into 6 well plates in replicates. 25 ng/mL of PMA was added 

to each well for 24 h and the plates were incubated at 37 °C with 5% CO2. The following 

day the wells were washed with 1X PBS and 2 mL of RPMI with 1% penicillin 

streptomycin for 24 h. The media was then discarded and the wells were washed with 

1X PBS. 1 X106 U87 cells were counted and 15 µg/mL of rhSP-D and 5 mM CaCl2 were 

added for 2 h on a shaker at 4 °C. After this incubation period the cells were centrifuged 

for 5 min at 10,000 rpm and the pellet was resuspended in 1 mL of 1X PBS to remove 

to remove any unbound protein. The samples were again centrifuged for 5 min at 

10,000 rpm and the pellets was re-suspended in 2 mL of serum free media. 1 µM of 

deep red dye (sigma Aldrich) in anhydrous dimethyl sulfoxide (DMSO) (sigma-Aldrich) 

was added to the rhSP-D bound and unbound U87 cells. The cells were incubated for 

45 min at 37 °C with 5% CO2 and was then centrifuged for 5 min at 10,000 rpm. The 

pellet was washed with 1X PBS to remove excess dye. The cells were centrifuged for 5 

min at 10,000 rpm and the pellet was re-suspended in serum free DMEM-F12. 

rhSP-D bound and unbound U87 cells were added to separate wells with 

differentiated THP-1 cells in a 2.1 ratio. The co-culture was observed for 6h on a live 

imaging microscope, Carl Zeiss Axiovert 200M microscope (Zeiss) whilst the cells 

were incubated at 37 °C with 5% CO2. An image was taken every 10 min to analyse 

cell movement at 20X magnification. The stained U87 cells were excited at 630 nm 

and emitted fluorescence at 660 nm. The images were viewed as a merged image of 

phase contrast and cy5. 
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2.42. Proliferation assay of U87 in co-culture 

0.1 X106 THP-1 cells were placed in a 12 well plate with 25 ng/mL of PMA for 24 h at 

37 °C with 5% CO2 to activate the cells. The next day the media was removed and the 

cells were washed. 1 mL of RPMI was added to the wells and left for 24h under normal 

growth conditions. The cells were then washed with 1X PBS. 0.2 X106 U87 cells were 

counted and 15 µg/ml of rhSP-D was added. The cells were incubated for 2 h at 4°C 

to allow rhSP-D to bind to the membrane of the cell.  After this time period U87 were 

centrifuged for 5 min at 10,000 rpm to remove unbound protein. The cells were then 

washed by re-suspending the pellet in 1 mL of 1X PBS and the cells were centrifuged 

under the same conditions. rhSP-D bound U87 pellets were re-suspended in serum 

free media and dispensed into the same well as differentiated THP-1 in replicates. U87 

cells without bound rhSP-D were placed in replicates into separate wells and wells with 

THP-1.  

The co-cultures and U87 cells alone were left to grow for 6 h, 12 h, 24 h and 48 h. At 

each time point the wells were washed. The cells were dissociated with 1X trypsin-

EDTA and were then centrifuged for 5 min at 10,000 rpm to remove trypsin-EDTA from 

the cells. The pellets were then re-suspended in media and a cell count was taken. The 

number of cells in 4 quadrants were recorded and a formula was used to calculate the 

average number of cells per mL; Total cells/mL = ((Total cells counted/number of 

quadrants)/dilution factor)x104. A 2-tailed paired T-test was then carried out in Prism 

between the paired observation of U87 alone and U87 from co-culture and rhSP-D 

U87 from co-culture. 
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2.43. ELISA for co-culture 

1 mL of 0.1 X106 THP-1 cells were added to a 12 well plate and 25 ng/mL of PMA were 

added to each well to differentiate the cells. The plate was incubated for 24 h at 37 °C 

with a humidified 5% CO2 atmosphere. The following day the media was discarded and 

the wells were washed and replenished with 1 mL of RPMI with 1% penicillin 

streptomycin and left to rest for 24 h at 37 °C with 5% CO2. After this period, the cells 

were washed and 0.2 X106 U87 cells were counted then placed in replicates with THP-

1 to form a co-culture. The 12 well plate was transferred to the incubator for 6 h, 12 h, 

24 h, and 48 h. At each time point the growth media was centrifuged for 5 min at 

10,000 rpm to separate non-adherent cells from the growth media. The supernatant 

was stored at 4 °C. 

An ELISA was carried out with the supernatant obtained from the co-culture and U87 

cells grown alone for 6 h, 12, 24 h, and 48 h. A 2 fold serial dilution was carried out for 

factor H and rhSP-D. All samples were incubated overnight in a microtiter plate with 

CBC at 4 °C. The following day the wells were blocked with 2 % BSA and then probed 

with primary antibodies anti-factor H and anti-SP-D in a 1.5000 ratio of 1X PBS for 1 h 

at 37 ° C. The wells were washed and probed with secondary antibodies IgG-HRP and 

PA-HRP. OPD was added and the A450 was measured with an ELISA plate reader. A 

calibration curve was formed with the 2 fold serial dilution absorbance readings and 

were then used to measure the concentration of protein. 

The statistical analysis 2 tailed paired t-test in prism was used to analyse the 

significance of protein concentration between U87 and co-culture. 

2.44 Statistical analysis 

Paired and unpaired T-test, with error bars for standard deviation using Prism software. 
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Chapter 3: Purification of CFHR5 and its 

functional activity 
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3.1. Abstract 

There are earlier reports that suggest that GBM cell lines secrete factor H, as a strategy 

to dampen the complement activation. Factor H-mediated resistance to complement 

attack is considered to work to the advantage of the GBM. We investigated this aspect 

by using primary GBM cells derived from GBM patients’ post-surgery. Three primary 

cells, designated B30, B31 and B33, appear to secrete a related protein to factor H 

termed CFHR5. GBM cell-secreted CFHR5 was recognised by the monoclonal antibody 

MRCOX23 which is originally raised against human factor H. We also show that GBM 

CFHR5 is biologically active, as evident from its ability to inhibit the alternative pathway 

in vitro. Furthermore, we found that GBM CFHR5 had co-factor activity for factor I 

mediated cleavage of C3b. It also demonstrated its ability of decay acceleration on C3 

convertase. qPCR analysis of the GBM primary cells revealed that their pro-

inflammatory cytokine response peaked at 48 h. Thus, the ability of primary GBM cells 

to dampen complement activation via CFHR5 secretion, together with creating a pro-

inflammatory milieu in the GBM microenvironment, highlights two of the important 

mechanisms that contribute towards GBM aggression and invasion.  
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3.2. Objectives 

It has previously been reported that H2 GBM cells are resistant to complement 

mediated killing as they express factor H, whereas U251 cells do not (Junnikkala et al., 

2000). We hypothesised that primary GBM cells derived direct from patients would 

produce functionally active factor H. The main objectives of this study were: 

- To purify factor H from normal human serum and primary GBM cells. 

- To assess if purified factor H was functionally active. 

- To detect the presence of factor H in different cellular components of 

primary GBM cells. 

- To investigate the mechanisms used by factor H to elicit its functional 

activity.  

- To study the expression of cytokines in primary GBM. 
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3.3 Results  

3.3.1. Factor H purified from normal human serum 

The purification process of passing normal human serum through a CnBr-activated 

sepharose column which was coupled to anti factor H antibody (MRCOX23) was 

successful in producing full length factor H to be used as a positive control in 

subsequent experiments. The eluted fractions yielded a recovery of 10 mg in 10 mL of 

factor H. The purity and molecular weight of factor H was analysed with SDS-PAGE 

under reduced conditions (Fig 3.1.A). A band was observed at 150 kDa which 

corresponds to the known molecular weight of full length factor H. There were no 

other bands present which indicated that there were no impurities. The identity of the 

band was confirmed by western blotting using anti-factor H and IgG-HRP monoclonal 

antibodies, as a brown precipitate at 150 kDa was present (Fig 3.1.B). 

 

 

Fig 3.1. Purification of full length factor H from normal human serum. Normal 

human serum was dialysed over night against wash buffer I. The serum was then 

passed through a CnBr activated sepharose column coupled to anti-factor H antibody. 

The protein was eluted and neutralised by Tris pH 7.5. Factor H fractions were dialysed 

A B 
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against distilled water and dialysis buffer I. The purity of the eluted protein was 

analysed by SDS-PAGE (A). The detection was confirmed by western blot with 

antibodies anti-factor H (1.1000) and IgG-HRP (1.1000) and the band was visualised 

with DAB (B). (Lane 1. Protein marker, 2. Factor H). 
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3.3.2. Factor H family protein is present in B30, B31 and B33 

To detect the presence of factor H family protein in  primary GBM supernatant, 

membrane and total cell extract, a prelimary dot blot proceedure was carried out.  B30, 

B31 and B33 P2 cells were grown for 48 h at 37 °C with 5% CO2. The supernatants were 

stored at 4 °C and the adherent cells were trypsnised and pelleted down. To obtain 

total cell extract the pellets were resuspended in lysis buffer I. This was followed by 

incubation on ice and high speed centrifugation to obtain the cell membrane in the 

supernatant. An SDS-PAGE was run to visualsie the seperation of the samples on a gel 

(Fig 3.2.A). Membrane fraction was successful as there was a clear difference between 

the bands for membrane (Lane 5-7) and total cell extract, which had a prominent band 

at 40 KDa which is not present for membrane fraction (Lane  8-10). It is clear that B30 

cells secreted a higher concentration of protein into the supernatant as the bands are 

thicker (Lane 3) than B31 (Lane 2) and B33 (Lane 1) despite the same number of cells 

incubated. 

Immunoblotting with primary antibody anti-factor H and secondary antibody IgG-HRP, 

had shown primary GBM cells B30, B31, and B33 contained a factor H family protein in 

the cytoplasm and on the cell membrane. It also revealed that the protein was secreted 

into the supernatant as a brown insoluble precipitate had formed. Semi quantitative 

analysis revealed that the total cell extract in B30 (Fig 3.2.B, lane 3) had an intense DAB 

staining greater than membrane fraction and supernatant as the concentration of the 

protein was highest within the cell. The intensity of B30 cell extract staining, was also 

greater than the factor H control of 200 µg/ mL. The membrane fraction and 

supernatant from B30 as well as all cellular components and supernatant from B31 and 

B33 had very similar intensities of brown stain which was less than the factor H control. 
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Fig 3.2. SDS-PAGE and dot blot of primary B30, B31 and B33 supernatant, total 

cell extract and membrane fraction. 0.2 X106 B30, B31 and B33 P2 cells were grown 

for 48 h at 37 °C with 5% CO2. The supernatant was removed and the adherent cells 

were dissociated. The cells were lysed with lysis buffer I to obtain total cell extract. 

Membrane fraction was employed to isolate the membrane, by lysing the cells with 

lysis buffer I, incubating the cells on ice for 20 min, and high speed centrifugation for 

A 

B 
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20 min at 10,000 rpm. A) SDS-PAGE of the supernatant, membrane fraction and total 

cell extract of B30, B31 and B33 P2, (Lane 1. protein marker, 2. B33 supernatant, 3. B31 

supernatant, 4. B30 supernatant, 5. B33 membrane fraction, 6. B31 membrane fraction, 

7. B30 membrane fraction, 8. B33 total cell extract, 9. B31 total cell extract, 10. B30 total 

cell extract. B) Dot blot of the presence of factor H in different cellular components 

and supernatant in B30, B31 and B33. The primary antibody anti-human, mouse, anti-

factor H and secondary antibody anti-mouse, rabbit, IgG-HRP were used to detect the 

presence of the protein. (Lane 1. supernatant, 2. membrane fraction, 3. total cell extract, 

4. human factor H (positive control) 5. 2% BSA (negative control))  
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3.3.3. CFHR5 is present in B30, B31 and B33 

In order to purify factor H from GBM cells the supernatant of primary GBM B30, B31 

and B33 P3 and cell line B30 P30 were stored after the cells were 80% confluent. The 

supernatant from each cell was passed separately through a CnBr-activated sepharose 

column coupled to anti-factor H antibody (MRCOX23). The eluted fractions were 

collected, the concentration of the protein was measured using nanodrop and the 

purity and size of the eluted samples was assessed by a reduced SDS-PAGE. 

A protein yield of 8 mL of 4 mg for B30 P3, 8 mL of 3 mg for B31 P3, 8 mL of 3 mg for 

B33 P3, and 8 ml of 4 mg for B30 P30 was obtained. A band at 65 kDa was present on 

the gel for primary GBM cells, which corresponds for CFHR5 (Fig 3.3.A) No higher or 

lower bands were present, indicating that there were no impurities or other factor H 

family proteins eluted. B30 P30 cell produced a band at 150 kDa corresponding to full 

length factor H, with no other bands observed. 

Having demonstrated after factor H purification, bands at 65 kDa for primary GBM and 

150 kDa for B30 cell line, a preliminary dot blot proceedure was carried out to confirm 

the presence of CFHR5 and factor H. Immunoblotting with primary anti-factor H 

antibody and secondary IgG-HRP antibody, produced insoluble brown precipitates 

after treatment with DAB confirming that the proteins eluted were from the factor H 

family (Fig 3.3.B) The precipitate intensities of staining for GBM purified proteins were 

less intense than the factor H control of 200 µg/mL. 
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3.3. Purification of CFHR5 from primary GBM. The supernatant from B30, B31, B33 

P3, and B30 P30 was dialysed against wash buffer I overnight. The dialysate was passed 

through the CnBr activated sepharose column coupled to anti-factor H antibody. The 

bound protein was eluted and dialysed against distilled water over night and dialysis 

buffer I for 4 h. A) A reduced SDS-PAGE was run for the purified protein. (Lane 1. 

A 

B 
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protein marker, 2. CFHR5 B30, 3. CFHR5 B31, 4. CRHR5 B33, 5. factor H B30, 6. factor 

H). B) Dot blot analysis of purified factor H family protein. 10 µL of purified protein 

from B30 P3, B31 P3, B33 P3 and B30 P30, were pipetted onto nitrocellulose 

membrane. Proteins of the factor H family were detected with primary anti-factor H 

and secondary IgG-HRP antibodies. The colour was developed with DAB. Full length 

factor H served as a positive control and 2% BSA as a negative control (A= Lane 1. B30 

P3 CFHR5, 2. B31 P3 CFHR5, 3. B33 P3 CFHR5, 4. Factor H, 5. 2% BSA) (B= Lane 1. B30 

P30 factor H, 2. factor H, 3. 2% BSA). 
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3.3.4. Western blot analysis of CFHR5  

To confirm the identity and size of the factor H family protein produced by primary 

GBM cells a western blot was performed. The supernatant and membrane fraction were 

seperated by size by SDS-PAGE, transferred to a nitrocellulose membrane and targeted 

with primary anti factor-H and secondary IgG-HRP antibodies. Unbound antibodies 

were washed away and the bands were visualised with DAB. 

Prominent bands were observed at 65 kDa for the supernatant and membrane fraction 

of all primary GBM cells. As the primary antibody used only binds to factor H family 

proteins, the visualised bands confirmed the presence of CFHR5 (Fig 3.4.). The 

thickness of the 65 kDa bands were relatively similar to that of factor H (200 µg/mL) 

positve control which indicated that there was a similar concentration of protein 

present in the supernatant and membrane fraction used for the blot. 

 

 

 

Fig 3.4.  Detection of CFHR5 from primary GBM. An SDS-PAGE was run with 200 

µg/mL of factor H, supernatant from P2 primary GBM cells and membrane fraction 

from P2 primary GBM cells. The protein was transferred to nitrocellulose membrane 

and probed with primary antibody anti-factor H and secondary antibody IgG-HRP. The 
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bands for the protein of interest were developed with DAB. (Lane 1. protein marker, 2. 

Factor H (positive control), 3. B30 supernatant, 4. B30 membrane fraction, 5. B31 

supernatant, 6. B31 membrane fraction, 7. B33 supernatant, 8. B33 membrane fraction.  
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3.3.5. Primary GBM cells secrete CFHR5 

In order to analyse the protein expression of CFHR5 by primary GBM cells, an ELISA 

was performed. The cells were grown without FCS at different incubation periods and 

the growth supernatant was used to detect the presence of CFHR5 with anti-factor H 

and IgG-HRP antibodies.  A calibration curve of 2X serial dilution of 10 µg/100 µL of 

human factor H was used as a standard to calibrate the concentration of protein 

secreted by GBM cells (Fig 3.5.A). Primary GBM cells were found to secrete CFHR5 (Fig 

3.5.B,C,D) into the growth supernatant as early as 6 h at < 10 µg/mL. Between 6-12 h 

the quantity of secreted CFHR5 was not significantly different as minimal change in 

concentration was detected. An extremely significant difference (***) with a P value 

<0.0001 was present at 24 h and 48 h when compared with the CFHR5 concentration 

at 6 h. The statistical analysis unpaired T-test was used to determine the level of 

significant difference of the concentration at 6 h compared to the other time points 

for each primary cell. It was clear that the most CFHR5 was produced at 48 h as B30 

secreted 55 µg/mL, B31 secreted 37 µg/mL and B33 secreted 32 µg/mL. At each time 

point the concentration of CFHR5 increased in a dose dependent manner. 
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Fig 3.5. Quantification of CFHR5 secreted by primary GBM cells. 0.2 X106 primary 

GBM cells were grown for 48 h in the absence of FCS. The growth supernatants were 

collected at different time points for ELISA and probed with primary anti-factor H 

antibody and IgG-HRP secondary antibody. A) A 2 fold serial dilution of 100 µg/mL of 

factor H. B, C, D) Growth supernatant at 6 h, 12 h, 24 h and 48 h for B30, B31 and B33 

were collected and incubated with 0.05 M CBC, blocked with 2% BSA and probed with 

anti-factor H and IgG-HRP antibodies. The colour was developed with OPD and the 

OD 450 nm was read using a microtiter plate reader. An unpaired T-test was performed 

between the quantity of CFHR5 at 6 h with the concentration at 12 h, 24 h, and 48 h. 

Error bars represent standard deviation. 
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3.3.6. CFHR5 is an inhibitor of the alternative pathway 

In order to determine the functional activity of CFHR5 an alternative pathway assay 

was performed. The fold dilution of AH50 was established to ensure at least 50% 

haemolysis could be detected from the assay. Factor H deficient serum was then 

obtained by passing the serum through the factor H column as any factor H present 

would bind to the resin. A dot blot was then carried out on the factor H deficient serum 

with anti-factor H primary antibody and IgG-HRP secondary antibody. The serum was 

reconstituted with factor H and CFHR5 and the percentage of rabbit blood cell 

haemolysis was recorded. A paired T-test was performed to assess the significant 

difference between the paired observation of non-reconstituted and reconstituted 

serum % haemolysis. 

The AH50 curve (Fig 3.6.A) revealed that the normal human serum had haemolytic 

activity as there was a gradual increase in percentage haemolysis in correlation with 

reduced quantity of serum. Less than 10% haemolysis was detected at the fold dilution 

1/5 and 1/10. The graph plateaued at complete cell lysis of 100% at serum dilution 

1/640 and 1/1280. The AH50 of fold dilution 1/80 was depicted by the graph as the 

concentration of serum needed to yield 50% haemolysis. This dilution value was used 

to assess the functional activity of CFHR5 as at least 50% haemolysis was known to 

occur. The same serum was depleted of factor H and its absence was confirmed by dot 

blot as the primary antibody anti-factor H and secondary antibody IgG-HRP did not 

detect factor H family proteins (Fig 3.6.B). 

It was clear that after the depleted serum was reconstituted with factor H (positive 

control) and CFHR5, the activity of the alternative pathway was inhibited in a dose 

dependent manner demonstrated by reduced haemolytic activity (Fig 3.6.C-F). Factor 

H deficient serum was included as a negative control and exhibited high percentage 

of haemolysis at 80% in the absence of factor H. A paired T-test with the depleted and 

reconstituted serum revealed that there was an extremely significant difference of % 

haemolysis represented by ***=<P 0.0001. At serum dilution 1/320 for CFHR5 a non-
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significant difference was observed as this was the point at which the depleted and 

reconstituted serum cross each other. In the presence of 200 µg/mL of CFHR5 less than 

30% of haemolysis was detected in rabbit blood cells whereas 80% of haemolysis was 

detected at 12.5 µg/mL concentration. 
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Fig 3.6. Inhibition of the alternative pathway by CFHR5. A 2 fold serial dilution of 

normal human serum in DGVB buffer was incubated with 109 rabbit blood cells. The 

AH50 was detected and the serum was depleted of factor H. Factor H deficient serum 

was reconstituted with CFHR5 and factor H (positive control). The reconstituted serum 

was incubated with rabbit blood cells and the % of haemolysis was calculated using 

the formula; (measured OD)-(OD 0% lysis)/(OD 100% lysis)-(OD 0% lysis)*100. A paired 

T-test was carried out between factor H deficient serum and reconstituted serum A) 

AH50 of normal human serum. B) Dot blot of factor H deficient serum with primary 

E 

F 
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antibody anti-factor H and secondary antibody IgG-HRP (Lane 1. factor H (positive 

control) 2. 2% BSA (negative control) 3. factor H deficient serum. C) Haemolytic assay 

with factor H, D) Haemolytic assay with B30 CFHR5, E) Haemolytic assay with B31 

CFHR5, F) Haemolytic assay with B33 CFHR5. A paired T-test was carried out between 

non-reconstituted and CFHR5 or factor H reconstituted haemolytic results.  Error bars 

represent standard deviation 
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 3.3.7. CFHR5 has co-factor activity for factor I mediated cleavage of C3b 

To determine the mechanism through which CFHR5 inhibits the alternative pathway a 

co-factor assay was performed. The fluid phase assay measured the ability of CFHR5 

obtained from the primary GBM cells to act as a co-factor for factor I mediated 

cleavage of C3b. Factor I, C3b and CFHR5 (200 µg/mL) or factor H (200 µg/mL) were 

incubated, to allow CFHR5 or factor H to bind to C3b and enable factor I mediated 

cleavage. Factor H and CFHR5 exhibited co-factor activity for factor I visualised 

through the loss of C3b alpha chain and the formation of 2 cleaved inactivated C3b 

(iC3b) fragments at 68 and 43 kDa (Fig 3.7.A,B,C,D). 200 and 100 µg/mL of CFHR5 and 

factor H was sufficient for factor I mediated cleavage (Lane 2,3). In the absence of 

CFHR5 and factor H, factor I was unable to cleave C3b (Lane 4). 
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Fig 3.7. CFHR5 has co-factor activity. CFHR5 and factor H were incubated with 3 µg 

of C3b, 500 ng of factor I, 10 mM sodium phosphate (pH 7.2), and 1X PBS to a final 

volume of 30 µL. Samples were incubated at 37 °C for 30 min and then at 60 °C for 15 

min. An SDS-PAGE was run under reduced conditions. A) Lane 1. protein marker, 2. 

200 µg/mL of factor H, 3. 100 µg/mL of factor H, 4. 0 µg/mL of factor H. B) Lane 1. 

protein marker, 2. 200 µg/mL of B30 CFHR5, 3. 100 µg/mL of B30 CFHR5, 4. 0 µg/mL 

of B30 CFHR5. C) Lane 1. protein marker, 2. 200 µg/mL of B31 CFHR5, 3. 100 µg/mL of 

B31 CFHR5, 4. 0 µg/mL of B31 CFHR5. D) Lane 1. protein marker, 2. 200 µg/mL of B33 

CFHR5, 3. 100 µg/mL of B33 CFHR5, 4. 0 µg/mL of B33 CFHR5. 
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3.3.8. CFHR5 has decay acceleration activity for C3 convertase 

To establish whether CFHR5 had decay acceleration activity as a mechanism to inhibit 

the alternative pathway a dissociation assay was implemented. A modified ELISA 

technique was used to determine the ability of CFHR5 to exert decay acceleration 

activity on C3 convertase. Factor B (400 ng), factor D (25 ng) 2 mM of nickel chloride 

and 4% BSA were incubated at 37 °C with C3b to form nickel chloride stabilised C3 

convertase. The addition of CFHR5 and factor H (positive control) was successful in 

dissociating Bb fragment from C3bBb in a dose dependent manner (Fig 3.8.). An 

inverse correlation was present between CFHR5 concentration and intact C3 

convertase. It was clear that between 100-200 µg/mL of protein, factor H was able to 

decay a greater quantity of C3 convertase compared to CFHR5.  

   

Fig 3.8. CFHR5 promotes decay acceleration activity on C3 convertase. C3 

convertase was generated in microtiter plates from 250 ng of C3b, 400 ng of factor B, 

25 ng of factor D, 2 mM of nickel chloride and 4% BSA for 2 h at 37 °C. Varying 

concentrations of CFHR5 and human factor H were added and incubated for 30 min 

at 37 °C. Intact C3 convertase was detected by primary antibody factor B and secondary 

antibody IgG-HRP. The colour was developed with OPD. Error represent standard 

deviation. 
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3.3.9. Cytokine gene expression within primary GBM 

The change in gene expression of pro- and anti-inflammatory cytokines TNF-α, TGF-β, 

IL-6, and IL-12 in primary B30 was investigated over 48 h. qPCR was performed to 

amplify the cDNA samples collected at different time points to determine the presence 

and RQ of the different cytokines in each cDNA sample. The results obtained were 

normalised against the stably expressed 18S gene and calibrated against the 1 h time 

point. The unpaired T-test statistical analysis showed that all the time points displayed 

significant differences in cytokine expression, P≤0.05 except where ns is shown.  

TNF-α which is predominately reported to be a pro inflammatory cytokine showed a 

biphasic pattern as there was an increase at each time point except for 12 h were the 

expression was less than 6 h and was deemed non-significant with a P value >0.05 (Fig 

3.9.A). At 48 h there was a sharp increase in TNF-α expression and the upregulation 

was shown to be extremely significant (P<0.0001). At 6 h and 12 h the increased 

expression was very significant (P<0.001). The gene expression of pro-inflammatory 

IL-6 (Fig 3.9.B) was also significantly up regulated. At 6 h and 12 h the increased gene 

expression was extremely significant with a P value <0.0001. Similarly to TNF-α 

expression a biphasic trend was present as the gene expression at 12 h was less than 

6 h. Despite this the upregulated expression was significant. Pro-inflammatory IL-12 

gene expression was markedly downregulated over the 48 h period (Fig 3.9.C). The 

reduced gene expression was extremely significant between 12-48 h indicated by 

P<0.0001. At 6 h the down-regulated expression was not significant. TGF-β gene 

expression which is mainly referred to as an anti-inflammatory cytokine was 

upregulated over the 48 h incubation period. Between 12-48 h the increased 

expression was very significant with minimal change observed between 24-48 h. At 6 

h the change in expression was not significant (Fig 3.9.D).  
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Fig 3.9. A qPCR of cytokine gene expression from B30 P3 cells.  RNA was extracted 

from primary B30 at different time points of 12 h, 24 h, 48 h. The RNA was converted 

into cDNA as described in materials and methods and analysed in qPCR using TNF-α 

(A), IL-6 (B), IL-12 (C) and TGF-β (D) primers. The data was normalised against 18S 

endogenous control.  Error bars represent log10 ± standard error of mean. RQ was 

C 

D 
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calculated by using the comparative Ct method with the 12 h time point as the 

calibrator using the formula: RQ = 2-ΔΔCt and the 12 h time point was used as the 

calibrator. An unpaired 2-sided T-test were conducted. 
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3.4. Discussion 

Malignant tumours have been shown to express Factor H. Recently Junnikkala et al 

demonstrated that this expression was also present in GBM cell line (Junnikkala et al., 

2000). We decided to investigate if this expression was present in primary GBM cells 

direct from patients. It was clear that primary GBM did not produce factor H but instead 

CFHR5. There is currently limited data available for the function of complement factor 

H related proteins. Given the short consensus repeats similarities between CFHR 

proteins with factor H, it is expected that overlaps in function are present. Currently 

similarities have been identified with some of the CFHR proteins ability to bind to C3b. 

CFHR5 is unique in comparison to the remaining four CFHR proteins as it is the only 

CFHR protein to share homology with SCR 10-14 of factor H. The total cell extract, 

membrane fraction and factor H purification process from supernatant of primary GBM 

cells B30, B31 and B33 produced CFHR5. This revealed that CFHR5 was the only factor 

H family member to be secreted by primary GBM cells. Normal human serum studies 

reveal factor H is the most abundant factor H family member. Interestingly although 

no factor H was secreted in primary GBM cells, at B30 P30 a protein band at 150 kDa 

was visible after the factor H purification process. The size of this band corresponded 

to factor H. This suggests that between P2 to P 30 the presence of CFHR5 is reduced 

until it can no longer be detected. In contrast it appears that during this period B30 

began to secrete factor H. This shows that at a higher passage, B30 cells experience a 

change in protein secretion from CFHR5 to factor H. 

The quantification of protein from the factor H family secreted by B30, B31 and B33 

over a 48 h period showed a dramatic increase between 24 h and 48 h as the ELISA 

demonstrated an active secretion of protein. It is likely that the dramatic increase 

between 24 -48 h is due to the greater presence GBM cells as the cells divide and 

multiply. This rapid increase of secreted protein from the factor H family can result in 

a greater inhibitory affect and resistance to complement mediated lysis, which in turn 

would drive the progression of the tumour. The presence of CFHR5 on the membrane 
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fraction is interesting as it is likely that the protein is bound to the membrane thus 

anchored to the cell providing an escape mechanism for GBM cells to avoid 

complement. 

The functional activity of the purified CFHR5 derived from the supernatant of primary 

GBM cells, B30, B31 and B33 was assessed using the alternative pathway experiment. 

The experiments revealed that within all 3 purified CFHR5 a dose dependent response 

is observed as the inhibition of cell lysis was upregulated as the concentration of 

CFHR5 was increased. This shows B30, B31 and B33 CFHR5 are able to downregulate 

the alternative pathway and decrease the % of haemolysis of rabbit red blood cells . 

This indicates that the CFHR5 purified from primary GBM cells has the ability to inhibit 

the alternative pathway and ultimately suppress the capability for the alternative 

pathway to elicit cell lysis to destroy the targeted cell. This inhibitory effect is likely to 

contribute to GBM resistance to the immune systems attempt to cause cell death.  

As we had shown that CFRH5 was functionally active we wanted to investigate the 

mechanism through which this inhibitory effect was delivered. The co-factor 

experiments revealed that CFHR5 were able to inhibit the alternative pathway by acting 

as a co- factor for factor I mediated cleavage. It was clear from SDS-PAGE analysis that 

the presence of CFHR5 had enabled factor I to cleave C3b into inactive C3b fragments 

of 68 and 43 kDa. The gel revealed that during the reaction CFHR5 is consumed as the 

band it is no longer present after the reaction. 

It is known that factor H is able to display decay accelerating activity as a mechanism 

to inhibit activation of the alternative pathway. The inverse correlation depicted on the 

graph between CFHR5 concentration and intact C3 convertase showed that the eluted 

protein was able to degrade C3 convertase. This indicates that the ability of CFHR5 to 

degrade C3 convertase would prevent the enzyme from binding to C5 and eliciting the 

final stages of alternative pathway cell lysis via formation of the MAC. It is of significant 

interest that CFHR5 were able to act as a co-factor for factor I mediated cleavage and 

induce degradation of C3 convertase as these functions had been attributed to SCR 1-
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4 of factor H. Therefore, as only factor H and CFHL-1 share SCR 1-4 it was believed that 

only these 2 proteins of the family were functionally active. However, our results show 

that CFHR5 are also functionally active and can elicit the same inhibitory actions 

through the same mechanisms as factor H. This eludes that the functional activity of 

factor H family is not solely encompassed within SCR 1-4. It is a possibility that as 

CFHR5 is the longest and the only CFHR to share homology with SCR 10-14 of factor 

H, we speculate that it is this feature which give CFHR5 is functional ability.  

TNF-α is a pro-inflammatory cytokine often associated with causing cellular apoptosis. 

However, in GBM it has been reported in many cases to increase tumourigenesis. The 

qPCR results indicated a significant increase in the gene expression of TNF-α during 

48 h of incubation. This suggested that this cytokine was highly expressed within B30 

and contributed to the progression of the tumour. As the expression is high within the 

tumour it infers that this cytokine is aberrantly expressed and unable to destroy altered 

self-cells. This loss on innate immune function to destroy altered self-cells which are 

detected by the body as ‘foreign’ eludes the severity of the tumour and unregulated 

expression of TNF-α.  

It was interesting that the gene expression of IL-6 was similar to that of TNF-α as both 

were significantly upregulated and had a biphasic pattern due to the 12 h time point. 

It has been previously reported that TNF-α influences the gene expression of IL-6. Our 

findings also support this view as the similarities in gene expression indicate that IL-6 

expression is influenced by TNF-α. IL-6 is also a pro-inflammatory cytokine that has 

been attributed to contributing to gliomagenesis. The significant upregulation of gene 

expression infers that the cytokine is unable to elicit an immune response to remove 

the altered self-cells. Instead it appears that as these cytokines are from GBM cells their 

innate immune response will not be the same as expected had they of been expressed 

from non-tumourigenic cells. Therefore, it is likely that this cytokine is highly expressed 

to support the tumour environment and encourage GBM invasion. 
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TGF-β is an anti-inflammatory cytokine associated with regulating cell division. The 

cytokine gene expression revealed that the expression significantly increased at each 

time point. As this primary cell is derived from a highly malignant grade IV glioma it 

demonstrates that this cytokine is unable to carry out its anti-inflammatory function 

successfully as the pro-inflammatory cytokine IL-6 and IL-12 are highly expressed.  The 

increased expression pattern eludes that within B30 TGF-β promotes tumour growth. 

This ultimately is likely to render the cytokine redundant in cell regulation thus allowing 

transformed cells to escape cell death and instead proliferate and invade neighbouring 

tissue promoting tumourigenesis. 

It was interesting to detect a significant downregulation of IL-12 expression in B30 cells 

over 48 h of incubation. IL-12 has been commonly reported to provide potential 

therapeutic effects in regards to reducing tumour growth. Our finding support this 

view as the reduced expression over time indicates that this cytokine does not support 

tumour growth. Therefore, its expression is continuously downregulated as the 

expression of the pro-tumourigenic cytokines are up regulated. Reduced IL-12 

expression is likely to provide a mechanism through which altered self-cells are able 

to escape death via innate immune responses.  

It is evident that the early passage GBM cells direct from patients and the CFHR5 

purified protein appear to be useful tools to study alternative pathway and cytokine 

regulation. The CFHR5 purified from GBM supernatant is free from impurities and is 

biologically active elucidating that the purification technique is effective.   

 

 

 

 

 



117 

 

 

 

Chapter 4: Purification or rhSP-D and its effect 
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4.1. Abstract 

It has been previously reported that using a recombinant fragment of human SP-D 

(rhSP-D) composed of homotrimeric neck and lectin domains, a role for SP-D in 

immune surveillance and homeostasis has been considered. rhSP-D has been shown 

to induce apoptosis in a leukemic cell line via p53 pathway, as it does to activated 

eosinophils derived from allergic patients. Although rhSP-D binds healthy as well as 

sensitised eosinophils, it appears to induce apoptosis only in sensitised cells (Mahajan 

et al., 2008). Given the emerging role of rhSP-D in immune surveillance against 

tumours, we wanted to examine if rhSP-D is capable of inducing apoptosis in GBM cell 

lines and thus affect their viability. We first expressed the protein in E. coli and purified 

rhSP-D via denaturation-renaturation of inclusion bodies, followed by affinity 

purification and LPS removal. Here, we report that rhSP-D binds GBM cells in a dose- 

and calcium-dependent manner; however, it fails to induce apoptosis and reduce cell 

viability. This appears to suggest that the pro-apoptotic potency of rhSP-D is negated 

by GBM cells. In fact, treatment of GBM cells with rhSP-D increased the proliferative 

capacity of the GBM cells. The rhSP-D treatment also up-regulated the transcriptional 

level of pro-inflammatory cytokines TNF- and IL-6. Our results suggest that rhSP-D 

promotes tumour growth in the case of GBM and thus may be an important 

constituent of the microenvironment. 
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4.2. Objectives  

In previous reports rhSP-D had been found to bind to eosinophils and reduce the cell 

viability. Recently studies have shown that rhSP-D has the ability to induce apoptosis 

in tumours, including leukaemic eosinophils, and breast cancer cells (Mahajan et al., 

2013). We hypothesised that rhSP-D would reduce the viability of U87 which is a widely 

used GBM cell line. The main objectives were: 

-To induce the expression of rhSP-D and remove endotoxins from the purified    

protein. 

 -To assess the ability of rhSP-D to bind to U87 cell. 

 -To investigate the induction of apoptosis by rhSP-D on U87 cells. 

 -To study the ability of rhSP-D to agglutinate U87. 

 -To study the change in gene expression of rhSP-D treated and untreated cells 
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4.3. Results  

4.3.1. Pilot scale of rhSP-D 

Plasmid pUK-D1 containing the neck and CRDs with 8 gly-x-y repeats of SP-D were 

expressed under the T7 promoter system in E.coli BL21 (λDE3) pLysS. The pilot scale 

expression of rhSP-D was successfully induced at log phase by the addition of IPTG to 

the cell culture which contained transformed rhSP-D competent cells. The induced 

culture expressed rh-SPD in insoluble inclusion bodies which appeared as a prominent 

band at 20 kDa in lane 2 within the small scale preliminary study (Fig 4.1.). The 20 kDa 

band was absent in the cultures shown in lane 3, 4 and 5 which did not contain either 

IPTG which is important for the initiation of induction, or the antibiotics ampicillin and 

chloramphenicol which only enable the growth of cells that contain the resistant gene 

for that particular antibiotic. 

 

 

Fig 4.1. SDS-PAGE of rhSP-D pilot scale expression. Pilot scale expression of rhSP-

D inclusion bodies using the E.coli  host BL21 (λDE3) pLysS and expression vector 

pUKD1 with an IPTG inducible T7 promoter. A single colony of transformed competent 
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cells containing rhSP-D DNA was expressed under T7 promoter of E.coli BL21 (λDE3) 

pLysS. The cells were grown in LB in a 1.1000 ratio with ampicillin and chloramphenicol 

until log phase A600 0.6-0.8. The culture was induced with 0.5 mM IPTG for 3 h and an 

SDS-PAGE was run. The band corresponding to the expressed protein is indicated by 

the arrow. (Lane 1. protein marker, 2. rhSP-D +ampicillin+ chloramphenicol+ IPTG, 3. 

rhSP-D+ ampicillin+ chloramphenicol, 4. rhSP-D+ ampicillin+ IPTG, 5. rhSP-D+ 

chloramphenicol+ IPTG).  
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4.3.2. Large scale expression of rhSP-D 

The successful expression of rhSP-D within the pilot scale experiment gave way to 

perform the induction of rhSP-D on a large scale to produce a greater quantity for in-

vitro experiments. The recombinant protein was expressed by the addition of 0.5 mM 

IPTG during log phase at A600 0.6-0.8 and the results were analysed by SDS-PAGE. It 

was clear from the acrylamide gel that the induced culture expressed rhSP-D in 

insoluble inclusion bodies at 20 kDa whereas the uninduced sample did not produce 

a 20 kDa band (Fig 4.2.). 

 

Fig 4.2. SDS-PAGE of the large scale expression of rhSP-D. A single colony from 

the pilot scale experiment was inoculated in LB with ampicillin and chloramphenicol in 

a 1.1000 ratio. The overnight culture was added to fresh LB with ampicillin and 

chloramphenicol (1.1000) and grown to A600 0.6- 0.8. The cells were then induced with 

IPTG for 3 h and a reduced SDS-PAGE was run and stained overnight and destained 

for 3 h. A 20 kDa band representing rhSP-D was visualised in the induced rhSP-D 

sample. The band corresponding to the expressed protein is indicated by an arrow. 

(Lane 1. protein marker, 2. rhSP-D+ ampicillin+ chloramphenicol+ IPTG, 3. rhSP-D+ 

ampicillin+ chloramphenicol).  
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4.3.3. Purification of rhSP-D by affinity chromatography 

Insoluble rhSP-D in inclusion bodies were lysed and sonicated which resulted in the 

release of the recombinant protein from the inclusion bodies. The cells were denatured 

with 6 M urea and β-ME and were refolded by a gradual decrease of urea concentration 

by stepwise dialysis. Affinity chromatography on a maltose agarose column in the 

presence of CaCl2 was successful in producing rhSP-D. The recombinant protein was 

visualised as a 20 kDa monomer confirming that rhSP-D is able to bind to maltose in 

a calcium dependent manner (Fig 4.3.). No higher or lower bands were observed on 

the gel which demonstrate that no impurities were present or higher oligomers were 

formed. The eluted fractions yielded an average recovery of 400 µg/ mL and in total 

produced 3.0 mg of rhSP-D. 

 

Fig 4.3. An SDS-PAGE of purified rhSP-D. The induced bacterial cells containing 

rhSP-D in insoluble inclusion bodies were lysed and sonicated. The cells were 

solubilised and refolded by step wise dialysis and a gradual decrease in the 

concentration of urea. The dialysate was passed through a maltose agarose column 
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and 1 mL of eluted fractions were obtained. An SDS-PAGE was run and purified rhSP-

D was visualised   at 20 kDa on an acrylamide gel (Lane 1. protein marker, 2. 2-6. rhSP-

D). The arrow indicates the purified rhSP-D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.4.  Determination of rhSP-D endotoxin level 
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An endotoxin removal method was successfully implemented to eliminate newly 

adhered LPS from rhSP-D that had been released from E.coli  BL21 (λDE3) pLysS during 

cell growth. The endotoxin stock solutions produced a linear regression curve as the 

A450 readings were proportional to the endotoxin level present in each standard (Fig 

4.4). The coefficient of determination (r2) for the graph was ≥ 0.98 and demonstrated 

that the graph had a 99% accuracy when used to predict future outcomes therefore 

indicating that the curve is extremely reliable to predict the endotoxin concentration 

from rhSP-D. Endotoxin levels of 0.12 EU/mL were measured for rhSP-D using the 

regression curve, and was considered safe for the recombinant protein to be used in 

vitro. The concentration of the endotoxin free rhSP-D was measured with a nanodrop 

and a total of 2.8 mg was obtained demonstrating that column was efficient in 

retaining purified protein. 

 

 

Fig 4.4. A standard curve for the quantitation of endotoxin in a chromogenic 

assay. Endotoxin stock concentrations of 1, 0.75, 0.5, 0.25 and 0.1 EU/mL were 

prepared and incubated with LAL for 10 min and a chromogenic substrate for 6 min at 
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37 °C. A stop solution was added to the samples and an A450 was measured. The 

statistical analysis coefficient of determination (r2) for the graph was calculated. 
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4.3.5. Detection of rhSP-D 

The identity of rhSP-D was confirmed by western blot detection method in which 20 

µg/mL of rhSP-D was transferred to a nitrocellulose membrane and probed with 

primary anti-SP-D and secondary PA-HRP antibodies. It is clear that a brown insoluble 

precipitate is visualised at 20 kDa after treatment with DAB (Fig 4.5.) corresponding to 

the molecular weight of monomeric rhSP-D. No higher bands were observed 

demonstrating that oligomers were not formed. 2% BSA used as a negative control 

did not produce any bands indicating that the results are reliable as non-specific 

binding did not occur. 

 

Fig 4.5. Western blot analysis of endotoxin free rhSP-D. rhSP-D and 2% BSA were 

denatured in 2X sample buffer and separated under reduced conditions on 12% 

acrylamide gel. The recombinant protein was transferred to a nitrocellulose membrane 

by  wet tank transfer with 1X transfer buffer at 4 °C. The membrane was blocked with 

2% BSA and the protein was detected by primary antibody anti-SP-D and secondary 

antibody PA-HRP antibodies (1.1000). The colour was developed with DAB and a 20 

kDa band is observed. (Lane 1. protein marker, 2. 2% BSA, 3. 20 µg/mL of rhSP-D). The 

band corresponding to the expressed protein is indicated by the arrow. 
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4.3.6. rhSP-D is able to bind to U87 cells 

An indirect fluorescent ligand binding assay was implemented to detect whether rhSP-

D was able to bind to the membrane of U87 cells. The cells were fixed with 4% para-

formaldehyde and incubated with 0, 5, 10 or 15 µg/mL of rhSP-D, and CaCl2 for 2 h at 

4 °C to prevent the protein from being internalised. Primary anti-SP-D and secondary 

PA-FITC antibodies were used to detect the presence of rhSP-D bound to the 

membrane and the nuclei were stained with DAPI.  

The location of rhSP-D was visualised with conjugated FITC around the membrane of 

U87 cells when treated with 15 (Fig 4.6.A) and 10 (Fig 4.6.B) µg/ mL of rhSP-D. It 

demonstrated that the protein was able to bind to the membrane of the tumour cells 

in the presence of calcium without becoming internalised. Fluorescence was not 

observed at 5 µg/mL (Fig 4.6.C) of rhSP-D which indicated that insufficient binding 

occurred and could not be detected. There was no fluorescence present with U87 cells 

that had not been treated with rhSP-D (Fig 4.6.D) or in cells that had not been probed 

with the primary antibody anti-SP-D (Fig 4.6.E). This showed that non-specific binding 

did not occur and only specific antibody binding took place. 

In order to establish the percentage of membrane bound rhSP-D the number of FITC 

labelled cells per 100 cells was recorded. It was evident that cells which were treated 

with 15 µg/mL of rhSP-D had 78% of protein bound whereas 30% of cells treated with 

10 µg/mL of rhSP-D were bound by the recombinant protein. Fluorescence was not 

detected with cells treated with 5 µg/mL of rhSP-D, 0 µg/mL of rhSP-D and cells which 

had no primary antibody added. A dose dependent response was observed as the 

higher the concentration administered the greater the binding (Fig 4.6.e). 
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Fig 4.6. Binding of rhSP-D to the membrane of U87 cells was dose responsive 

and calcium dependent. U87 cells were grown for 24 h under normal growth 

conditions. The cells were incubated with A)15 µg/mL, B) 10 µg/ mL, C) 5 µg/ mL, 

D) 0 µg/ mL (control), E) no primary antibody (control) for 2 h at 4 °C. The cells were 

blocked with 2 % BSA and probed with anti-SPD and PA-FITC antibodies. DAPI was 

used to stain the nuclei and the fluorescence signals were observed with a Leica 

fluorescent microscope at 40X magnification. F) Graph of the % bound rhSP-D to 

U87. Error bars represent standard deviation. 
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4.3.7. rhSP-D does not induce apoptosis in U87 cells 

To determine the ability of rhSP-D to induce apoptosis in U87 cells an annexin V FITC 

apoptotic kit was used. Varying concentrations of rhSP-D were added to re-suspended 

U87 cells in the presence of CaCl2.  The rhSP-D bound U87 cells were then grown for 

6, 12, 24 and 48 h. Annexin V FITC was added to detect apoptotic cells as it has a high 

affinity for phosphatidylserine which are translocated to the outer membrane during 

early apoptosis. Propidium iodide was also added as it is permeable to damaged cells 

and allows a difference to be observed between cells destroyed due to apoptosis or 

necrosis. At each time point an image was taken with a Leica fluorescent microscope.    

No green (FITC) or red (propidium iodide) staining was observed on the cell surface 

indicating that apoptosis nor necrosis had taken place (Fig 4.7. A-D). Despite increased 

concentrations of rhSP-D or longer incubation periods, U87 cells remained resistant to 

rhSP-D mediated killing.  
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Fig 4.7. Fluorescent microscopy of the induction of apoptosis by rhSP-D. U87 cell 

were incubated with A) 0, B) 10, C) 15, and D) 20 µg/ mL or rhSP-D with 5 mM CaCl2 

for 2 h at 4 °C. The cells were grown for 6 h, 12 h, 24 h and 48 h. At each time point 

the cells were treated with Annexin V FITC and Propidium iodide. A Leica fluorescent 

microscope at 40X magnification was used immediately to view the results. 
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4.3.8. rhSP-D does not affect U87 viability 

Cell viability and anti-proliferative effects of rhSP-D on U87 cells were evaluated by 

trypan blue assay. After the cells had been treated with varying concentrations of rhSP-

D and viewed under a microscope, it was evident that trypan blue had not been taken 

up by any of the cells as they had not stained blue. Treated U87 cells showed 100% 

viability as the cell membrane integrity had not been lost (Fig 4.8. A-C). This indicated 

that rhSP-D did not have the capability to induce cell death despite the addition of 

increased rhSP-D concentration over a longer duration.   
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Fig 4.8. The effect of rhSP-D on the viability of U87 cells. Cell death was not 

induced in U87 cells when A) 5, B) 10, and C) 20 µg/mL of rhSP-D in the presence of 5 

mM CaCl2 was added to U87 cells. The cells had been cultured in DMEM-F12 for 24 h 

at 37 °C with 5% CO2. Varying concentrations of rhSP-D were added for 6 h, 12 h, and 

24 h. The adherent cells were dissociated and centrifuged. Cell pellets were re-

suspended in 1 mL of DMEM-F12 and trypan blue was added in a 1.1 ratio. The number 

of viable and dead cells were counted using a haemocytometer and the % of cell 

viability was calculated with the formula (viable cell number/total cell)X100. 
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4.3.9. rhSP-D does not facilitate agglutination of U87 cells 

To establish the physical effect of bound rhSP-D to U87 cells an agglutination assay 

was carried out. U87 cells bound to 10 µg and 15 µg of rhSP-D after 2 h of incubation 

at 4 °C in the presence of 5 mM CaCl2. The cells were grown overnight at 37 °C with 

5% CO2 for 24 h on a cover slip and the presence of agglutination was observed with 

a Leica microscope. There was no observation of U87 cells that had undergone 

agglutination and an increased concentration from 10 µg to 15 µg of rhSP-D did not 

induce clumping of the cells (Fig 4.9 A-C). There was no physical difference observed 

between the control group which did not have bound rhSP-D compared to the treated 

samples. 
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Fig 4.9. Agglutination assay of U87 treated with rhSP-D. U87 cells were incubated 

with 10 and 15 µg/mL of rhSP-D with 5 mM CaCl2 on a shaker at 4 °C for 2 h. The cells 

were transferred to a 24 well plate on top of a cover slip for 24 h at 37 °C with 5% CO2. 

The cells were fixed with 4% paraformaldehyde and viewed with a Leica microscope 

with phase contrast at a magnification of 10X. A) 0µg of rhSP-D, B) 10 µg of rhSP-D, C) 

15 µg of rhSP-D. 
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4.3.10. p53, TNF-α and IL-6 gene expression is reduced in rhSP-D treated cells 

Gene expression RQ on rhSP-D treated and untreated U87 cells was performed with 

RT-qPCR. Specific p53, TNF-α, and IL-6 primers were used to produce the target gene 

in a thermal cycler machine. With each cycle number the amount of target DNA 

produced was increased and detected by SYBR green. The cycle number at which the 

fluorescent signal crossed the threshold (Ct) was used to calculate the RQ value. The 

RQs were converted into log 10 as gene expression levels were heavily skewed in linear 

scale. The results obtained were normalised against the stably expressed 18S gene and 

calibrated against the untreated samples. 

In order to statistically analyse 2 groups with paired observations a paired T-test was 

carried out in prism to analyse the difference in gene expression of p53 and TNF-α 

between treated and un-treated samples. At 6 and 12 h there is an extremely 

significant down regulation of p53 gene expression from U87 treated cells compared 

to untreated cells (***=p<0.0001).  At 24 h a very significant decrease represented by 

**=p<0.001 in p53 expression was observed in treated cells and at 48 h a significant 

decrease (*=p<0.05) was present. Overall there was a significant downregulation of 

p53 expression in U87 cells treated with rhSP-D compared to untreated cells (Fig 4.10. 

A) 

An overall increase in the gene expression of TNF-α was observed between rhSP-D 

treated and untreated cells. At 6 h a significant upregulation of TNF-α expression 

occurred in treated cells (*=p<0.05). An extremely significant upregulation 

(***=p<0.0001) took place at 12 and 48 h of rhSP-D treated U87 cells compared to 

untreated cells. Although there was also an increase of TNF-α gene expression at 24 h, 

the difference between both means was not significant (Fig. 4.10. B) 

An extremely significant upregulation of IL-6 (***=p<0.0001) occurred during 6 - 48 h 

of growth between rhSP-D treated and untreated cells (Fig 4.10. C). A large surge in 

IL-6 expression is present at 6 h followed by a relatively consistent increased gene 

expression between 12 – 48 h. 
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Fig 4.10. RT-qPCR of U87 treated and untreated cells. U87 cells were treated with 

0 or 20 µg/mL of rhSP-D for 2 h at 4 °C with 5 mM of CaCl2. The cells were grown for 

1 h, 6 h, 12 h, 24 h and 48 h, at 37 °C with 5% CO2. At each time point the adherent 

cells were dissociated and pelleted down. RNA was extracted from the cells, followed 

by the synthesis of cDNA as described in materials and methods and analysed using 

qPCR using (A) p53, (B) TNF-α (C) IL-6 primers. The data was normalised against 18S 

endogenous control.  Error bars represent standard deviation. RQ was calculated by 

using the comparative Ct method using the formula: RQ = 2-ΔΔCt. A paired 2-sided T-

test were conducted. 
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4.3.11. rhSP-D promotes U87 proliferation 

A cell proliferation assay was performed in order to deduce if there was a difference in 

U87 cell proliferation between untreated and rhSP-D treated cells. To perform this 

experiment 10 and 15 µg of rhSP-D were bound to U87 cells in the presence of CaCl2.  

The cells were grown in DMEM-F12 with 1% penicillin streptomycin for 48h. After 

which the adherent cells were dissociated and pelleted down. The cells were re-

suspended in 1 mL of media and were added to trypan blue in a 1.1 ratio. To calculate 

the number of cells/mL. A haemocytometer was used along with the formula Total 

cells/mL = (Total cells counted/number of quadrants)/dilution factor)X104.  

After 48 h incubation of U87 cells bound to 10 µg/mL of rhSP-D an increase in cell 

proliferation was detected in comparison to untreated cells. Within 48 h U87 treated 

cells had surpassed their doubling time as the average number or cells counted was 

71000 compared to the control in which 52000 cell were present (Fig 4.11.). Likewise 

an increased proliferation of U87 cells that had bound 15 µg of rhSP-D was also 

observed with an average cell count of 77000 compared to 51000 cells counted for the 

control group. To establish the significance of the results a paired 2-sided T-test was 

conducted between treated and untreated cells. A significant increase in U87 cells 

treated with 10 µg of rhSP-D  was observed  (*=p<0.05 ) and a very significant increase 

(**=P<0.001) was also detected with cells treated with 15 µg. 
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Fig 4.11. rhSP-D increased U87 proliferation. 0.25 x106 U87 cells were incubated 

with 10 and 15 µg/mL of rhSP-D with 5 mM CaCl2 were incubated for 2 h on a shaker 

at 4°C. The cells were grown for 48 h at 37 °C with 5% CO2. The cells were centrifuged 

and the pellet was re-suspended in media. The cells were added in a 1.1 ratio with 

trypan blue  and the number of cells per mL was calculated using the formula: Total 

cells/mL = ((Total cells counted/number of quadrants)/dilution factor)x104. A paired 2-

sided T-test was conducted. Error bars represent standard deviation. 
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4.4. Discussion 

In this chapter, we were able to successfully express plasmid pUK-D1 containing 8 gly-

x-y repeats, trimerising neck and CRDs in E.coli  BL21(ΛDE3) pLysS upon induction with 

IPTG. Extensive processing of the inclusion bodies including isolation of cells, 

solubilisation, refolding and purification through affinity chromatography gave high 

yields of functional rhSP-D to be used in assays as a potential immunotherapy for GBM. 

Attention has been placed upon immunotherapy as a promising approach to treat 

various cancers, however such results are yet to be reflected in brain tumours as the 

immune privilege site the cells have originated from has curbed the expected 

response. 

A major hurdle had to be overcome in the initial purification steps as the induced 

protein was frequently lost between large scale IPTG induction of transformed cells 

and purification of rhSP-D on a maltose agarose column. Clear induced bands could 

be visualised at 20 kDa via Coomassie blue staining of an SDS-PAGE large scale gel. 

However, after cell lysis, solubilisation of inclusion bodies and refolding the protein 

into its native form, rhSP-D was not successfully eluted. The addition of 50 µg/mL of 

lysozyme to the lysis buffer did not result in a difference of rhSP-D recovery yield and 

therefore was not included in repeated purification attempts. A lower urea 

concentration from 8 M to 6 M was used in the solubilisation buffer and was found to 

enable a more efficient denaturation and smoother transition to the refolding of rhSP-

D to produce high refolded yields of up to 700 µg/mL. It is suspected that the reduction 

of concentration difference of urea between the solubilisation buffer and dialysing 

buffers allowed the protein to refold optimally without aggregation. 

The high yield of rhSP-D obtained through affinity chromatography with a maltose 

agarose column confirmed that the CRDs of the recombinant protein have a high 

affinity for the carbohydrate in the presence of calcium. Coomassie blue staining of 

the SDS-PAGE gel for the eluted rhSP-D only produced a single band at 20 kDa. The 

absence of higher bands revealed no contaminants or higher oligomers were present 
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which rendered the protein to be pure therefore no additional purification steps such 

as ion exchange or gel filtration were needed. This eliminated the potential for protein 

to be lost during those purification steps. Western blot analysis confirmed that the 

eluted protein was rhSP-D and thus supported the result visualised by the gel for rhSP-

D as the antibodies were able to detect the target protein. 

Although there were no contaminants or higher oligomers observed on the SDS-PAGE 

for eluted rhSP-D it is known that upon incubation with E.coli BL21(ΛDE3) pLysS, LPS 

is released from the outer membrane and binds to the recombinant protein when the 

cells multiply. It was demonstrated that the pierce endotoxin removal column which 

contained Ɛ-poly-L-lysine was effective in removing LPS from rhSP-D as the level of 

endotoxin measured was approved safe by European Pharmacopoeia and therefore 

would not interfere with in-vitro experiments by causing false readings. The final 

endotoxin levels obtained were also sufficient for rhSP-D to be used in-vivo as 

administration of the recombinant protein would not induce inflammation and septic 

shock therefore eliminating its potential to affect experimental results. It was evident 

through the high protein recovery of 87.5% revealed that rhSP-D had not aggregated 

with LPS or been removed with the endotoxin nor had it non-specifically bound to the 

column. 

We decided to investigate the binding ability of rhSP-D to the membrane of U87 cells 

through indirect antibody immunofluorescent microscopy. It was important to 

demonstrate that the protein was able to bind in order to proceed with investigating 

the effect of bound rhSP-D to GBM cells (Mahajan et al., 2008). Fluorescent microscopy  

was chosen as opposed to ELISA based binding assays as it enables a visual image of 

whether or not the protein had bound to the membrane or had become internalised. 

The Fluorescent ligand binding assay had initially shown the presence of rhSP-D 

throughout the entire U87 cell when the recombinant collectin was incubated with the 

cells at 37 °C for 2 h. The image indicated that rhSP-D had become internalised 

therefore the method was optimised through changing the incubation temperature 
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from 37 °C to 4°C. This adjustment had successfully shown that rhSP-D was able to 

bind to U87 without becoming internalised.  

The visualised fluorescence image revealed that the CRDs of the purified protein were 

able to bind to carbohydrates on the cell membrane in the presence of calcium. This 

interaction was of great significance as it is vital for future analysis of the effects bound 

rhSP-D elicits. It is suspected that the homo-trimeric structure of rhSP-D which is held 

in place by the trimerising neck region is a crucial part of its binding ability as it is 

known to help maintain the orientation of CRDs (Hoppe and Reid, 1994) . As the N-

terminal is not part of the recombinant protein, oligomerisation will not occur between 

membrane bound and free rhSP-D  (Holmskov, Thiel and Jensenius, 2003). The dose 

dependent binding observed supports the notion that with a higher concentration of 

rhSP-D, the greater the percentage of bound protein to the cell membrane. The lack 

of binding visualised at 5 µg/ mL of rhSP-D indicates that at the reduced concentration 

the protein and cell membrane do not appear to come into close proximity which is 

essential for the protein to bind. 

The ability of rhSP-D to induce apoptosis in U87 cells was investigated to establish 

whether this protein would have the same effect as those observed by Mahajan et al 

in 2013 and therefore could be considered as a potential immunotherapy for GBM.  It 

was essential that the results of the apoptotic assay were viewed immediately by 

fluorescent microscopy as the cells could not undergo fixation. This procedure would 

have inactivated many functional abilities of the cell which would have ultimately 

effected the ability of rhSP-D to induce apoptotic pathways in the cells. The study 

provides evidence that despite rhSP-Ds ability to successfully bind to the membrane 

of U87 cells, the protein was unable to induce apoptosis. Treatment with higher doses 

of rhSP-D did not influence the outcome. These results opposed the findings 

previously obtained from Mahajan et al 2008 and 2013 in which it was demonstrated 

that rhSP-D was able to induce apoptosis in eosinophils from asthmatic patients, 
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leukaemic eosinophils and breast cancer cells (Mahajan et al., 2013;Mahajan et al., 

2008). 

In 2013, Mahajan et al; 2013 revealed that the induction of apoptosis within leukaemic 

eosinophils and breast cancer cells were due to the activation of the p53 pathway 

(Mahajan et al., 2013). This led us to investigate the gene expression of p53 upon 

administration with rhSP-D as it was likely to hold the crucial reasoning to the failure 

of apoptosis induction. P53 is a tumour suppressor protein which plays an important 

role during stressful conditions to regulate the cell cycle and trigger apoptosis. It is 

one of the most commonly mutated genes in human malignancies. However, in 

primary GBM which accounts for 90% of all GBM cases only approximately 20% of p53 

is aberrant whereas more than 80% are mutated in secondary GBM (Nagpal et al., 

2006;Zilfou and Lowe, 2009). 

The expression of p53 was investigated with RT-qPCR in order to gain a greater 

understanding of the expression levels at each time point. It was interesting to see that 

the results showed a significant downregulation of p53 expression which also 

contrasted with the results Mahajan obtained. It was clear that the addition of rhSP-D 

had the opposite effect to the one which was expected as upon administration the 

protein led to greater suppression of p53 expression and ultimately contributed to the 

prevention of apoptosis. None the less the decreased p53 gene expression did support 

the observed outcome of failure to induce apoptosis. The fact that the decline in p53 

gene expression did not induce apoptosis indicates that the majority of these proteins 

are not mutated and suggests this particular cell line is derived from primary GBM. 

Aberrant p53 expression enhances tumorigenesis therefore it is likely that a decline in 

expression would have contributed to a reduction in tumourigenesis (Mao et al., 2012). 

Therefore, had rhSP-D increased the accumulation of p53 of which the majority are 

wild type in primary GBM then it is very likely that anti-tumour conditions would have 

been promoted. This suggests that that U87 cells are derived from a patient whose 
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tumour did not escape destruction through the aberration of the tumour suppressor 

protein p53 and may therefore be a primary GBM. 

Mahajan had previously shown that the ability of rhSP-D to induce oxidative stress 

which is an imbalance between free radical production and elimination had 

contributed to p53 accumulation which led to apoptosis. The induction of oxidative 

stress often requires the involvement of pro-inflammatory cytokines such as TNF-α 

which lead to elevated levels of reactive oxygen species (ROS) such as hydroxyl 

radicals. High concentrations of ROS damage DNA and protein which can lead to 

activation of the p53 signalling pathway and result in apoptosis (Salazar-Ramiro et al., 

2016). Therefore, we investigated the gene expression of TNF-α in U87 treated cells 

and the results showed an overall significant increase in gene expression. This finding 

eludes that the administration of rhSP-D to U87 cells up-regulated the gene expression 

of TNF-α which, in turn, would have contributed to the induction of oxidative stress. 

The enhanced generation of ROS as a result of oxidative stress is likely to have induced 

DNA damage and ultimately facilitate tumourigenesis instead of cell death (Landskron 

et al., 2014) as neither p53 accumulation or apoptosis occurred. 

In many cancers including GBM over expression of aberrant TNF-α is present and 

contributes to the enhancement of tumour progression (Smyth et al., 2004). This makes 

known that in order for a tumour to progress successfully, aberration of TNF-α is 

essential as it prevents its ability to inhibit tumour growth through p53 activation 

therefore allowing the tumour to continue to spread. With this in mind it is suspected 

that the negative correlation between the increased TNF-α expression and reduced 

p53 expression after rhSP-D treatment indicate that TNF-α is involved. In cancers such 

as colorectal and ovarian TNF-α is known to upregulate p53 in order to induce 

apoptosis (Gotlieb et al., 1994;Pastor, Irby and Poritz, 2010). However, it is clear that 

this was not the case with U87 treated cells which demonstrated that a tumour 

inhibitory environment was not present. 
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TNF-α is also known to induce the expression of the pro-inflammatory cytokine IL-6 

which participates in the activation of oxidative stress (Landskron et al., 2014; Sawada, 

Suzumura and Marunouchi, 1992; Tanabe et al., 2010). We therefore investigated the 

change in gene expression of IL-6 in U87 cells before and after rhSP-D treatment in 

which a significant increase of IL-6 expression was detected in rhSP-D treated cells. 

This indicated that the treatment promoted tumour growth over a 48 h period as over 

expression of IL-6 is commonly detected in GBM and often contributes to glioma 

progression (Chang et al., 2005). Reduced IL-6 expression would have likely supressed 

tumour growth as previously demonstrated in a mouse model in which lost IL-6 

signalling prevented the development of the tumour (Weissenberger et al., 2004). 

It is clear that rhSP-D administration is able to cause a pro-inflammatory response in 

U87 cells as demonstrated by the upregulation of TNF-α and IL-6. Under normal 

condition such a response would have elicited destruction of pathogens or altered 

cells in an attempt to maintain homoeostasis. This shows that the current attempt to 

use rhSP-D as a potential immunotherapy to treat GBM directly reveals that due to the 

highly mutated and aggressive nature of the grade IV tumour that this form of 

treatment will not inhibit tumourigenesis. The stimulation of endogenous immune cells 

to induce apoptosis may have the opposite effect as many of the immune cells that 

are able to do this are aberrant and therefore can no longer elicit apoptotic effects 

when required. U87 cells were able to elicit a robust defence mechanism against the 

potential therapeutic effects of rhSP-D which had been demonstrated in leukaemic 

and breast cancer cells. Therefore, this gives greater understanding as to why the 

prognosis of GBM patients is extremely poor and why no major breakthrough in 

potential immunotherapies to treat GBM have occurred. It is highly likely that the 

immune surveillance ability of GBM cells is severely aberrant, thus stimulation of 

immune cells will not inhibit tumour progression. 

The failure to induce apoptosis led us to investigate the effect rhSP-D had on U87 

proliferation. We therefore carried out a proliferation assay which revealed that U87 
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proliferation significantly increased with increasing rhSP-D concentration over 48 h. It 

is suspected that the ability of rhSP-D to enhance proliferation of U87 cells is due to 

the upregulation of TNF-α and IL-6 and the down regulation of p53. This shows that 

rhSP-D induces tumorigenesis and suggests that IL-6 was able to play a key role in 

promoting proliferation as it is likely that the cytokine was able to bind to its receptors 

IL-6 R and co-receptor gp130. This would have activated the (JAK/STAT) pathway 

which lead to enhanced tumour progression (Landskron et al., 2014). 

The recombinant protein is also known to induce agglutination as demonstrated by 

Madan et al in which they revealed that as little as 1 µg of rhSP-D was able to induce 

agglutination in the fungus Aspergillus Fumigatus (Madan et al., 1997). They also 

demonstrated that the size of the clump formed is dose dependent. However, it was 

evident from my results that agglutination did not occur despite increased rhSP-D 

concentrations used. Agglutination by SP-D is followed by phagocytosis in-vivo which 

insinuates that the failure to induce agglutination in U87 is a mechanism through 

which cells avoid destruction and continue to proliferate. It is also likely that rhSP-D is 

unable to induce agglutination in tumours as it has only been shown in pathogens 

such as bacteria and fungi and not tumours. 

We decided to conclude our experiments with a proliferation assay to establish if the 

addition of rhSP-D would affect the 48 h doubling time of U87 cells as although 

apoptosis was not induced the change in gene expression of p53 and cytokines eluded 

that a pro—tumourigenic environment was formed. Interestingly there was a significant 

increase between untreated cells and cells treated with 10 µg of rhSP-D and a very 

significant increase when cells were treated with 15 µg of rhSP-D compared to 

untreated cells. This reveals that the administration of rhSP-D to U87 cells accelerates 

proliferation which infers that the collectin promotes tumourigenesis. 

These findings confirmed that not only does rhSP-D inhibit apoptosis but reduces the 

gene expression of the tumour suppressor p53 whilst simultaneously increasing the 

expression of pro-inflammatory cytokine IL-6 and TNF-α which are known to be pro-
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tumourigenic in cancer. This ultimately lead to a significant increase of cell number in 

treated cells and demonstrated that rhSP-D enhanced a pro-tumourigenic 

environment and eventually cause the tumour to spread quicker. Therefore, our results 

show that rhSP-D administered alone cannot be used as a potential immunotherapy 

to treat GBM as it is associated with the development of an invasive glioma phenotype. 
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Chapter 5: The detection of SP-D in U87 and 

B30 cells 
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5.1 Abstract 

For a long time, SP-D was considered to be a lung specific protein. In the last decade, 

a number of studies have reported extra-pulmonary existence of SP-D. We set out to 

examine if GBM cells themselves produced SP-D which can be exploited by tumour 

cells to induce proliferation in an autocrine manner, and at the same time, promote 

pro-inflammatory milieu for infiltrating microglia that form a major part of GBM 

tumour. Here, we report that GBM cells secrete full-length SP-D molecule which is 

antigenically similar to native human SP-D. Microscopy revealed their cytoplasmic 

presence. The secretion of SP-D by GBM cells increased exponentially in a time-

dependent manner. Thus, this is the first study showing the competence of GBM cells 

to secrete SP-D which can have profound effect in the pathogenesis of GBM. 
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5.2 Objectives 

SP-D has been studied intensively in the respiratory system and it is now widely 

acknowledge that the protein is expressed in extra pulmonary sites and has also been 

detected in extra-pulmonary tumours (Betz et al., 1995). Recently it was reported that 

SP-D is present in the brain (Schob et al., 2013). We hypothesised that SP-D is present 

in GBM. The aims of the study were: 

- To detect SP-D in GBM cells 

- To quantify secreted SP-D from GBM cells. 

- To detect the intracellular presence of SP-D in GBM.  

- To investigate the gene expression of SP-D in GBM cells 
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5.3. Results 

5.3.1. Detection of SP-D in GBM supernatant 

A western blot was performed to determine if U87 and B30 cells secreted SP-D which 

involved retaining supernatant from confluent cells that had grown for 48 h. The 

supernatant and the negative control of 2% BSA was separated on a SDS-PAGE gel 

and transferred onto nitrocellulose membrane for 2 h with 70 V at 4 °C. The membrane 

was blocked with 2% BSA and probed with anti-human, rabbit SP-D in a 1.1000 ratio 

with 1X PBS. The primary antibody was detected with S.auerus PA-HRP antibody to 

locate the position of the protein. 

A distinct band was visualised at 43 kDa after the membrane was incubated with DAB 

for 5 min. The brown insoluble band was the same molecular weight as one as one of 

the monomeric structures that make up the homotrimeric subunit of SP-D. No band 

was observed in the negative control (Fig 5.1.) which indicates that nonspecific binding 

did not occur. The thickness of the band indicated that SP-D is strongly expressed by 

U87 cells. No higher or lower band were detected on the membrane which revealed 

that dimers and trimers of SP-D were not present after the sample was denatured at 

100 °C. 
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Fig 5.1. Western blot analysis of the secretion of SP-D by U87 and B30 cells.  U87 

and B30 cells were cultured for 48 h in serum free DMEM-F12 with 1% penicillin 

streptomycin. The supernatant and negative control 2% BSA were separated under 

reduced conditions on 12 % acrylamide gel and transferred onto a nitrocellulose 

membrane. The membrane was blocked with 2% BSA and probed with anti-SP-D and 

PA-HRP antibodies in a 1.1000 ratio with 1X PBS. DAB was added to the membrane 

and an image of the band was taken with a Bio-Rad imager. Lane 1. Protein marker, 2. 

2% BSA, 3. B30 supernatant, 4. U87 supernatant. 
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5.3.2. SP-D is secreted by U87 and B30 cells 

SP-D secretion from U87 and B30 cells was quantified by ELISA. The supernatant was 

removed at specific time points of  1 h, 6 h, 12 h, 24 h and 48 h to establish the change 

of SP-D secreted over a 48 h cell doubling period. The cells were immobilised onto the 

wells of a microtiter plate in the presence of CBC. A 2X serial dilution of 20 µg/100 µL 

of rhSP-D in the presence of CBC was carried out and used as a standard to form a 

calibration curve to calibrate the concentration of secreted SP-D. The wells were 

blocked with 2% BSA and probed with rabbit anti-SP-D and S.auerus PA-HRP 

antibodies in a 1:5000 ratio with 1X PBS to detect SP-D. 

The linear calibration curve plotted demonstrated a positive correlation between 

concentration of rhSP-D and the 450 nm absorbance reading. The linear trend line 

passed through the majority of the points and was deemed reliable to be used to 

quantify SP-D secreted from U87 and B30 cells (Fig 5.2. A). The concentration of SP-D 

released from U87 and B30 cells increased in a time dependent manner (Fig 5.2. B,C) 

in positive correlation to the incubation time of GBM cells.  

An unpaired t-test was used to establish if there was a statistically significant difference 

between the means of the 1 h time point against the 6 h-48 h time points. The test 

revealed that there was an extremely significant increase with a P-value of less than 

0.0001 between the concentration of secreted SP-D at each time point compared to 1 

h for both U87 and B30 cells. However, at 12 h of growth for B30, a significant increase 

with a P-value of less than 0.05 was obtained but none the less the value was still 

significantly different compared to 1 h. At 6 h and 12 h, U87 cells had secreted an 

average concentration of  2.2 and 2.7 (µg/mL) followed by a large surge of a 9 fold 

increase of secreted rhSP-D at 23.5 (µg/mL) for 24 h of growth. After 48 h of growth 

U87 had secreted an average of 72.0 (µg/mL) which is a 3 fold increase from 24 h.  

A similar trend was also observed for B30 cells as at 6 h and 12 h as there was an 

increase from 2.4 to 4.2 (µg/mL). Again, this was followed by a sharp 9 fold increase at 
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24 h of 35.5 (µg/mL) of secreted SP-D. There was then a 1.5 fold increase of secreted 

SP-D at 48 h of 56.5 (µg/mL). 
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Fig 5.2. Quantification of SP-D in U87 and B30 cell by ELISA. U87 and B30 cells 

were grown in serum free media under normal growth condition for 1 h, 6 h, 12 h, 24 

h and 48 h. At each time point the supernatant was removed and immobilised onto a 

96 well microtiter plate with 0.5 M CBC. A 2 fold serial dilution of rhSP-D at 20 µg/ 100 

µL with CBC was carried out. The wells were then blocked with 2% BSA and probed 

with primary antibody, anti-SP-D and secondary antibody PA-HRP. OPD was added 

and the absorbance was measured at 450 nm. A 2 tailed unpaired t-test was 

performed. A)2X serial dilution of rh-SPD 20 µg/ 100µL against 450 nm absorbance 

B 

C 
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reading. B) The concentration of SP-D (µg/mL) secreted at different time points for 

U87 cells. C) The concentration of SP-D (µg/mL) secreted at different time points for 

B30 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



162 

 

5.3.3. Time dependent gene expression of SP-D in GBM 

Having identified an increase in SP-D protein secretion over a 48 h period from U87 

and B30 cells, the change of SP-D gene expression over the same 48 h time period was 

investigated. U87 and B30 cells were grown for 1 h, 6 h, 12 h, 24 h, and 48 h, after 

which the adherent cells were dissociated and pelleted down. RNA was extracted from 

the pelleted cells using a RNA extraction kit and then converted into cDNA using a 

RNA-cDNA kit.  qPCR was performed to amplify the cDNA samples collected at 

different time points to determine the presence and RQ of the expression of SP-D gene 

in each sample with the use of specific primers.  

The results obtained were normalised against the stably expressed 18S gene and 

calibrated against the 1 h time point. The data is expressed as (RQ) where the change 

in GBM gene expression is relative to the reference 1 h and a log10 scale was used as 

results are highly skewed in a linear scale. An unpaired t-test was carried out to 

determine if the differences in the mean gene expression of the 2 samples and their 

relative standard deviation was due to chance.   

All the time points displayed an increase of SP-D expression in a time dependent 

manner which were statistically significant. Data is expressed as log10 of RQ and an 

unpaired T test was performed. There was a very significant increase at 6 h and 24 h 

represented by **=P<0.001 and an extremely significant increase (***=P<0.0001) at 12 

h and 48 h of U87 SP-D gene expression (Fig 5.3.A).  At each time point, there was an 

upregulation of gene expression. At 24 h a biphasic pattern was observed as the 

concentration of protein was less than that at 12 h, none the less the expression was 

significant *=P<0.05. A time dependent increase of SP-D gene expression for B30 cells 

was observed. There was also an extremely significant upregulation at 6 h, 24 h and 48 

h represented by ***=P<0.0001 and a significant increase of gene expression at 12 h 

(*=P<0.05) (Fig 5.3.B). 
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Fig 5.3. RT-qPCR of SP-D gene expression in U87 and B30 cells. GBM cells were 

grown for 1 h, 6 h, 12 h, 24 h, and 48 h at 37 °C with 5% CO2. At each time point the 
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B 
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adherent cells were dissociated and pelleted down by centrifugation. RNA was 

extracted from the pellets in which the cells were lysed, then passed through an RNA 

binding column and RNA was then eluted. RNA was converted into cDNA using 2X RT 

buffer and 20X enzyme mix in which the samples were heated to 37 °C for 1 h and 95 

°C for 5 min. A master mix for qPCR was made with distilled water, SYBR green, forward 

and reverse SP-D or 18S primers and cDNA. The samples underwent 40 cycles of the 

plate heated to 95 °C, 55 °C, and 72 °C at each cycle.  The data was normalised against 

18S endogenous control and calibrated against the reference of 1 h.  Error bars 

represent log10 ±standard deviation of the mean. The RQ value was calculated with 

the comparative Ct method using the formula: RQ = 2-ΔΔCt. An unpaired 2-sided T-test 

were conducted. 
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5.3.4. SP-D is present in GBM cells  

To confirm the intracellular presence of SP-D within U87 and B30  cells an indirect 

immunofluorescence technique was used. The cells were grown in serum free media 

for 6 h, 12 h, 24 h, and 48 h at 37 °C with 5% CO2. The cells were fixed, permeabilised 

and then blocked with 2% BSA. The primary antibody anti-SP-D was added to detect 

SP-D within the cell. This was followed by the addition of the fluorescently labelled 

secondary antibody PA-FITC. DAPI was added to stain the nucleus and the slides were 

viewed under a Leica Fluorescent microscope at X20 objective. 

The fluorophore DAPI was visible under the microscope for U87 and B30 cells including 

the controls. An intense FITC fluorescent staining was detected throughout the entire 

cytoplasm and nucleus of U87 (Fig 5.4.A) and B30 cell (Fig 5.4.B). No fluorescence was 

detected in the control (Fig 5.4.C,D). The FITC fluorescent dye was visible on U87 and 

B30 cells at each time point. There was also no difference in the intensity of the FITC 

dye observed for each time point. For both U87 and B30 cells between 6-48 h. The 

FITC stain was most intense at the nucleus and centre of the cells for both cell lines. 
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Fig 5.4. Detection of intracellular SP-D in U87 and B30 cells by immuno-

fluorescent microscopy. U87 and B30 cells were grown in serum free media for 6 h, 

12 h, 24 h, and 48 h at 37 °C with 5% CO2.  The cells were fixed with 4% para-

formaldehyde and permeabilised with 100% methanol. 2% BSA was used to block the 

cells which were later probed with anti-SP-D and PA-FITC antibodies. A Leica 

fluorescent microscope was used to observe the presence of the fluorescence dyes at 

20X magnification. A) U87 cell, B) B30 cells, C) U87 control, D) B30 control. 
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5.3.5. TNF-α and IL-6 gene expression is upregulated in U87 and B30 

In order to investigate the gene expression of the pro-tumourigenic cytokines TNF-α 

and IL-6 an RT-qPCR was implemented for U87 and B30. The cells were grown in wells 

for 1 h, 6 h, 12 h, 24 h and 48 h at 37 °C with 5% CO2. At each time point the pelleted 

cells were converted into RNA and then to cDNA. The cDNA was then subject to qPCR 

with the specific primer master mix. The results were normalised against the stably 

expressed 18S gene and calibrated against the 1 h time point. The data was expressed 

as RQ where the change in GBM gene expression is relative to the reference 1 h time 

point. A log10 scale was used as results are highly skewed in a linear scale. An unpaired 

t-test was carried out to determine if the differences in the mean of gene expression 

of the 2 samples and their relative standard deviation was due to chance.   

Over the 48 h incubation period of U87 cells it is clear that there was a time dependent 

increase in TNF-α gene expression. At each time point an unpaired T-test revealed that 

there was an extremely significant (***=P<0.0001) upregulation of TNF-α expression 

relative to the 1 h calibrator (Fig 5.5.A). Between 6 h and 12 h there was a slight 

upregulation in gene expression whereas a 2 fold increase was demonstrated between 

12 h and 24 h. A considerable difference was also recorded between 24 h and 48 h.  

The gene expression of IL-6 revealed that there was an extremely significant 

upregulation at 6 h, 24 h, and 48 h (***=P<0.0001) after an unpaired T-test was carried 

out (Fig 5.5B). A very significant increase had taken place at 12 h represented by 

**=P<0.001. A biphasic trend was present between 6 h-24 h as at 12 h the gene 

expression was lower than the 6 h time point. 

A time dependent upregulation of TNF-α gene expression similar to U87 was 

demonstrated in B30 cells. An unpaired T-test against the 1 h time point with the 

remaining 6 h-48 h was conducted individually. It was evident that at each time point 

the intensity of the significant difference increased in correlation (Fig 5.5 C).  The 

unpaired T-test revealed that there was a significant difference at 6 h represented by 

*=P<0.05, a very significant increase at 12 h (**=P<0.001) and there was an extremely 
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significant up-regulation at 24 h and 48 h (***=P<0.0001). A 2 fold increase was 

present between 6 h and 12 h as well as 24 h to 48 h with a slight increase recorded 

between 12 h to 24 h.  

The gene expression of IL-6 in B30 over a 48 h growth period in serum free media 

showed that there was a time dependent increase. An unpaired T-test had shown that 

although there was an increase in IL-6 gene expression between 1 h and 6 h, the 

difference obtained was not significant which was indicated by ns=P>0.05. A very 

significant upregulation of gene expression had occurred at 12 h and 48 h 

(**=P<0.001) with an extremely significant increase recorded for 24 h revealed by 

***=P<0.0001 (Fig 5.5D). It must be noted that although the average gene expression 

of 48 h is greater than the expression for 24 h, the intensity of significance is greater 

at 24 h as the error bar is much smaller than 48 h. This is due to the fact that not only 

does the unpaired T-test take into account the mean difference but also the standard 

deviation between the replicates. There is also a 6 fold increase of IL-6 gene expression 

between 6 h to 12 h. 
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Fig 5.5. RT-qPCR analysis of cytokine gene expression in U87 and B30 cells. GBM 

cells were grown for 1 h, 6 h, 12 h, 24 h, and 48 h. RNA was extracted from U87 and 

B30 pellets and contaminating DNA was removed. cDNA was synthesised using 2X RT 

buffer and 20X enzyme mix in which the samples were heated to 37 °C for 1 h and 95 

°C for 5 min. A master mix for qPCR was made with distilled water, SYBR green, forward 

and reverse IL-6, TNF-α or 18S primers. The master mix and cDNA were pipetted into 

a 96 well micro Amp plate and placed into a qPCR machine. The samples underwent 

C 

D 
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40 cycles of the plate heated to 95 °C, 55 °C, and 72 °C at each cycle.  The data was 

normalised against 18S RNA endogenous control and calibrated against the reference 

of 1 h.  Error bars represent log10 ±standard deviation of the mean. The RQ value was 

calculated with the comparative Ct method using the formula: RQ = 2-ΔΔCt. An unpaired 

2-sided T-test were conducted. A) U87 TNF-α B) U87 IL-6 C) B30 TNF-α, D) B30 IL-6 
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5.4. Discussion  

In the present study, the expression of SP-D was evaluated in the human cell line U87 

and B30. We decided to investigate the expression of SP-D within GBM as the once 

known immune privileged site, has been revealed to host resident macrophages, 

microglia and innate immune cells. Pathogens can only enter the brain when the 

integrity of the BBB has been compromised (Carson et al., 2006;Ransohoff and Brown, 

2012;van Sorge and Doran, 2012). We already know that SP-D is a prominent innate 

immune cell of the lung capable of clearing pathogen and apoptotic cells which is a 

characteristic emulated in extrapulmonary regions such as the breast. Several cancers 

are known to produce SP-D such as prostate cancer and the presence of SP-D had also 

been detected in the brain but the source of the collectin remains unknown (Betz et 

al., 1995;Schob et al., 2013). Therefore, we decided to investigate if SP-D was also 

present in GBM. This finding would be of great interest as the brain is segregated from 

the lymphatic system therefore one would have to speculate where these cells would 

go. Astrocytes are known as key players to mediate innate immune response in the 

brain (Ransohoff and Brown, 2012) and with this is mind we hypothesised that not only 

may it be possible for SP-D to be produced in the brain but more specifically by GBM 

cells which are derived from astrocytes. 

We wanted to investigate if SP-D was secreted by GBM cells through a western blot 

detection method. It was clear from the blot that after 48 h of GBM growth the cells 

had secreted SP-D into the supernatant. A single 43 kDa band produced which 

corresponds with SP-D revealed that no higher oligomers were present. This finding 

was ground breaking and of significant interest as no other publication has identified 

SP-D in GBM. Schob et al had carried out experiments on the CNS and had detected 

SP-D but were unable to determine the source of the collectin. The western blot eludes 

that as GBM is able to secrete SP-D it is highly likely that normal astrocytes too have 

this ability. From the blot we can infer that SP-D is released from U87 and B30 cells 

and therefore will have an impact on GBM progression. It is interesting to find that SP-
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D is secreted by GBM cells as many other expression sites, are within organs that are 

relatively prone to infection and do not have protection from the BBB which keeps 

entry of pathogens into the brain incredibly low (Pachter, de Vries and Fabry, 2003). In 

addition, the brain is known as a post mitotic region therefore clearance of dead cells 

that enter cell cycle arrest is not needed (Carson et al., 2006). Bearing these 2 

characteristics of the brain in mind, one would not put great emphasis on the potential 

secretion of the SP-D immune protein. This therefore suggests that the brain may be 

more susceptible to pathogen entry and cell cycle arrest leading to the formation of 

apoptotic bodies than previously believed. This would infer that under normal 

conditions SP-D would be expressed in order to maintain normal brain function. 

Although the presence of SP-D has been detected in several adenocarcinomas, no one 

has yet identified the effect the protein has within cancer (Betz et al., 1995). It could be 

suspected that the SP-D expressed would attempt to elicit a carefully executed innate 

immune response to destroy and clear altered self-cells. However, this trait would be 

more applicable to normal astrocytes surrounding the tumour. Instead it is likely that 

SP-D secreted by GBM cells have the ability to amplify tumour progression. One of the 

reasoning behind this proposed pro-tumourigenesis function of SP-D is that GBM is a 

highly aggressive tumour with many endogenous innate immune cells such as pro-

inflammatory cytokines IL-6 and TNF-α contributing to the progression of the tumour. 

The second reason is that after U87 cells had been treated with rhSP-D, not only did 

the recombinant protein fail to induce apoptosis but resulted in an increased 

proliferation of GBM cells compared to untreated cells. This effect is therefore likely to 

be reflected within the endogenous expression of SP-D. Therefore the secretion of SP-

D may be used as a mechanism through which GBM evade destruction from innate 

immunity. 

The thick band produced on the western blot from U87 and B30 supernatant after 48 

h of growth indicated that a considerable concentration of protein was secreted by the 

cells. We therefore decided to carry out an indirect ELISA method to establish the 
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concentration (µg/mL) of SP-D secreted by GBM at 6 h, 12 h 24 h, and 48 h. Between 

6 and 12 h the concentration of secreted SP-D increased steadily without a dramatic 

difference. This is likely to be due to the fact that within the first 12 h of cell growth 

the cells were transitioning between lag phase and early log phase as the cells pick up 

momentum and begin to adhere to the wells and divide. Despite this, the 

concentration increase from 0 h to 6 h and 12 h  is extremely significant and should 

not be overlooked. Between 24 h and 48 h there was a large surge of secreted SP-D 

with a final concentration of 72 (µg/mL) for U87 and 56.5 (µg/mL) for B30. The 

continuous increase in concentration during cell proliferation is of significant interest 

as it is crucial for the protein to be secreted at a substantial concentration in order for 

the collectin to have an active role within the tumour. From these results we can infer 

that it is likely that as the tumour spreads in-vivo the concentration of SP-D will also 

increase and therefore continue to contribute to promoting a tumourigenic 

environment. 

We then wanted to analyse the gene expression of the cells at the same time points 

used for ELISA to determine if the change in gene expression corresponded with the 

change in concentration of secreted SP-D. From the results, we were able to verify the 

presence of the gene within the nucleus of the cell and confirm that SP-D is an inherent 

protein of GBM. A time dependent expression level was also seen which was similar to 

the trend detected in the ELISA, and revealed that there is a correlation between gene 

expression and protein production to some extent. The increased SP-D gene 

expression at each time point suggests that there is a constant trigger of the innate 

immune protein system for increased production. The cells used are free from infection 

and are purely derived from GBM patients which indicate that the expression of SP-D 

is not controlled or regulated and is used by the tumour to create a pro-tumourigenic 

environment by inhibiting the destruction of abnormal cells. 

The presence of SP-D within the cytoplasm of U87 and B30 was confirmed by indirect 

intracellular detection with fluorescent microscopy. It showed that SP-D was 
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successfully synthesised in the cytoplasm where it was later secreted into the micro-

environment and therefore able to interact with other cells and influence their effect. 

The presence of cytoplasmic SP-D  highlights that the innate immune protein has the 

ability to influence the cell it is in and therefore likely to inhibit cell cycle arrest.  

Endogenous SP-D is known to influence the expression of cytokines (Schaub et al., 

2004). With this in mind we decided to investigate the change in gene expression of 

pro-inflammatory cytokines IL-6 and TNF-α which are known to have pro-

tumourigenic effects in tumours (Chang et al., 2005;Smyth et al., 2004). The expected 

results were seen as there was an upregulation of both cytokines over a 48 h period. 

This trend mirrored the gene expression of SP-D and therefore suggested that the 

expression of the collectin enhanced the expression of the pro-tumourigenic cytokines 

TNF-α and IL-6 accordingly. It is known that expression of TNF-α triggers the 

expression of IL-6 and it is clear from the results that the gene expression levels of 

TNF-α in U87 and B30 is higher than the expression for IL-6 (Kurokouchi et al., 1998). 

This suggests that it is possible that TNF-α expression induces the expression of IL-6 

which is why TNF-α expression level is higher. The results have shown SP-D has the 

ability to promote the expression of pro-tumourigenic cytokines in order to promote 

tumour growth and infiltration whilst enabling GBM to avoid destruction. 

In conclusion, the intrinsic and secreted form of SP-D from U87 and B30 is ground 

breaking and sheds new light on the previous immune privileged conception of the 

brain. It was also interesting to see that SP-D which would of likely had a pro-

inflammatory innate immune response in normal astrocytes is likely to of had pro-

tumourigenic effect in GBM. The ability of GBM to produce SP-D to favour tumour 

growth supports the notion that this highly invasive tumour is able to progress quickly  

by altering innate immune cells to support its growth. 
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Chapter 6: The effect of THP-1 in co-culture 

with U87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



180 

 

6.1. Abstract 

In GBM, nearly 40% of the cellular component is constituted by microglia cells. We 

wanted to examine the effect of rhSP-D co-culturing a macrophage cell line THP-1 

cells with GBM cells. THP-1 cells were induced into differentiation by rhSP-D on its own 

without requiring PMA. The adhesion of the cells to the surface was of a high affinity 

so much that trypsin-EDTA could not dissociate adherent THP-1 cells. The co-culturing 

altered the transcriptional levels of cytokines in a retrograde manner. Although THP-1 

cells failed to uptake GBM cells, the viability and growth of GBM cells was considerably 

reduced in the co-culture system. In addition, the levels of secreted factor H and SP-D 

by GBM cells were also reduced in the THP-1-U87 co-culture system. These results 

suggest that macrophages/microglia can potentially be protective against GBM; 

however, their inability to engulf and process the GBM cells perhaps due to 

complement resistance can be the limiting factor in the fight against GBM.  
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6.2. Objectives 

Previous reports indicate the ability of SP-D to opsonise cells for phagocytosis 

(Geunes-Boyer et al., 2009). We hypothesised the rhSP-D would opsonise U87 cells in 

the presence of THP-1. The main objectives were: 

- To study the ability of rhSP-D to differentiate THP-1  

- To assess the change in cytokine gene expression of U87 cells in co-culture 

with THP-1 

- To investigate the ability of rhSP-D to opsonise U87 cells 

- To study the effect THP-1 co-culture has on the proliferation of U87 

- To investigate the secretion of SP-D and factor H in a co-culture with U87 

and THP-1 
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6.3 Results 

6.3.1. THP-1 cells are differentiated by rhSP-D 

In order to analyse the ability of rhSP-D and PMA to differentiate THP-1 into 

macrophage a differentiation assay was implemented. THP-1 cells were incubated 

separately for 24 h with 25 ng/mL of PMA (Fig 6.1,A), 15 µg/mL of rhSP-D and 5 mM 

of CaCl2 (Fig 6.1,B) and THP-1 alone as a negative control (Fig 6.1,C). The number of 

adherent cells and cells in suspension were counted and the % of differentiation was 

calculated and a graph was produced (Fig 6.1,D). 

After 24 h of growth an average of 98% of THP-1 cells had differentiated after 

treatment with 25 ng/mL of PMA . A paired T-test revealed that this % of differentiation 

had an extremely significant increase compared to the untreated sample 

(***=P<0.0001). Treatment with 15 µg/mL of rhSP-D had an average of 20 % 

differentiated THP-1 cells. This percentage was a significant increase demonstrated by 

*=P<0.05 when compared to the untreated sample of un-differentiated THP-1 cells. 
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Fig 6.1. Differentiation of THP-1. 0.5 X106 THP-1 cells were incubated in isolation or 

with A) 25 ng/mL of PMA, B) 15 µg/mL of rhSP-D with 5 mM of CaCl2, or C) in isolation 

for 24 h in RPMI at 37 °C with 5% CO2. The cells in suspension were collected and 

images of the adherent differentiated cell were taken. A cell count was taken of the 

differentiated and suspended cells. Formula: total cells/mL = ((Total cells 

counted/number of quadrants)/dilution factor)x104 , (adherent cell count/total well cell 

count)x100 was used. D) A paired T-test in prism was carried out for the untreated and 

treated samples and a graph was formed. 
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6.3.2. Trypsin-EDTA does not dissociate THP-1 

An experiment was carried out to determine if 1X trypsin-EDTA can cause adherent, 

differentiated THP-1 cells to go into suspension. The experiment was needed to assess 

whether 1X trypsin-EDTA can remove both THP-1 and U87 from the well surface or 

only U87 cells alone.  THP-1 cells were incubated for 24 h with 25 ng/mL and were 

then left to rest for a further 24 h in RPMI. After the cells were treated with trypsin-

EDTA and it was clear that no cells had been dissociated as the cell count was 0. This 

showed that trypsin-EDTA cannot dissociate THP-1 cells once they have been 

differentiated by PMA.  

6.3.3. THP-1 co-culture alters U87 cytokine gene expression 

To investigate the change in cytokine gene expression of U87 in a co-culture with THP-

1 a RT-qPCR was performed. THP-1 cells were grown for 24 h in the presence of 25 

ng/mL of PMA and left to rest for a further 24 h in RPMI alone. 15 µg/mL of rhSP-D 

was bound to the membrane of U87 cells and added to differentiated THP-1 cells along 

with untreated U87 cells for 1 h, 2 h, and 6 h. Only the U87 cells were removed and 

analysed by RT-qPCR.  

 

The results are represented in a log10 format as the data is heavily skewed in linear 

form. A 2-tailed paired t-test was carried out in order to analyse the significant change 

in gene expression at each time point between the U87 cells in co-culture and U87 

cells alone. An extremely significant downregulation (***=P<0.0001) was observed for 

TNF-α gene expression of U87 cells that had been in co-culture with THP-1. A very 

significant decrease (**=P<0.001) in TNF-α gene expression of rhSP-D bound U87 cells 

in co-culture was also present. The down regulation of TNF-α expression was time 

dependent for both treated and untreated samples. It is evident that unbound U87 

cells in co-culture had a greater overall decrease in cytokine expression (Fig 6.2.A). 

The paired T-test analysis revealed that there was an extremely significant reduction in 

IL-6 gene expression in U87 co-culture during the time points 1 h, 2 h, and 6 h 
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compared to U87 alone which was shown by ***=P<0.0001. A biphasic trend was also 

observed as the 2 h time point expression was less than 1 h whereas the decline in 

gene expression at 6 h was greater than both 1 and 2 h. Despite the biphasic trend, all 

data points were extremely significant. After 1 h of rhSP-D bound U87 co-culture, there 

was a decline in IL-6 gene expression however this difference was not significant as 

the p value was greater than 0.05 (Fig 6.2.B). At 2 h there was a very significant decrease 

(**=P<0.01) in IL-6 gene expression of rhSP-D bound U87 cells in co-culture compared 

with U87 cells alone. An extremely significant downregulation in rhSP-D bound U87 

cell was expressed at 6 h represented by ***=P<0.0001. The decline in gene expression 

was time dependent. 

The change in gene expression of TGF-β in U87 was analysed between co-culture cells 

and U87 alone. TGF-β gene expression in U87 cells that had been co-cultured with 

THP-1 for 1 h and 2 h was downregulated in a time dependent manner when compared 

to U87 alone. This difference was very significant (**=P<0.001). At 6 h the decline in 

TGF-β gene expression was extremely significant as the P value was greater than 

0.0001. The U87 cells treated with rhSP-D at 1 h and 2 h also had a downregulated 

TGF-β expression when compared with U87 cells alone however this difference was 

not significant (P>0.05). At 6 h rhSP-D bound U87 cells had a very significant decrease 

in TGF-β expression, represented by **=P<0.001 when compared to U87 alone. Overall 

unbound U87 cells in co-culture with THP-1 had a greater downregulation in TGF-β 

gene expression than rhSP-D bound U87 cells (Fig 6.2.C).  

At 1 h and 2 h for both U87 and rhSP-D bound U87 cells in co-culture, there was an 

increase in IL-12 gene expression however this increase was not significant and was 

shown by ns=P>0.05. At 6 h there was an extremely significant increase in IL-12 gene 

expression in U87 cells in co-culture with THP-1 shown by ***=P<0.0001. There was 

also a very significant increase in IL-12 expression for rhSP-D bound U87 cells depicted 

by **=P<0.001 (Fig 6.2.D). The change in cytokine expression for rhSP-D bound U87 

cells was time dependent. 



186 

 

 

1 
h

2 
h

6 
h

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5
U87

U87+THP-1

U87+THP-1+rhSP-D

***

***

***

**

**

**

P value summary
*** = P< 0.0001
   **= P< 0.005

Gene expression of TNF-  in U87
and co-culture

L
o

g
 1

0
 r

e
la

ti
v
e
 e

x
p

re
s
s
io

n
 o

f 
m

R
N

A

 

1 
h

2 
h

6 
h

-1.0

-0.8

-0.6

-0.4

-0.2

-0.0

0.2
U87

U87+THP-1

U87+THP-1+rhSP-D

***

***

***

***

**
ns

Gene expression of IL-6 in U87
and co-culture

P value summary
*** = P< 0.0001
   **= P< 0.01
 ns = P>0.05
(non significant)

L
o

g
 1

0
 r

e
la

ti
v
e
 e

x
p

re
s
s
io

n
 o

f 
m

R
N

A

 

 

 

A 

B 



187 

 

1 
h

2 
h

6 
h

-0.6

-0.4

-0.2

-0.0

0.2
U87

U87+THP-1

U87+THP-1+rhSP-D

**
**

**

***

ns
ns

Gene expression of TGF- in U87
and co-culture

P value summary
*** = P< 0.0001
   **= P< 0.01
 ns = P>0.05
(non significant)

L
o

g
 1

0
 r

e
la

ti
v
e
 e

x
p

re
s
s
io

n
 o

f 
m

R
N

A

  

 

 

1 
h

2 
h

6 
h

0.0

0.2

0.4

0.6

0.8
U87

U87+THP-1

U87+THP-1+rhSP-D

ns

ns

ns

ns

***

**

Gene expression of IL-12 in U87
and co-culture

P value summary
*** = P< 0.0001
   **= P< 0.01
 ns = P>0.05
(non significant)

L
o

g
 1

0
 r

e
la

ti
v
e
 e

x
p

re
s
s
io

n
 o

f 
m

R
N

A

 

Fig 6.2. Analysis of cytokine gene expression in U87 and THP-1 co-culture. THP-

1 cells were treated with 25 ng/mL of PMA for 24 h and left to rest overnight in RPMI 

alone. 15 µg/mL of rhSP-D bound and unbound U87 cells were added to the THP-1 

cells for 1 h, 2 h and 6 h. The cells were collected and RNA was extracted. 
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Contaminating DNA was then removed and RNA was converted into cDNA. A qPCR 

was run and data was analysed by RQ 2-ΔΔCt . A) TNF-α expression in U87, B) IL-6 

expression in U87, C) TGF-β expression in U87, D) IL-12 expression in U87. Error bars 

represent standard deviation. A 2-tailed paired T-test was performed. 
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6.3.4. THP-1 do not engulf U87 cells. 

In order to investigate whether rhSP-D had the ability to opsonise U87 cells for 

engulfment by THP-1 cells a live imaging fluorescent microscopy experiment was used. 

THP-1 cells were first differentiated with PMA into active macrophage and then left to 

rest overnight in serum free media. 15 µg/mL of rhSP-D was bound to the membrane 

of U87 cells in the presence of calcium. U87 cells were then probed with deep red dye 

cell tracker to distinguish between U87 and THP-1 in co-culture. A co-culture with THP-

1 and U87 cells and another co-culture with THP-1 and rhSP-D bound U87 cells was 

set up. The cells were placed on a live cell imager under normal growth conditions at 

37 °C with 5% CO2 . An image was taken every 10 min for 6 h and were viewed as a 

merged image of phase contrast and Cy5.  

After 6 h of co-culture both U87 and U87-rhSP-D came into close contact with THP-1 

cells. The cells were consistently moving slightly throughout the incubation period and 

there was no obvious difference in the movement between U87 cells (Fig 6.3.A) and 

rhSP-D bound U87 cells (Fig 6.3. B). During the 6 h incubation there was no observation 

of temporary protrusion on the surface of the amoeboid THP-1 cells to attempt to 

grasp U87 and internalise them. No large vacuoles within THP-1 was present and no 

degradation of cells was seen. 
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Fig 6.3. Co-culture of U87 and THP-1. 0.5 X106 THP-1 cells were incubated with 25 

ng/mL of PMA for 24 h, and then left to rest overnight in media. 1 X106 U87 cells  and 

1X106  U87 cells bound to 15 µg/mL of rhSP-D were treated with deep red dye and 

then added to the differentiated THP-1 cells for 1 h, 2 h, and 6 h. Live cell imaging was 

used to observe the co-culture at 37 °C with 5% CO2. Images were taken every 10 min 

for 6 h and were viewed as a merged image of phase contrast and cy5. A) U87 after 6 

h of incubation with THP-1, B) rhSP-D bound U87 after 6 h of incubation with THP-1.  
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6.3.5. Reduced cell growth of U87 cells in co-culture 

To analyse the change in cell proliferation between U87 alone and in co-culture with 

THP-1 a cell proliferation experiment was carried out. THP-1 cells were differentiated 

over 24 h of incubation with 25 ng/mL of PMA. The cells were left to rest for a further 

24 h in RPMI. 15 µg/mL of rh-SPD was bound to the membrane of U87 cells and 

incubated with THP-1 in a 2.1 ratio. U87 cells with no protein bound were incubated 

alone and with THP-1 cells also in a 2.1 ratio. The co-culture and U87 were grown 

under normal growth conditions for up to 48 h and the U87 cells were collected. U87 

cells were dissociated with trypsin-EDTA and a cell count was taken. A 2-tailed paired 

T-test was carried out to analyse the significance of change between the paired 

observation of U87 cells to the co-culture at each individual time point.  

In the first 6 h of incubation the number of U87 cells had remained the same as the 

number of cells added at 0 h. No difference was observed between the number of U87 

at the 6 h time point between U87 alone and U87 incubated with THP-1 or rhSP-D 

bound U87 incubated with THP-1. (Fig 6.4.). At 12 h the number of cells had increased 

by approximately 50,000 cells when compared to 0 h. There was an insignificant 

variation between the co-cultures and U87 with both having a P value >0.05. A 

significant difference (*=<P 0.05) in cell number was detected at 24 h between U87 

and U87 derived from co-culture. The difference in cell number was 50,000 U87 cells 

less in co-culture compared to U87 grown in isolation. A difference of 30,000 cells was 

seen between U87 and U87-rhSP-D derived from co-culture, however this difference 

was not significant (*=>P 0.05). At 48 h a significant difference (*=>P 0.05) was present 

between U87 and U87 from co-culture. The difference in cell number was 70,000 cells 

less in U87 from co-culture compared to U87 alone. A significance difference 

(*=P<0.05) was also detected at 48 h between U87 alone and rhSP-D U87 from co-

culture. rhSP-D bound U87 cells had 50,000 less cells present compared to U87 cells 

grown alone. At 24 h, and 48 h U87 cells from co-culture had less cell proliferation 

compared to rhSP-D U87 cells derived from co-culture. 
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Fig 6.4. Co-culture reduced U87 proliferation. A co-culture with THP-1 cells with 

U87 and rhSP-D bound U87 cells were able to reduce the cell proliferation. 0.1 X106 

THP-1 cells were differentiated by PMA and left to rest for 24 h in serum free media. 

rhSP-D bound U87 cells and unbound U87 cells were incubated with THP-1 cells for 6 

h, 12 h, 24 h and 48 h. At each time point U87 was dissociated and the cell count was 

taken. The number of cells in 4 quadrants was counted using a microscope at 10X 

magnification and a formula was used to calculate the cells per mL; Total cells/mL = 

((Total cells counted/number of quadrants)/dilution factor)x104. A 2-tailed paired T-

test was then carried out. 
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6.3.6. Co-culture reduces the secretion of factor H and SP-D 

To study the effect a co-culture system with THP-1 and U87 cell would have on SP-D 

and factor H secretion a co-culture experiment was performed. This involved activating 

THP-1 cells for 24 h with 25 ng/mL of PMA. U87 cells were then added to the 

differentiated THP-1 cells in a 2.1 ratio and were also incubated alone (negative 

control). The cells were grown under normal conditions and at each time point of 6 h, 

12 h, 24 h and 48 h. The supernatant was removed and used for ELISA in which the 

samples were probed with primary antibodies anti-factor H and anti-SP-D as well as 

secondary antibodies IgG-HRP and PA-HRP. A 2-tailed paired T-test was carried out 

between U87 and co-culture supernatant to analyse the significance between the two 

results at each time point. 

The factor H linear graph depicts a steady upward trend. As the factor H concentration 

increased the absorbance reading at 450 nm increased as well. The majority of the data 

points fit the line of best fit (Fig 6.5 A) and is therefore reliable to deduce the 

concentration of secreted protein. 

The graph illustrates a time dependent increase in the secretion of factor H from U87 

cells and a co-culture composed of U87 and THP-1 (Fig 6.5 B). After 6 h of growth 

there was no significant difference between the concentration of factor H produced by 

U87 and co-culture as a paired t-test revealed a P value>0.05. Both cell cultures had 

secreted an average of 10 µg/mL within the first 6 h of growth. At 12 h there was an 

increase in factor H secretion by 3 fold. However, the difference in concentration 

between co-culture and U87 was insignificant (>P 0.05) as both had produced an 

average of 30 µg/mL. It was clear that at 24 h there was a large surge of factor H 

secretion from U87 with a 5 fold increase from the 12 h time point. There was also an 

increase of protein production for co-culture with a 2 fold increase shown. The 

concentration of protein produced from co-culture was much less than the 

concentration obtained from U87. A paired t-test revealed that this difference was very 

significant (*=<P 0.001). An increase in Factor H secretion was also depicted at 48 h 
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for both U87 and co-culture. Similarly, U87 secreted a greater concentration of factor 

H than the co-culture but the difference was not as dramatic as previously observed 

for 24 h. None the less the difference between the cell cultures were significant 

(*=P<0.05). It was clear that that the co-culture secreted less concentration of factor H 

than the U87 cells over the 48 h growth period  

The upwards linear graph for the absorbance reading of the 2X serial dilution of rhSP-

D increased gradually at each concentration. The majority of the data points fit closely 

to the line of best fit (Fig 6.5.C). This graph was deemed reliable to be used to deduce 

the concentration of SP-D secreted into the supernatant of U87 and co-cultures cells. 

The graph shows that at 6 h an average of 3 µg/mL of SP-D was secreted from both 

U87 and co-culture therefore no significant difference (ns=P>0.05) was seen between 

the 2 paired observations (Fig 6.5.D). There was little change between the 

concentration of SP-D secreted at 12 h compared to the concentration secreted at 6 h 

and no significant difference was present between the 2 groups. A high increase of SP-

D secretion for both U87 and co-culture was displayed by the graph at 24 h with a 10 

fold increase. It can be seen from the graph that the co-culture had produced less SP-

D than U87, however the difference between both concentrations was not significant 

as a P value > 0.05 was present. Once again, an increase in SP-D secretion was depicted 

at 48 h with a 20 µg/mL difference between U87 at 48 h compared to 24 h. A 10 µg/mL 

difference was observed between co-culture at 48 h to the supernatant of 24 h. The 

difference in SP-D secretion between co-culture and U87 was significant (*=P<0.05). It 

was evident that during the 48 h growth period the concentration of SP-D had risen. 

It was also clear that overall the co-culture had secreted, less SP-D than U87 alone. 
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Fig 6.5.A co-culture of THP-1 and U87 cells reduced the production of SP-D and 

factor H. THP-1 cells were differentiated for 24 h with 25 ng/mL of PMA. U87 cells 

were incubated alone and with THP-1 cells for 6 h, 12 h, 24 h and 48 h. (B, D) At each 

time point the supernatant was removed and added to CBC. A 2 fold serial dilution 

was performed with factor H and rhSP-D. The proteins and supernatant were probed 

with primary antibodies anti- SP-D and anti-factor H as well as the secondary 

antibodies PA-HRP and IgG-HRP. OPD was added and the absorbance reading at 450 
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nm was measured. A graph was produced from the 2 fold protein serial dilution to 

deduce the concentration of supernatant. A) calibration curve for factor H, B) secretion 

of factor H, C) calibration curve for rhSP-D, D) secretion of SP-D. A 2- tailed paired t-

test was carried out between co-culture and U87  at each time point. 
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6.4. Discussion 

THP-1 are pre-monocytic cells that need to be differentiated into an activate 

macrophage in order to elicit its phagocytic function. PMA is commonly used to 

differentiate monocytes in-vitro. We tested different PMA concentrations between 25-

100 ng/mL to deduce the most appropriate concentration for co-culture (Park et al., 

2007). 25 ng/ml was deemed sufficient for future experiments as after 24 h of 

incubation the cells had fully differentiated and were adherent to the surface of the 

wells with no cells in suspension observed.  We later wanted to investigate whether 

purified rhSP-D was able to differentiate THP-1 into active macrophage as this would 

positively influence future co-culture experiments. It was interesting to see that this 

collectin was able to induce differentiation in THP-1 cells as it suggests that the 

presence of the innate immune cells promoted the activation of THP-1. This shows that 

the presence of rhSP-D is able to support the differentiation of THP-1 into active 

macrophage. 

A vast amount of research surrounding macrophage and tumour relationship focus 

upon tumour associated macrophage. It is widely acknowledged that the majority of 

non-neoplastic cells are macrophage that have been recruited by GBM environment 

to facilitate tumour proliferation, survival and migration (Hambardzumyan, Gutmann 

and Kettenmann, 2016). Little attention has been given to the potential therapeutic 

effects of macrophage to phagocytose tumour cells. Monocytic THP-1 cells that had 

been differentiated by PMA had been shown to increase the engulfment of the 

bacteria Listeria monocytogenes (Van de Velde et al., 2008). With this is in mind we 

decided to assess the ability of differentiated THP-1 to phagocytose U87. It was evident 

that differentiated THP-1 cells were unable to phagocytose U87 cells over 6 h of 

incubation despite both cells coming into close contact. This insinuated that U87 cells 

were able to give off signals to prevent phagocytosis as not only did the cells fail to be 

phagocytosed but pseudopodia of THP-1 cells was also absent. The lack of 

pseudopodia infers that THP-1 made no attempt to engulf the cells. 
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Zhang et al had described ‘don’t eat me signals’ on the surface of glioma membranes 

through the expression of CD47. Macrophage have signal regulatory protein alpha 

(SIRP-α) on their membrane which is known to bind to CD47 and prevent macrophage 

mediated tumour cell phagocytosis (Zhang et al., 2016). We therefore wanted to 

prevent CD47 and SIRP-α from binding. Fournier et al had shown that SIRP-α and 

surfactant proteins including SP-D were able to bind together (Fournier et al., 2012). 

We hypothesised that the ability of SP-D to prevent CD47 and SIRP-α from binding 

would allow mediated tumour phagocytosis to take place.  

More importantly SP-D had been shown to opsonise a variety of pathogen. Geunes-

Boyer et al, had revealed the ability of SP-D to enhance macrophage phagocytosis of 

the fungi Cryptococcus neoformans as part of its innate immune function. They were 

able to show that the ability of SP-D to bind to the pathogen facilitated phagocytosis 

by almost 4 fold in vitro (Geunes-Boyer et al., 2009).  As the recombinant protein rhSP-

D has the same function as the full length collectin we decided to investigate whether 

rhSP-D bound to U87 would enhance the potential of THP-1 to engulf the cells. After 

6 h of co-culture rhSP-D had not opsonised U87 and subsequently the cells were not 

engulfed despite the cells coming into close contact.  

We suspect that rhSP-D failure to enhance phagocytosis of U87 by THP-1 was a result 

of the its inability to occupy all SIRP-α binding sites. Therefore it is likely that both SP-

D and CD47 competed with each other for binding to SIRP-α on THP-1. The lack of 

phagocytosis suggests that there was not a substantial level of rhSP-D-SIRP-α binding 

over CD47-SIRP-α binding to override the inhibition of tumour mediated phagocytosis. 

As THP-1 cells were unable to phagocytose U87 cells with or without membrane bound 

rhSP-D we decided to investigate the effect THP-1 had on the gene expression of 

cytokines in U87 cells. It is well known that within malignant glioma cells, the cytokines 

which are highly expressed contribute to the progressive invasion of tumour cells into 

tumour free environment within the brain. Under non-tumourigenic environments in 

which the brain is exposed to injury or pathogens the cytokine expressed induce a pro-
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inflammatory response to eliminate the pathogen or repair the cells. In GBM a pro-

inflammatory environment is also executed but instead contributes to the tumour 

progression. (Landskron et al., 2014;Smyth et al., 2004). We wanted to investigate 

whether despite THP-1 lack of ability to induce phagocytose of U87 cells if it was 

possible it could alter a change in U87 cytokine gene expression. Therefore we set-up 

a co-culture of differentiated THP-1 cells with U87 and rhSP-D bound U87 cells in a 

1.2 ratio. Only the U87 cells were removed from the co-culture and the gene expression 

of pro- and anti- inflammatory cytokines within the cells were compared against U87 

cells grown alone. 

It was clear that there was an extremely significant down-regulation of TNF-α gene 

expression in U87 cells derived from co-culture when compared to U87 cells grown 

alone. It is likely that THP-1 induced an anti-inflammatory response in the co-culture 

which in turn reduced the expression of the pro-tumourigenic and pro-inflammatory 

cytokine TNF-α in U87. This reduced expression is of great interest as TNF-α is one of 

the most potent pro-tumourigenic cytokines in GBM invasion. The down regulated 

expression insinuates that the chronic inflammatory sites within GBM are reduced. 

Endogenous TNF-α is associated with the production of reactive oxygen species and 

activation of nuclear factor kappa B (NF-kB) pathway to support tumour growth. 

Therefore, the reduced TNF-α expression is likely to decrease the generation of 

reactive oxygen species and the transcription regulator NF-kB pathway. The reduced 

activation of this pathway would be beneficial to the inhibition of tumourigenesis as 

translocation of NF-kB to the nucleus induces gene expression of anti-apoptotic genes 

(Balkwill, 2006;Gupta et al., 2005;Woo et al., 2000).  

The gene expression of TNF-α from a co-culture with rhSP-D bound U87 cells was also 

investigated. We wanted to determine whether rhSP-D would enhance the effect THP-

1 would have on U87 cells. Bound rhSP-D also demonstrated a reduced expression of 

TNF-α however the significance in decreased expression was less. This may be due to 

the fact that our previous studies had identified this protein to enhance U87 
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proliferation and may be the reason why the down-regulated expression was not as 

significant as U87 without rhSP-D. Although previous experiments had shown that 

bound rhSP-D contributed to tumour enhancement, we wanted to determine the 

influence rhSP-D would have on the outcome of results in the presence of another 

innate immune cell. It is evident that rhSP-D did not promote the effect of THP-1 and 

instead dampened its downregulating effect on TNF-α expression. 

TNF-α expression and activation of NF-KB promote the expression of the pro-

inflammatory cytokine IL-6 (Suarez-Cuervo et al., 2003). This cytokine promotes 

tumourigenesis is GBM which contributes to the dismal prognosis of patients. From 

our earlier results it was demonstrated that U87 cells in co-culture with macrophage 

THP-1 had a reduced TNF-α expression. We therefore wanted to investigate whether 

the down-regulation observed for TNF-α was also  present in IL-6 expression from U87 

in co-culture. It was clear that the expression of IL-6 was also significantly reduced in 

U87 cells. It is likely that the reduced IL-6 expression is due to decreased TNF-α levels 

of GBM in co-culture as TNF-α can mediate IL-6 expression. The down-regulated 

expression of the pro-tumourigenic cytokine suggests that as a result there would be 

less IL-6 present to bind to their receptors including IL-6R which would lead to a 

reduction of the JAK/STAT pathway that promotes tumourigenesis (Landskron et al., 

2014).  It is possible that the reduced activation of the JAK/STAT pathway would 

promote an anti-tumourigenic environment. 

TGF-β is a known anti-inflammatory cytokine, which is highly expressed within GBM 

and promotes tumourigenesis. We wanted to investigate the expression the anti-

inflammatory cytokine would have in response to the anti-inflammatory effect induced 

by THP-1 cells. Ove the 6 h incubation period of U87 and THP-1 the gene expression 

of TGF-β was significantly reduced in U87 cells. The reduced expression is likely to have 

an anti-tumourigenic effect as less TGF-β is expressed. This cytokine promotes a 

tumourigenic environment through inducing epithelial mesenchymal transition (EMT) 

in-vivo. Therefore, reduced activity of epithelial transition will support anti-tumour 
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effects (Bryukhovetskiy and Shevchenko, 2016). The addition of rhSP-D to the 

membrane of U87 cells reduced the downregulated effect of THP-1 cells. This may be 

due to rhSP-D enhancing GBM invasion as was shown in earlier studies. 

IL-12 is a cytokine that has a reduced expression in GBM. It is believed that this cytokine 

contributes to the prevention of glioma growth and is the reason why IL-12 is not 

highly expressed in the tumour. In addition, there have been therapeutic break-

throughs with the administration of IL-12 leading to reduced tumour growth (Liu et 

al., 2002;Vom Berg et al., 2013). Interestingly gene expression analysis revealed a 

significant upregulation of IL-12 expression after 6 h of growth. This result suggested 

that IL-12 expression was enhanced in co-culture as an attempt by THP-1 to prevent 

tumourigenesis. 

The presence of THP-1 with U87 over a 48 h incubation period led to a significant 

down regulation of U87 cells at 24 h and 48 h compared to U87 cells that were not in 

co-culture. This finding supported the notion that THP-1 promoted an anti-

inflammatory response in U87 cells which reduced the expression of over expressed 

cytokines. As a result, this effected the proliferation of cells and led to a reduced cell 

count of U87 cells. This depicts that the expression of cytokines from U87 has a direct 

effect on the proliferation of U87 cells. Therefore it is likely that cytokine 

overexpression is a key component of GBM proliferation. It also indicates that 

differentiated THP-1 cells has the potential to have therapeutic effects on GBM cells.  

In correlation with assessing the cell number of U87 cells we also assessed whether 

any cells had stained blue and ultimately died. However it was clear that neither U87 

derived from co-culture or grown alone had died and all the cells were viable. This 

showed that THP-1 did not induce destruction of U87 but alternatively reduced the 

proliferation of the cells.   

From our previous studies we had found that GBM cells secrete factor H and SP-D 

which is believed to also promote tumour growth. Considering the down regulation of 

cytokine expression and reduced cell proliferation THP-1 had on U87 we decided to 
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investigate the effect it had on factor H and SP-D secretion. It was evident that between 

24 h and 48 h of incubation with U87 and THP-1 cells that the secretion of factor H 

was significantly less compared to the concentration of factor H secreted from U87 

alone. This shows that THP-1 presence is able to reduce the concentration of factor H 

thereby relinquishing its ability to inhibit cell lysis through preventing activation of the 

alternative pathway. Similarly after 48 h of co-culture the concentration of SP-D was 

significantly less at 48 h of growth. This shows that THP-1  is able to reduce the 

secretion of SP-D and potentially contribute to the reduced proliferation of cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



204 

 

7. General discussion 

Why is this research into GBM important? 

GBM is the most common malignant brain tumour that has a dismal prognosis. Despite 

aggressive treatment including surgical resection, radiation, and chemotherapy, 

patients on average survive for 14.6 months (Furnari et al., 2007). Immunotherapy in 

which the immune system is stimulated to attack tumour cells may provide promising 

treatment for GBM. Understanding the immunobiology of GBM is central to designing 

successful immunotherapies (Parney, 2012). Although a number of studies have 

examined various innate immune cells in GBM, the detection and importance of CFHR5 

and SP-D had yet to be investigated. 

Why is the finding of CFHR5 significant into our understanding of GBM? 

CFHR5 is a member of the factor H family composed of 9 SCRs, making it the longest 

CFHR protein. The gene is located on the RCA down stream of factor H gene. CFHR5 

is unique as unlike CFHR 1-4 not only does it share homology with SCR 6-7 and 19-20 

of factor H but also 10-14 (Skerka et al., 2013). It is known that this protein is mainly 

secreted by the liver, and recently, McRae identified that similar to factor H, CFHR5 was 

able to inhibit C3 convertase and act as a co-factor for factor I but could not induce 

decay acceleration activity (McRae et al., 2005). In this study, for the first time, we 

detected the presence of CFHR5 in primary GBM cells. This was of significant interest 

as previous reports had only showed the presence of factor H (Junnikkala et al., 2000). 

We demonstrated that CFHR5 derived from GBM was functionally active as it was able 

to inhibit the alternative pathway, act as a co-factor for factor I, and also established 

that it had decay acceleration activity. 

These findings provided significant understanding about the involvement of the 

alternative pathway in primary GBM and its potential contribution to GBM progression. 

It is extremely likely that the secretion of functionally active CFHR5 by GBM is a 

mechanism used by the tumour cells to evade cell lysis by preventing induction of the 
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alternative pathway. The results suggest that for meaningful development towards the 

inhibition or reduced cell growth of GBM cells, the expression of CFHR5 would need 

to be taken into consideration. The ability of GBM cells to produce functionally active 

CFHR5 sheds new light on the current conception that the functional ability of factor 

H is restricted to SCR 1-4 and suggests that SCR 10-14 may also provide functional 

activity. 

Having identified that primary GBM cells produce complement proteins capable of 

inhibiting activation of the alternative pathway, we hypothesise that silencing the 

expression of CFHR5 in primary GBM may render tumour cells susceptible to 

complement attack.  

We also analysed the gene expression of pro-inflammatory cytokine TNF-α, IL-6 and 

IL-12 as well as the anti-inflammatory cytokine TGF-β. It was clear that TNF-, IL-6 and 

TGF- were upregulated in a time-dependent manner as the gene expression 

continued to increase the longer the cells were incubated for. This upregulation 

inferred that these cytokines promoted tumour growth in GBM. It is likely that IL-12 

supresses tumour growth, hence, the reason for its down regulated expression over 48 

h. It is known that the expression of complement also influences gene expression. 

Therefore, we hypothesise that inhibition of factor H will reduce cytokine expression 

of IL-6 TNF-α and TGF-β.   

Why was the study of rhSP-D interaction with GBM important? 

SP-D acts as a PRR which binds to pathogens via its CRD region. The protein is 

commonly associated with providing an innate immune response in the lungs through 

agglutination, opsonisation and promoting clearance of bacteria, fungi and virus (Hartl 

and Griese, 2006). Therefore, recombinant SP-D had been proposed as having 

potential therapeutic effects, not only in the lung but other organs.  

Mahajan et al had shown that rhSP-D has the ability to bind to eosinophils and in 

doing so were able to induce apoptosis (Mahajan et al., 2008). In order to establish 
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whether this effect could be demonstrated in GBM, we first needed to express and 

purify rhSP-D. The expression of plasmid pUK-D1 containing rhSP-D was successful 

under the bacteriophage T7 promoter as the protein was successfully expressed in 

insoluble inclusion bodies. We were then able to denature the protein and refold it 

into its active form and purify the protein on a maltose agarose column. We were then 

able to show through immuno-fluorescent microscopy that purified rhSP-D was able 

to bind to GBM cells. However, rhSP-D was unable to induce apoptosis. It is known 

that in primary GBM that make up over 90% of all GBM cases, the p53 tumour 

suppressor is not mutated or over-expressed. Therefore, the ability of rhSP-D to down-

regulate the expression of this gene further did not contribute to the inhibition of 

tumour growth and instead promoted tumour growth. 

Although the treatment of GBM cells with rhSP-D did not have the anticipated effect, 

we can gain a deeper understanding of the role p53 and cytokines TNF-α and IL-6 play 

in GBM. Our study has shown that rhSP-D decreased the gene expression of p53 but 

enhanced the expression of TNF-α and IL-6. Due to these changes, the proliferation of 

U87 cells increased. This infers that TNF-α and IL-6 promote tumour growth and that 

the suppression of the p53 gave way to a pro-tumour microenvironment.  

Why is the detection of SP-D in GBM significant? 

The function of SP-D in extrapulmonary tissue is poorly understood. Although in many 

pulmonary and few extrapulmonary studies including pancreatic and uterus cells, SP-

D is known to contribute to host defence and regulating inflammation (Sotiriadis et al., 

2015;Liu et al., 2015). However, there is currently no data available regarding the effect 

SP-D has in tumour cells. 

Why was the study of opsonisation of GBM important? 

As rhSP-D was unable to induce apoptosis, the next step was to assess its ability to 

opsonise GBM cells for uptake by THP-1 cells, as it is known that SP-D promotes 

phagocytosis of cells (Carreto-Binaghi, Aliouat el and Taylor, 2016). However, our 
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results showed that opsonisation did not occur and THP-1 cells did not engulf U87, or 

rhSP-D bound U87 cells. The ability to avoid phagocytic uptake despite coming into 

close contact with THP-1 highlights the successful ability of GBM cells to evade 

opsonophagocytosis. The results obtained coincide with the lack of development of 

new therapy for GBM in over a decade. It is likely that as this grade IV tumour is 

extremely aggressive and patients have a median survival of 14.6 months, the 

production of new therapeutic treatments will be challenging. 

Future work 

• Gene silencing of CFHR5 of B30, B31 and B33 cells to asses suspecitibility to 

complement mediated attack. The experiment would involve designing 

oligonucleotides for small interference (si) RNA of CFHR5 mRNA. The siRNA 

would then be cloned into a vector such as PSHH using a gene silencer system. 

Primary GBM cells would be grown till 80% confluent under normal growth 

conditions. Transfection would then be performed with siRNA plasmid and 

lipofectamine 2000 in αMEM. Cells would then be incubated at 37 °C with 5% 

CO2 for 4 h and stable clones would then be selected. Results for successful 

inhibition could be confirmed by ELISA and western blot. Proliferation and 

complement assays could then be implemented to assess the effect of silencing 

CFHR5. 

• Future experiments would involve silencing CFHR5 and assessing the difference 

in cytokine gene expression between silenced and unsilenced cells. This would 

also provide greater understanding into the effect the alternative pathway has 

on cytokine gene expression. 

• To further confirm the presence of CFHR5 in B30, B31 and B33 cells a mass 

spectrometry analysis would be used. This would involve measuring the mass 

to charge ratio of ions to identify CFHR5 from the mass of its peptide fragments. 

The relative or absolute quantity of CFHR5 could also be deduced by using mass 

spectrometry.  
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• To gain a greater understanding of the role SP-D plays in GBM, future 

experiments could involve silencing SP-D gene expression and analyse the 

effect this has on cell proliferation, cytokine and p53 expression. This further 

work would enable us to determine whether SP-D has a pro- or anti- tumour 

effect in GBM. It would also be interesting to investigate the ability of rhSP-D 

to induce apoptosis in GBM cells in which SP-D expression is silenced. 

• Future work would also involve using microglia cells from patients that have 

GBM and from patients that do not/normal microglia, in order to assess the 

interaction with GBM cells in co-culture. qPCR would then be used to analyse 

cytokine gene expression and the phagocytic ability of the microglia would be 

observed using live microscopy.  
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