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 ABSTRACT   
 

The role of Properdin in Tumour Development and Cell Recruitment 

Izzat Al-Rayahi 

Properdin, as the only positive regulator, amplifies complement activation and 
has been implicated in the tumour response in human lymphoma and carcinoma. 
This project investigated the role of properdin in a syngeneic orthotopic tumour 
model in mice engineered to be properdin deficient and their wildtype controls. 
The in vitro part of the project used macrophages differentiated from bone 
marrows of these mice and stimulated with conditioned medium of a syngeneic 
mouse melanoma cell line, B16F10. In comparison with macrophages from 
wildtype mice, macrophages from congenic properdin deficient mice showed 
skewing towards M2 profile, encompassing mRNA expression for genes involved 
in arginine metabolism, production of type 2 cytokines, and relatively lower 
surface expression of molecules needed for antigen presentation suggesting that 
properdin insufficiency promotes a tumour environment that helps the tumour 
evade the immune response.  
The in vivo part of this project established the immune profile of tumour bearing 
mice. MDSCs, C5a, CCL2, TGF-β and mRNA FOXP3  were significantly less 
abundant in tumours of properdin deficient compared to wildtype mice. Protein 
levels for CCL2, a chemokine associated with tumour progression, was higher in 
wildtype tumour bearing mice. In spleen, MDSCs, regulatory T cells, M2 
macrophages (CD206+F4/80+) and TGF-β were decreased significantly in 
properdin deficient compared with wildtype mice (control) after subcutaneous 
injection with B16F10 cells, indicating that properdin may contribute to the 
accumulation of MDSCs in spleen, as well as to the migration of these cells into 
tumours. LDLR-/- mice group were analysed in parallel because of their inherently 
greater M2 skewing. An advanced bioimaging technique was applied to some of 
the experimental animals.  
Analysis of the level of serum properdin in response to treatment in a group of 
patients with pancreatic cancer showed high levels in this group. 
In conclusion, this project identified complement properdin as significant in the 
macrophage response to conditioned melanoma cell medium, in the composition 
of the tumour microenvironment and systemic response to tumour in vivo and as 
an acute responder to chemotherapy in patients with pancreatic cancer. 
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 Cancer 

Cancer is defined as an uncontrolled division of abnormal cells which can invade 

nearby tissue and spread systemically by metastasis (lymphatically or 

hematogenously). Tumour strictly describes a swelling, and as such may 

describe benign or malignant cell mass.  The transformation of normal cells into 

malignant cells is a complex result of molecular, biochemical and genetic traits. 

A number of mutations have been identified that result in the activation of 

oncogenes coupled with the loss of function of tumour suppressor genes. Cancer 

cells arise when there is disruption in the circuits controlling normal cell 

proliferation. Hanahan and Weinberg managed to identify a number of traits 

“Hallmarks” shared by all types of cancer. These modifications to cell physiology 

dictate malignant growth. Self-sufficiency in growth signals, insensitivity to 

growth-inhibitory (antigrowth) signals, evasion of programmed cell death 

(apoptosis), limitless replicative potential, sustained angiogenesis, and tissue 

invasion and metastasis are described as being the hall marks of cancer 

(Hanahan and Weinberg, 2000). Cancer is one of the leading causes of death 

worldwide. In 2015, the WHO announced 8.8 million deaths as a result of cancer 

worldwide with the most common causes of cancer deaths being cancers of lung, 

liver, colorectal, stomach and breast. The majority of cancer deaths worldwide 

were in low and middle income countries with 25% of cancer deaths in those 

countries being attributed to cancer causing infections such as hepatitis and 

human papilloma virus. One third of deaths from cancer were due to behavioural 

and dietary risks such as high body mass index, low fruit and vegetable intake, 

lack of physical activity, tobacco use, and alcohol consumption (WHO, 2017). 

Following the primary transformation of normal cells to malignant cells, tumour 

cells migrate and invade the host stroma and acquire capability to induce 

angiogenesis. Tumour cells has the potential of spreading into the circulatory 

system and can reach the lymphatic channels (Talmadge and Fidler, 2010). The 

process of tumourgenesis involves two key stages. In the first stage, genetic and 

epigenetic changes required for the transformation of normal cells to tumour cells 

occur. While the second stage involves cell proliferation and cell turnover which 

determines the survival, reproduction and ultimately growth of cancer. Both 
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stages are inseparable and necessary for tumour initiation and survival (Gatenby 

and Brown, 2017).  

1.1.1 Malignant melanoma 

Skin is the most affected by cancer. Skin cancers can either be non-melanoma 

skin cancers such as squamous cell carcinoma and basal cell carcinoma, or 

malignant melanoma which is the is the most aggressive form of skin cancer. 

Malignant melanoma results from malignant transformation of melanocytes at the 

epidermal-dermal junction (Ellerhorst et al., 2010). The last 50 years has 

witnessed a constant increase in the incidence of melanoma. In the UK, 

melanoma of the skin was the 5th most common cancer in 2014 as shown in 

Figure1.

 

Figure 1: Ranking of 20 most common cancers in the UK in 2014  (Cancer Research UK, 
2017). 

During the last decade, the incidence rates of melanoma skin cancer has 

increased by 45% with the larger increase being in male rather than females (56 

and 35% respectively). In 2014, melanoma skin cancer accounted for 4% of all 

new cancer cases in the UK. During the period between 2012 and 2014,50% of 
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skin cancer cases in the UK were diagnosed in people aged 65 and over 

(CANCER and RESEARCH UK, 2017). Survival from melanoma has been linked 

to tumour thickness highlighting the importance of early detection of this disease 

(Ellerhorst et al., 2010). 

A recent study on the global burden of melanoma has revealed that Australia, 

New Zealand and North Europe have the highest incidence. Genetic 

predisposition, ultraviolet radiation (UVR) exposure, fair eye and hair colour are 

among the risk factors lying behind this high incidence (Karimkhani et al., 2017). 

Furthermore, gender, higher number of nevi, weakened immune system and 

history of severe sunburn are all risk factors that have been linked with melanoma 

(Cho et al., 2005). melanomagenesis   can occur as a result of cellular damage 

from UVA induced reactive oxygen species as well as DNA damage from UVB 

exposure.  Primary melanoma of the skin is characterised by a wide range of 

mutations which may be a result of the carcinogenic effects of ultraviolet light 

(Bastian, 2014). Estimates from the Global Burden of Disease 2015 study 

revealed that the greatest burden from melanoma falls on males (Karimkhani et 

al., 2017). A significant association between geographic UV index and  cutaneous 

melanoma incidence which increased with age was found in males. No such 

association was found in females (Liu-Smith et al., 2017).  

Studies into the genetic mechanisms underlying melanoma development have 

revealed that two proteins (namely RAS and BRAF) within the mitogen-activated 

protein kinase (MAPK) pathway frequently have mutations within the genes 

encoding them. Approximately 40-60% of patients with cutaneous melanomas 

were found to have mutations in the serine/threonine kinase BRAF (Samatar and 

Poulikakos, 2014). On the other hand, approximately 20% of melanomas harbour 

mutations in RAS which are almost exclusively present in melanomas without 

BRAF mutation (Curtin et al., 2005). Mutations in GNAQ and GNA11 are 

frequently found in uveal melanomas indicating that this type of melanoma 

harbour a genetic background that differs from cutaneous melanomas (Van 

Raamsdonk et al., 2010). 

Aberrant DNA methylation has been considered as an epigenetic hallmark of 

melanoma and plays an important role in the formation and progression of 

melanoma. Among the aberrant methylation changes that have been described 

in melanoma is silencing of tumor suppressor genes such as PTEN, p16/14, and 
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RASSF1A. PTEN methylation has been linked with decreased 

immunohistological PTEN expression and increased risk of death, while the level 

of RASSF1A methylation is considered as a potential indicator of tumor 

progression.  Besides tumour suppression genes, several other genes have been 

described as differentially methylated in melanoma relative to melanocytes. 

Among those are genes involved in pathways critical for cancer cell survival and 

growth, including cell cycle, DNA repair, apoptosis, metabolism, PI3K/mTOR 

signaling, immune response and metastasis (Reviewed in (Gatenby and Brown, 

2017).  

Early diagnosis is an important aspect in the management and successful 

treatment of melanoma. Complete surgical resection is used for the treatment of 

melanoma at early stages. This choice of treatment has proven to be successful 

in almost 95% of cases diagnosed at early stages (Garbe et al., 2008). 

Chemotherapy has shown minimal advantage in the treatment and management 

of late stage melanoma due to resistance to a wide range of chemotherapeutic 

agents.  The minimal advantage of chemotherapeutic agents has prompted 

researchers to look for new possible treatments.  The last couple of years has 

witnessed a dramatic improvement in the survival of patients with advanced or 

unresectable melanoma due to the introduction of two therapeutic strategies; 

targeted therapies and immunotherapy (Melis et al., 2017). Unfortunately, 

targeted therapies can only be used in patients with certain genetic aberrations. 

Notably, not all oncogenic mutations in melanoma are targetable. The European 

Medicines Agency (EMA) and The Food and Drug Administration (FDA) 

approved only two BRAF inhibitors (vemurafenib and dabrafenib) and two MEK 

inhibitors (trametinib and cobimetinib) for treatment of metastatic or unresectable 

melanoma (Ascierto et al., 2015). 

Immunotherapy is used for the treatment of melanoma by enhancing the patient’s 

immune system ability to eradicate tumour cells. This approach of treatment can 

theoretically be used in all patients with metastatic or unresectable melanoma 

regardless of mutation status. Augmentation of T-cell anti-tumour activity and 

enhancement of the patients’ immune response is one the approaches employed 

in immunotherapeutic treatment of melanoma (Melis et al., 2017). Activation of 

T-cells is accomplished via the T cell receptor and a co-stimulatory interaction 

between CD28 and its ligand B7-1 or B7-2. The binding of molecules known as 
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immune checkpoints (cytotoxic T-lymphocyte-associated antigen-4 (CTLA4) or 

programmed death 1 (PD-1) to cognate ligands (CTLA-4 to dendritic cell B7.1 or 

B7.2; PD-1  to its ligands programmed death ligand 1 (PD-L1) and programmed 

death ligand 2 (PD-L2) on tumor cells and/or other cells of the microenvironment) 

results in negative signals and thus down regulates T cell activation. The use of 

immune checkpoints inhibitors results in reactivation of cytotoxicity and tumour 

regression.  The blockade of immune checkpoints has the highest activity ever 

reported for metastatic is recommended as first-line therapy for most patients with 

advanced melanoma (Margolin, 2016). 

Other immunotherapeutic approaches include vaccination strategies, adoptive 

transfer of autologous T cells directed against melanoma antigens, T cell 

engineering therapy and oncolytic virotherapy (Zhu et al., 2016). Among the first 

immunotherapeutic drugs used for the treatment of advanced melanoma was 

high-dose interleukin-2 (IL-2) which can be associated with sever toxicity. 

Nevertheless, this immunotherapeutic agent was the first to establish a role for 

immunotherapy in the treatment of advanced melanoma (Atkins et al., 1999). 

Interferon gamma is another immunotherapeutic agent employed in the treatment 

of melanoma. Improvement in disease free survival was noted in patients with 

high-risk cutaneous melanoma after treatment with IFNα adjuvant therapy 

(Mocellin et al., 2010).  

 Cancer Immunoediting  

The immune system plays an important role in the prevention of tumours. If viral 

and bacterial infections are not successfully eliminated, protumourigenic 

conditions ensue. More directly, the immune system detects tumour-specific 

antigens leading to the elimination of tumour cells (Swann and Smyth, 2007). The 

process in which the immune system detects tumour cells and subsequently 

eliminates them is called immune surveillance. However, tumour cells can 

develop even if the immune system is competent.Tumour immunoediting 

describes a reciprocal interaction, which draws on cells of the innate and adaptive 

immune response (Swann and Smyth, 2007). 

The tumour immunoediting concept or theory is divided into three distinct 

sequential phases; elimination, equilibrium and escape (Bhardwaj, 2007).The 

elimination phase is considered as an updated version of the previously known 



Chapter One                                                                                    Introduction 

7 
 

concept of immune surveillance. In this phase both the innate and adaptive 

immunity detect any developing tumour cells and subsequently destroy them 

before establishment of cancer. There are parallel concepts for the mechanisms, 

which enable the immune system to detect a developing tumour. One proposed 

mechanism suggests the presence of classical “danger signals” such as type 1 

Interferon (IFN) which activates dendritic cells and initiates an antitumour immune 

response. A second proposed mechanism is the release of molecules known as 

damage associated molecular pattern molecules (DAMPs) either directly from 

dying tumour cells or from damaged tissues. Another proposed mechanism 

involves the expression of what is known as stress ligands which bind to 

activating receptors on innate immune cells. As a result, pro-inflammatory 

cytokines are released which lead to the establishment of tumour specific 

adaptive immune response. Examples of such ligands include RAE-1 and H60 

(in mouse) (Schreiber et al., 2011). 

The elimination can either be complete when all tumour cells are destroyed or 

partial when a small portion of tumour cells persist indicating the initiation of the 

second phase which is termed equilibrium (Swann and Smyth, 2007). In the 

equilibrium phase the tumour cells are equilibrated by the immune system. The 

tumour cells are thought to be dormant in the equilibrium phase and may persist 

for decades. During this phase the immune system destroys susceptible tumour 

cells which result in the selection of tumour cells that are capable of avoiding the 

antitumour immune response leading to the next stage which is the escape 

phase. This phase starts when the immune system is no longer able to control 

the outgrowth of tumour cells, leading to the emergence of visibly growing tumour 

cells. One mechanism which may lead to the escape of tumour cells is loss of 

antigens resulting in reduced immune recognition. Another mechanism 

responsible for tumour escape is the resistance to the cytotoxic effects of 

immunity or relative immune suppression (old age, cytostatic drugs) (Schreiber 

et al., 2011). 

  Complement system 

The complement system has a fundamental role in recognition and elimination of 

foreign antigens and pathogens. In addition, it exerts anti-immune regulatory role 

by enhancing humoral immunity, modifying T-cell immunity and influencing 
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tolerance to self-antigens (Thurman and Holers, 2006). There are three 

complement pathways: the classical, alternative and lectin pathways. The 

classical pathway activation is initiated by antigen-antibody complex formation, 

whereas the lectin pathway is activated by mannose containing polysaccharides. 

The alternative pathway is activated by a variety of microbial surfaces (Kemper 

et al., 2010). Under certain circumstances, complement activation may also be 

initiated by the binding of properdin to its target (Hourcade, 2006). All of these 

three complement pathways lead to the cleavage of C3 by C3 convertase forming 

C3a and C3b fragments. The C3b fragment can form a covalent bond with the 

surface of the target resulting in the generation of more C3 convertase. In 

addition, C3b fragment has the ability to form C5 convertase through binding to 

C3 convertase. Subsequently C5 convertase cleaves C5 producing C5a and 

C5b. The complement component C5b is bound by C6 and C7 leading to the 

formation C5b67 which in turn inserts itself to the microbial membrane, and binds 

to C8 and C9 forming the membrane attack complex (MAC); this initiates the 

destruction of the membrane and cell lysis (Merle et al., 2015b, Merle et al., 

2015a).The alternative pathway was originally discovered in the mid-1950s as 

the properdin pathway. Before that, it was thought that complement can only be 

activated by the formation of antigen-antibody complex (Pillemer et al., 1954). 

The alternative pathway can be auto activated in a process called “tickover” in 

which conformational changes happen in C3 which result in the formation of C3 

(H2O) molecule. This molecule in turn binds to factor B leading to the generation 

of conformational changes in factor B. This altered factor B can be cleaved by 

factor D generating Ba and Bb. The Bb component is capable of cleaving 

additional C3 molecules. Properdin, which is a trimeric serum protein, is 

responsible for the stabilisation of this process. In an attempt to study the 

interaction of properdin with C3b and factor B, Hourcade found that properdin 

has the ability to speed up convertase assembly through three mechanisms. 

Binding of properdin with C3b resulted in subsequent binding of C3b with factor 

B. In addition, properdin can bind to its target surface through C3b, iC3b and can 

utilise its other C3b binding sites to bind other nascent C3b, bystander C3b, or 

preformed C3bB and C3bBb complexes. Thus, the stabilising effect of properdin 

comes from its ability to bind to multiple ligands at the same time (Merle et al., 

2015a, Hourcade, 2006).  
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The alternative pathway can also be trigged through the binding of fixed C3b 

formed either via the classical or lectin pathway activation to factor B in a process 

termed amplification loop (Thurman and Holers, 2006). These extra C3b 

molecules from either classical or alternative pathway which feed the 

amplification loop do not differ from those formed from the alternative C3 

convertase in their ability to trigger amplification (Lutz et al., 2007). The 

alternative pathway has a unique role due to its activation by its own product 

which is C3b.Thus the alternative pathway has a central role in the activation of 

all three pathways due to the contribution of C3b molecules formed via the 

activation of both the classical and lectin pathways in the generation of alternative 

pathway C3 convertase (Grailer et al., 2012, Merle et al., 2015a). Selective 

monoclonal antibodies were used to investigate the role of the alternative 

pathway in classical pathway induced C5 activation and the results showed that 

this leads to the inhibition of a large quantity of the C5a and the terminal C5b-Ca 

complex (Harboe et al., 2004). 

Properdin is a positively charged protein which exists as dimer (P2), trimer (P3) 

and tetramer (P4). It is responsible for stabilisation of the alternative complement 

pathway. It was first discovered by Louis Pillemer and colleagues in 1954. 

Properdin was described as a new plasma component which has the ability to 

activate complement (Pillemer et al., 1954). 

Nevertheless, Pillemer’s theory was the source of controversy and was not widely 

accepted at that time. Properdin increases the stability of the alternative pathway 

convertases 10-fold (Fearon and Austen, 1975, Medicus et al., 1976).  

Properdin also known as factor P is a 53-kDa glycoprotein. It contains 7 

thrombospondin repeat type I (TSR-0 to TSR-6) domains and an N-terminal 

domain. Properdin exsists as dimers (P2), trimers (P3) ,and tetramers (P4) in a 

ratio of 1:2:1. Unlike most complement proteins which are maily synthesised in 

the liver, Properdin is produced by a number of cells such as monocytes,  

neutrophils, primary Tcells,and shear-stressed endothelial cells (Cortes et al., 

2012).  In humans, plasma contains low levels of properdin (0.02 mg/mL).  

Properdin is the only known complement regulator that stabilises C3bBb 

convertase and the activity of the alternative pathway. The C3bBb complex is 

unstable and has a half-life of 90 s under physiological conditions (Pangburn and 

Muller-Eberhard, 1986). Properdin has the ability to bind and stabilise C3b.Bb 
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complex (C3 convertase) creating the more stable C3bBbP and thereby protects 

C3b in the complex from inactivation by Factor I with Factor H as co-

factor.Binding of C3b to theC3b,Bb complex results in the formation of  the 

alternative pathway C5 convertase (C3b)2−n,Bb, which is also stabilised by 

properdin (Cortes et al., 2012).  In 2013, Alcorlo and co-workers used electron 

microscopy to investigate how properdin performs this function. This study 

managed to reveal that properdin associates with both the C345C domain in C3b 

and the VWF domain in Bb, thereby stabilising C3bBb convertase by linking 

together the two components of this enzymatic complex. It has been suggested 

that properdin interacts more efficiently when with these two fragments when Bb 

fragment is in the conformation found in C3bBb convertase than the closed 

conformation of the C3bB proconvertase. Furthermore, stabilisation of the C3bBb 

convertase was also accomplished by interference of properdin with the 

interaction  of C3b with the complement regulators which effectively impacts their 

accelerated decay. Properdin interferes with C3bBb convertase decay by 

promoting   a large displacement of the thioester-containing domain (TED) and 

complement protein subcomponents C1r/C1s, urchin embryonic growth factor 

and bone morphogenetic protein 1(CUB) domains of C3b. This interference 

probably impairs C3-convertase inactivation by regulatory proteins. The 

combined effect of molecular binding and structural reorganisation will increase 

the stability of C3 convertase and accelerate the recruitment of fluid-phase C3 

convertase to the cell surfaces (Alcorlo et al., 2013). Besides stabilisation of 

alternative convertase, C3bBb, it has been suggested that properdin acts as a 

pattern recognition molecule via binding to negatively charged molecules on 

certain microbial surfaces, necrotic cells, apoptotic cells and cells undergoing 

malignant transformation. After binding to these surfaces, properdin directs C3b 

deposition and C3bBb assembly to provide a focal point for amplifying 

complement activation (Spitzer et al., 2007, Hourcade, 2006). Nevertheless, 

there has been a lot of controversy around the reports assigning the role of 

pattern recognition receptor to properdin. The studies were criticised due to the 

use of relatively artificial systems permitting either C3 activation with initial C3b 

deposition or in buffer systems with purified properdin. It has been suggested that 

in the presence of intact C3, it is was impossible to demonstrate whether 

properdin acts in a recognition manner or subsequently binds to C3b (Farries et 
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al., 1987). Furthermore, long term storage, freezing and thawing  of properdin 

resulted in the appearance of properdin aggregates in certain purified 

preparations and thus may be considered as artifacts with different properties 

than serum properdin (Pangburn, 1989). Additionally, it is necessary to 

distinguish between passive binding of properdin to a surface and subsequent 

activation of the alternative pathway as a result of this binding. A recent study 

carried out by Harboe and co-workers looked into the controversy surrounding 

the role of properdin as a pattern recognition molecule noting that it lacks the 

structural homology shared by other pattern recognition molecules of the 

complement system. This study reported the inability of properdin to directly bind 

granulocyte myeloperoxidase, the surface of human umbilical vein endothelial 

cells (HUVECs), or to Nisseria  meningitidis (Harboe et al., 2017).  Furthermore, 

this study managed to show C3-dependent binding of properdin to granulocyte 

myeloperoxidase, HUVECs and Nisseria  meningitidis contradicting a previous 

study which reported the initiation of the alternative complement pathway as a 

result of direct binding of properdin to granulocyte myeloperoxidase (O'Flynn et 

al., 2014).  

A novel properdin defeciency (E244K) caused by a single point mutation resulting 

in a very low alternative pathway has recently been described. Experiments 

carried out with Recombinant FP E244K highlighted the important role of 

properdin oligomerization in vivo and gave detailed structural insights that could 

facilitate the emergence of novel modulators of complement. Additionally it has 

been suggested that the major binding of properdin to alternative pathway 

convertase is facilitated via a single properdin thrombospondin repeat and a small 

region in C3b. Monomeric properdin was able to bind C3b, C3MA, iC3b, C3c, the 

C3 proconvertase C3bB, and the convertase C3bBb. Interestingly, it seems that 

TSR5, and to some extent also TSR6 and TSR4 are principal modules for C3b-

binding and stabilisation of C3bBb (Pedersen et al., 2017). Previous studies have 

shown that properdin oligomerisation was necessary for stimulation of hemolysis 

(a typical in vitro assay to assess alternative pathway activity), the formation of 

platelet/leukocyte aggregates in vivo, and binding to Chlamydia pneumoniae 

(Blatt et al., 2016, Pangburn, 1989).  

Proteolytic activation of the central complement component C3 and subsequent 

formation of C5 convertase is where the three aforementioned complement 
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pathways meet. C5 convertase cleaves C5 at arginine 751 (R751) and thereby 

results in the release of the anaphylatoxin C5a and generation of C5b which 

initiates the formation of the membrane attack complex. Recent findings have 

reported the generation of biologically active cleavage products from C5 by 

phagocytic cells independent of the plasma complement system, suggesting the 

existence of a complement activation pathway in plasma other than the three 

already established pathways. Incubation of human blood neutrophils or rat 

alveolar macrophages with C5 resulted in the generation of C5a in a dose/time 

dependent manner. This C5 cleavage product was detected using anti-human 

C5a antibody. It has been proposed that activation of alveolar macrophages by a 

number of agonists such as bacterial products and tumour necrosis factor-α 

(TNF-α) lead to the expression of a serine protease with a C5-cleaving potential 

resulting in the production of C5a (Huber-Lang et al., 2002). Leakage of plasma 

C5 and production of C5 from lung macrophages, fibroblasts or alveolar epithelial 

macrophages are all possible sources of C5 (Strunk et al., 1988, Rothman et al., 

1989). Activation of C5 in a C3 independent manner by several enzymes has 

been reported in a number of studies. Amongst those enzymes, is the central 

coagulation enzyme thrombin. During pathophysiologic conditions, both the 

complement and coagulation systems are activated in an effort to maintain 

homeostasis (Markiewski et al., 2007). A number of molecular links between the 

complement and coagulation systems have been identified highlighting the 

importance of the coordinated interplay between these two biochemical systems 

(Wetsel and Kolb, 1983, DiScipio et al., 1983, Polley and Nachman, 1978, Huber-

Lang et al., 2006, Amara et al., 2010). The ability of thrombin to activate C5 and 

subsequent release of C5a has been identified as a new complement activation 

pathway. Although thrombin cannot efficiently cleave C5 at arginine 751 (R751), 

it has the ability to cleave C5 at a highly conserved thrombin-sensitive site which 

corresponds to R947. The cleavage of C5 by thrombin at R947 results in the 

formation of previously undescribed intermediates C5T and C5bT (Figure 2). 

Interestingly, C5bT forms a C5bT-9 membrane attack complex with more potent 

lytic activity than with C5b-9 (Krisinger et al., 2012). It has been suggested that 

any disturbance to the delicate balance between the complement and 

coagulation pathways (such as in the case of C3 knockout mice) results in a 

compensatory adaptive pathway characterised by increased production of 
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thrombin which in turn acts as a C5 convertase and subsequently generates 

authentic C5a (Huber-Lang et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Interaction Between the Coagulation and Complement System. 

Complement activation pathways (MAC membrane attack complex; MBL mannose binding lectin; 

MASP-2 mannose associated serine protease-2; TF tissue factor 
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 The role of Complement in Tumour Growth. 

Traditionally, activation of the complement system is thought of as an effector of 

innate immunity, which bridges the adaptive immunity but has its place in the 

acute immune response. This view has been challenged in models assessing its 

role in autoimmune disease such as rheumatoid arthritis, encephalomyelitis, 

myasthenia gravis and systemic lupus erythematosus (Ballanti et al., 2013, 

Vignesh et al., 2017) and recently, in models of cancer. The common 

denominator is, of course, inflammation, so it is entirely conceivable that 

complement activation, its products and its regulators have detectable 

modulatory functions. At the beginning of this research project, there are four key 

articles supporting the hypothesis that complement codetermines the outcome of 

cancer progression (in the immune escape stage of cancer), which are 

summarised as follows:  

The ability of complement activation products (C5a in particular) to promote 

tumour growth was investigated in a syngeneic mouse model in which C57BL/6 

mice were injected with a cervical cancer cell line by subcutaneous injection of 

TC-1.Complement activation was assessed by immunofluorescence and the 

results showed that C3 cleavage products were deposited in the tumour 

vasculature of the mice, however there was little C3 deposition in the benign 

tissue surrounding the tumour. Furthermore, subcutaneous injection of TC-1 cells 

in C3 deficient mice lead to significantly smaller tumours when compared to the 

wildtype. In addition, the role of C5a in tumour growth was investigated by 

blocking C5aR in tumour bearing wildtype mice using C5aR antagonist 

(hexapeptideAcF (OP (D)ChaWR). The results showed that tumour growth was 

retarded in those mice treated with C5aR antagonist after one week of injection 

of tumour cells compared to untreated mice. This study found that C5a promotes 

tumour growth by inhibition of CD8+ T-cells response. The suppression of CD8+ 

was accompanied by an increase in the number of myeloid derived suppressor 

cells (MDSCs) in the tumour microenvironment which subsequently produces 

reactive oxygen species (ROS) and reactive nitrogen species (Markiewski et al., 

2008). 

A further study carried out by Corrales et al (2012) addressed the role of C5a in 

creating an immune suppressive microenvironment for lung cancer. In this study, 



Chapter One                                                                                    Introduction 

15 
 

Corrales and colleagues suggested that activation of complement may create a 

microenvironment favouring tumour growth and progression. A mouse syngeneic 

lung cancer model was used to show that C5a promotes tumour growth and 

progression. This model was obtained by subcutaneous injection of 3LL cells into 

the flank of C57BL/6J mice and subsequent blocking of C5a receptor by using 

C5aR antagonist. The ability of Mouse Lewis lung carcinoma (3LL) and human 

lung cancer lines to activate and release complement both in serum and serum 

free conditions was evaluated. Lung cancer cell lines have the ability to produce 

higher levels of C5a when compared with non-malignant epithelial cells (human 

bronchial epithelial cells). Furthermore, the ability of C5a to promote 

angiogenesis was investigated through treatment of mice with C5aR antagonist 

which led to less microvessel formation. Moreover, the level of angiogenic factor 

bFGF (basic fibroblast growth factor) was found to be lower in tumour bearing 

mice treated with C5aR antagonist. Analysis of splenocytes in tumour bearing 

mice treated with C5aR or the control peptide antagonist showed that the 

percentage of CD8+ and CD4+ T-cells were similar but the number of monocytic 

and granulocytic MDSCs were lower in mice treated with C5aR antagonist. The 

decrease in the number MDSCs due to the blockade of C5a receptors supports 

the previous conclusion that C5a creates a favourable environment for lung 

cancer cells growth and progression which may be linked to the induction of 

angiogenesis and immunosuppression (Corrales et al., 2012). 

Further evidence of C5a being a key protumourigenic factor comes from a study 

in which murine lymphoma RMA and human ovarian carcinoma cells were 

transfected with secreting mouse C5a or empty vector plasmids. Tumour 

progression was increased in tumour bearing mice with high C5a producing 

syngeneic lymphoma. The effect of C5a on tumour progression in 

immunocompetent mice was investigated by implanting murine lymphoma RMA 

cells with or without C5a in WT C57BL/6. Comparison of tumour size between 

WT C57BL/6 with C5a expressing tumours and those without C5a expressing 

tumours showed a highly significant increase in tumour size in mice with C5a 

expressing tumours. In addition, the number of CD11b+ MDSC was also 

increased in mice with C5a expressing tumours. On the other hand, tumour 

bearing mice with low C5a producing lymphoma cells had low tumour burden with 

an increase in both CD4+ and CD8+ T cells in spleen and tumour draining lymph 
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nodes. The human adenocarcinoma cell line (SKOV-3) was transfected with C5a 

or control plasmid. The cytotoxic activity of naïve innate leukocytes (NK and 

neutrophils) was evaluated in both SKOV-3CV (human ovarian carcinoma cells) 

and SKOV-3C5a tumour cells and the results show that NK cells are more active 

against SKOV-3V C5a tumour cells when compared with SKOV-3CV cells. In 

immunocompetent mice (WT C57BL/6) the growth of SKOV-3C5a was 

significantly faster than empty control vector transfected cells. This study reached 

the conclusion that the local concentration of C5a in the tumour is a contributor 

which determines tumour growth and stated that local C5a concentration 

determines the outcome of tumour cells. This study hypothesised that 

overactivation of the infiltrating cells due to high concentration of C5a may result 

in suppression of antitumour T cells, thus leading to progression of tumours. On 

the other hand, low concentration of C5a can lead to a powerful antitumour 

immune response (Gunn et al., 2012). 

A study to investigate the role of complement during ovarian cancer progression 

crossed transgenic mice C57BL/6 TgMISIIR-Tag that can develop spontaneous 

epithelial ovarian cancer with two lines of mice with genetic complement 

deficiencies C3 (B6.129S4-C3tm1Crr/J) or C5aR (C5ar1tm1Cge/J). The resulting 

transgenes with deficiency in either C3 or C5aR either developed no ovarian 

tumours or a small and poorly vascularized tumour which implies that 

complement activation plays a critical role in the formation of ovarian tumours. 

The composition of tumour infiltration leucocytes was studied and the results 

showed no difference in tumour infiltrating leukocytes between the mice that had 

partial deficiency in C3 and the wildtype except in CD8+ (which was increased in 

mice with partial C3 deficiency) and CD4+ T cells (which was decreased in mice 

with partial C3 deficiency). This study concluded that activation of complement 

plays a major role in oncogene driven carcinogenesis (Nunez-Cruz et al., 2012). 

Using a syngeneic model of melanoma developed in C57BL/6 WT and C1q-

deficient (C1qa-/-) mice, Bulla et al. detected slower tumour growth in C1q-

deficient (C1qa-/-) mice as compared to their wildtype counterparts. However, 

they failed to detect higher frequency of MDSCs in wildtype mice (Bulla et al., 

2016). 

In conclusion, complement activation and complement products have been found 

to have an important role in determining the extent of tumour growth. However, 
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no study to date has investigated the role of properdin in tumour growth. Hence 

one of the aims of this project was to determine the role of complement in tumour 

growth and cell recruitment.  

 Properdin and cancer 

In 1957, Rottino and colleagues carried out a study to investigate properdin levels 

in the sera of patients with Hodgkin’s disease. Initially, the main aim of this study 

was to investigate the behavior of properdin in the course of Hodgkin’s disease 

and assess if variations in the level of properdin in those patient could have a role 

in determining its variable outcome. Blood samples were drawn from 56 patients 

with Hodgkin’s disease, 25 with carcinoma (breast, mouth, larynx, colon, etc...) 

and 7 with lymphatic leukaemia, one with multiple myeloma, and one with 

tuberculosis adenitis). The study also included blood drawn from 100 normal 

blood donors. The results of this study demonstrated that serum properdin levels 

in normal adults varied from 2 to 12 units. The level of properdin in patients with 

Hodgkin’s lymphoma was within the normal range. Interestingly, the level of 

properdin in almost half of the cancer patients included in this study was lower 

than 2 units per milliliter of serum (Rottino, 1957). On the other hand, this low 

level of properdin was only found in only 5% of normal control and 9 out of 70 

patients with lymphoma (Rottino, 1957). Before the avenue of specific antibodies, 

the level of properdin was measured in unit/ml (U/ml). In the past, properdin used 

to be quantified as a haemolytic activity in comparison with a standard. The level 

of properdin in a test sample was obtained through determining the smallest 

volume of test sample which completely C3 in the presence of an optimal amount 

of zymosan (Rottino and Levy, 1957). 

These surprising results tempted Rottino and his colleagues to carry out a more 

detailed study of the levels of properdin in sera of patients with malignant 

tumours. This study included 109 patients with carcinoma. In addition, 70 patients 

with Hodgkin’s disease, 9 with chronic leukemia, 14 with lymphosarcoma, 5 with 

myeloma and 32 with non-neoplastic diseases. The aim of this study was to 

investigate if low level of properdin could be related to a drop in the total serum 

protein level. In addition, they wanted to investigate if properdin, an important 

component of the complement system had a role in the spread of cancer. The 

results of this study showed that 45% of cancer patients had properdin values 
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less than 2 U/ml. Whereas, this low level of properdin was found in approximately 

22% of patients with lymphomatous disease, 5% of normal individuals and 47% 

of patients with noncancerous diseases. A significant relationship was found 

between low total serum protein and low properdin level. The results of this study 

confirmed the findings of the previous study. However, no correlation was found 

between this low level of properdin and metastasis (Rottino, 1957). 

In an attempt to investigate a possible role for properdin in transplantable cancer, 

C3H mice bearing transplantable Gardner lymphosarcoma 6CH3HED were 

intravenously injected with various preparations of guinea pig sera (serum 

depleted of various components of complement, serum depleted in properdin, 

serum fractionated by centrifugation and serum heated at various temperatures). 

The results showed that treatment with normal sera, sera depleted in one of the 

complement components (C1, C3, C4 or properdin) and heated sera, supernatant 

from sera centrifuged at 35,000g at 2 ˚C for 3 hours lead to complete regression 

of tumour and a significant impairment of tumour growth. From these findings it 

was concluded that the tumor inhibitory factor previously found in guina pig sera 

is not complement, properdin or LPS. However, measurement of properdin level 

in the sera of mice treated with the preparations previously mentioned revealed 

that growing or large tumours were accompanied by a drop in properdin levels. 

In contrast, normal or increased properdin level was found in regressive tumour 

(Herbut et al., 1958). 

Another study also reported a decrease in the level of properdin in tumour bearing 

mice when compared with normal non tumour bearing mice. This study reached 

conclusion that properdin levels decrease upon tumour growth and increase upon 

tumour regression (Herbut and Kraemer, 1958).  

 The tumour microenvironment 

In 2000, Hanahan and Weinberg proposed that malignant growth is the result of 

six essential alterations. These alterations were later termed as the hallmarks of 

cancer, which include: self-sufficiency in growth signals, insensitivity to growth 

inhibitory (antigrowth) signals, evasion of programmed cell death (apoptosis), 

limitless replicative potential, sustained angiogenesis, and tissue invasion and 

metastasis. These hallmarks are acquired functional capabilities during the 

course of tumourigenesis, and thereby enable cancer cells to survive, grow and 
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disseminate (Hanahan and Weinberg, 2000). After 10 years, progress in cancer 

research lead to the addition of two enabling characteristics that complements 

the previously reported six hallmark capabilities; and two new emerging hallmark 

capabilities. The two enabling characteristics include genome instability and 

mutation; and the inflammatory state of malignant lesions which is governed by 

immune cells some of which may promote progression of tumour. Emerging 

hallmarks include reprogramming energy metabolism and evasion of immune 

eradication (Hanahan and Weinberg, 2011).  

In addition to tumour cells, the tumour microenvironment consists of many 

components which impact the outcome of the disease. The tumour 

microenvironment contains diverse cell populations, structural molecules and 

signalling factors, and the collective interplay between these elements and 

tumour cells support the process of tumourigenesis. In general, elements of 

tumour microenvironment are classified into three categories which include; cells 

of haematopoietic origin, cells of mesenchymal origin and non-cellular 

components.  Cells of haematopoietic origin include those that arise in the bone 

marrow (BM) and can either be of lymphoid lineage (including T-cells, B-cells and 

NK-cells) or of myeloid lineage such as macrophages, neutrophils and myeloid-

derived suppressor cells (MDSC) (Pattabiraman and Weinberg, 2014). Tumour 

stroma contains inflammatory cells which can either be tumour promoting or 

tumour suppressive. Furthermore, a number of partially differentiated myeloid 

progenitors have been identified in tumours. These cells are intermediates 

between circulating bone marrow derived cells and fully differentiated immune 

cells present in inflamed tissue. Among those cells is a group of tumour infiltrating 

myeloid cells that co-express the macrophage marker CD11b and the neutrophil 

marker Gr1. These cells are termed myeloid derived suppressor cells and have 

been shown to have an antagonising effect on cytotoxic T cell (CTL) and Natural 

killer cells (NK). There have been suggestions that recruitment of these cells can 

be extremely helpful for developing tumours by promoting angiogenesis, tumour 

progression and contributing in the evasion of immune destruction (Qian and 

Pollard, 2010). 

Two of the most important cell types that contribute to the biology of various 

tumours are the MDSCs and T-regulatory lymphocytes (T-regs), thus the 

following section will try to focus on these two cells in detail. 
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 Myeloid suppressor cells (MDSCs) 

MDSCs are a heterogenous population of cells that have the ability to suppress 

T-cell activity. A number of cytokines, chemokines and transcriptional factors are 

involved in the recruitment and expansion of MDSCs. One important chemokine 

receptor is CCR2, which plays a central role in regulating the recruitment and 

turnover of MDSCs to the tumour site (Sawanobori et al., 2008). Another pivotal 

player involved in the recruitment of MDSCs is the complement component C5a. 

Recruitment of MDSCs is mediated via the Interaction of this component with a 

G protein-coupled receptor (Markiewski et al., 2008). Depletion of amino acids 

arginine and cysteine, produOne ction of ROS, production of TGF-β and induction 

of T-regs are all mechanisms by which MDSCs suppress the immune response 

(Bronte et al., 2005, Huang et al., 2006, Movahedi et al., 2008, Nagaraj et al., 

2007, Srivastava et al., 2010). During pathological conditions immature myeloid 

cells expand into MDSCs rather than differentiation into either macrophages, 

dendritic cells or mature granulocytes and have a pathogenic role in cancer, 

autoimmune disease and chronic infectious disease. Studies on tumour bearing 

mice have reported the accumulation of MDSCs within primary and metastatic 

tumours, BM, spleen as well as peripheral blood. Furthermore, increase of 

MDSCs has been described in blood of cancer patients (Zhang et al., 2013, Sun 

et al., 2012, Raychaudhuri et al., 2011). Based on morphology and expression of 

Ly6 family of glycoproteins two subsets of MDSCs were identified in mice. These 

subsets are: monocytic MDSCs (M-MDSCs) and granulocytic MDSCs (G-

MDSCs). One important difference between these two subtypes is that M-MDSC-

mediated immune suppression does not require cell-cell contact, but is 

characterised by up-regulation of two different enzymes of inducible nitric oxide 

synthase (iNOS) and arginase-1 (Arg1) as well as production of 

immunosuppressive cytokines. On the other hand, G-MDSCs-mediated immune 

suppression occurs via mechanisms which involve the release of ROS, a process 

that requires prolonged cell-cell contact between MDSC and T cell (Gabrilovich 

and Nagaraj, 2009). Nevertheless, it has been suggested that MDSCs mediated 

suppressive activity is a result of a group of phenotypically heterogeneous 

myeloid cells rather than a specific subset (Youn et al., 2008).  
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Tumour cells produce many factors involved in the differentiation of MDSCs. 

Among those factors are granulocyte monocytes-colony stimulating factor (GM-

CSF), macrophage monocytes-colony stimulating factor (M-CSF), IL-6, IL-1β, 

VEGF and PGE2 (Marigo et al., 2010). The level of MDSCs expansion depends 

on the type of tumour model, with sarcomas having the lowest level of MDSCs 

expansion and breast carcinoma and colon carcinoma having the highest. One 

important determinant of the level of MDSCs expansion is the nature of soluble 

factors produced by tumours (Youn et al., 2008).  

In melanoma, the tumour microenvironment is enriched with MDSCs and thereby 

results in suppression of antitumour immune response which leads to tumour 

progression. Melanoma cells have the ability to produce various inflammatory 

mediators (such as GM-CSF, VEGF, TGF-β), chemokines (CCL2, CCL4, CCL5), 

tumour necrosis factor (TNF)-α, IL-1β, IL-6 and IL-10) some of which have been 

implicated in the generation, expansion and migration of MDSCs (Gabrilovich et 

al., 2012, Filipazzi et al., 2012, Poschke and Kiessling, 2012, Condamine and 

Gabrilovich, 2011). During progression of melanomic tumours, it was noted that 

accumulation of various inflammatory mediators (including VEGF, IL-1β, IL-6, 

TNF-α, GM-CSF, IFN-γ, TGF-β, IL-10 and CCL2) in melanoma lesions coincided 

with increased accumulation of MDSCs in tumour microenvironment (Figure 3). 

Furthermore, these MDSCs were characterised by increased iNO production and 

ARG-1 expression; indicating their high level of activation and their strong T-cell 

suppressive ability. It has been suggested that melanoma immunotherapy should 

focus on inhibition of MDSC suppressive function (Umansky et al., 2014).One 

promising approach in cancer immunotherapy would be to inhibit MDSC pro-

tumoural activity via enhancement of differentiation of MDSCs into mature cells 

(Sica et al., 2011, Najjar and Finke, 2013, de Haas et al., 2016). 
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Figure 3: MDSCs suppress antitumour immunity through multiple different mechanisms. 

 

Cross-talk between MDSC and macrophages polarizes immunity towards a type 2 response that 

promotes melanoma tumuor progression. MDSC, dendritic cells impairs DC function and 

macrophages interact with each other through a variety of soluble mediates and cell contact-

dependent mechanisms that enhance the suppressive activity of each cell type. Cross-talk results 

in increased production of IL-10, decreased production of IL-12 and IL-6, and down-regulation of 

macrophage MHC II. The down-stream effects are the activation of CD4+ Th2 and T regulatory 

cells and decreased antigen presentation which impair cytotoxic CD8+ T cell activity and 

impairment of NK cell cytotoxicity. Increased tumour burden facilitates the accumulation of MDSC 

which in turn decrease DC maturation, antigen uptake, migration, IL-23, IL-12 and T cell IFN 

production, thereby limiting the activation of CD8-mediated anti-tumour immunity. 
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 Regulatory T cells (T-regs) 

T-regs are characterised by the expression of CD4 antigen and the forkhead 

transcription factor, FOXP3 which regulates the expression of proteins that 

mediate T-regs suppressive function. T-regs modulate the expansion and 

activation of T and B cells, and NK cell cytotoxicity. T-regs play a prominent role 

in infection, allergy and autoreactivity. In cancer, a shifted balance towards 

increased T-regs contribute in hindering the body’s ability to control the 

progression of tumour cells via supressing the anti-tumour immune response. 

Mechanisms by which T-regs weakens the anti-tumour immunity include 

suppression of cytotoxic cells, secretion of immunosuppressive cytokines and 

interference with tumour associated antigen presentation. Mouse models have 

shown that removal of T-regs results in rejection of tumour cell lines and thereby 

prevents the progression of these cells in vivo (Betts et al., 2007). Tumours are 

enriched with FOXP3 -expressing cells in humans and mice. Furthermore, cancer 

studies have shown the accumulation of T-regs in peripheral blood and spleen 

which implies that accumulation of these cells is a characteristic of cancer (Leong 

et al., 2006, Betts et al., 2007). There are two populations of T-regs; naturally 

occurring T-regs (nT-regs) which develop in the thymus and constitutively 

express CD25 and FOXP3 , and the other type is the induced T-regs (iT-regs) 

which develop in the periphery as CD4+CD25ˉ cells and subsequently acquire 

FOXP3  expression and suppressive activity (Gallimore and Simon, 2008). 

Tumours can be infiltrated with either or both of these cells via a number of 

mechanisms favoured by the tumour microenvironment (Adeegbe and 

Nishikawa, 2013). In melanoma, accumulation of T-regs in tumour tissue has 

been reported with the CD8+/T-regs value being frequently used to predict 

prognosis. Murine models of melanoma have shown that any temporary 

decrease in T-reg numbers augments antitumour immunity and improves 

survival, highlighting the functional significance of these cells in cancer. Similar 

observations were also noted in patients with metastatic melanomas in which T-

regs were increased in peripheral blood when compared to healthy controls. In 

addition, estimation of T-reg numbers in primary and metastatic lesions, as well 

as affected lymph nodes revealed that the tumour microenvironment of 

melanoma patients is highly infiltrated with T-regs which are reported to be 

functionally immunosuppressive (reviewed in (Jacobs et al., 2012)). Although a 
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number of studies have linked the extent of T-reg expansion in tumour lesions 

and prognosis in melanoma patients, but others did not manage to find such 

correlation (Ladanyi et al., 2010, Miracco et al., 2007, Brody et al., 2009, Hillen 

et al., 2008). Vence and co-workers identified tumour-specific T-regs capable of 

recognising a broad range of melanoma-associated antigens circulating in 

melanoma patients (Vence et al., 2007). It has been suggested that each of nT-

regs and iT-regs play independent roles in tumour specific tolerance. Mouse 

models of melanoma have revealed that tumour-infiltrating T-regs activated by 

one tumour-associated antigen suppress both naturally occurring and vaccine-

induced antitumour immune responses against a broad range of tumour antigens. 

To date the factors which govern the migration of effector T cells and T-regs to 

tumour site is not fully understood. It has been suggested that production of the 

chemokine CCL22 by tumour-infiltrating macrophages results in migration of T-

regs to tumour site (Zhou and Levitsky, 2007, Liu et al., 2007, Valzasina et al., 

2006, Bui et al., 2006). Selective depletion of T-regs in an effort to overcome their 

suppressive activity represents a promising strategy to augment the effectiveness 

of tumour specific immunity (Gallimore and Simon, 2008).  
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 Antimicrobial peptides and cancer 

Chemotherapy and radiation in the treatment of cancer are associated with 

serious side effects like nonspecific toxicity and the emergence of multidrug 

resistance of tumour cells. These drawbacks have urged scientists to conduct an 

intensive search and propose new oncolytic therapies that are less toxic and 

more effective. One of the most widely studied oncolytic candidates is 

antimicrobial peptides (AMP), also known as host defence peptides (Papo and 

Shai, 2005). Antimicrobial peptides (AMPs) are regarded as part of the innate 

immune defence mechanism of several living organisms. Although these 

peptides were initially discovered due to their ability to kill bacteria subsequent 

studies have found that they can overcome the drawbacks of conventional cancer 

therapy via a unique mechanism of cancer killing (Papo et al., 2003, Leuschner 

and Hansel, 2004). Not all AMP possess an anticancer capability and those which 

have can be divided into two broad categories. The first includes those that are 

highly cytotoxic for bacteria and cancer cells but not against normal mammalian 

cells, while the second category include AMPs that can kill normal mammalian 

cells in addition to bacteria and cancer cells. The selectivity of AMP for tumour 

cells rather than normal cells is thought to arise due to the major differences 

between the cell membranes of these two cells. The selective killing of tumour 

cells by AMP is a consequence of the electrostatic interactions between cationic 

AMP and anionic cell membrane components (Hoskin and Ramamoorthy, 2008). 

Over the past 10 years, a considerable number of studies have been aimed at 

investigating the antitumour potential of some AMP. Among those peptides are 

members of the cationic antimicrobial peptide superfamily, defensins. It has been 

suggested that α and β defensins can act as immune modulators of the tumour 

microenvironment. Defencins induce T-lymphocyte and dendritic cell chemotaxis 

and thereby have the potential to restore antitumour immunity during cancer. A 

combination of immune system activators (such as Imiquimod) and defensins is 

another new promising potent anticancer treatment method (Suarez-Carmona et 

al., 2015). Several studies have found disrupted expression of defensins in 

malignant tissue linking these peptides with tumour initiation and progression 

(Rohrl et al., 2010, Donald et al., 2003).  Nevertheless, there has been a debate 

about the role of defensins in tumour initiation and progression with some groups 
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reporting overexpression of some β defensins in certian types of cancer while 

others have reported  diminished or suppressed expression in malignant tissue 

(reviewed in  (Alrayahi and Sanyi, 2015)). Initiation of tumourgenesis and 

inflammation have also been linked to dysregulation of cathelicidin, a group of 

mammalian AMPs (Wu et al., 2014).  

Investigations into the expression of CRAMP (cathelin related antimicrobial 

peptides) and β-defensins by measuring mRNA of these peptides in splenic 

tissue from wildtype and properdin deficient tumour bearing mice were carried 

out as part of this project. These investigations showed no significant difference 

in the expression of these two AMPs between both genotypes (see appendix).  
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 Obesity and cancer 

LDLR-/- mouse model combined with properdin-deficient mice was used to 

investigate the role of this complement component in our syngenic tumour model. 

The LDLR-/- is a mouse model in which the low-density lipoprotein (LDL) receptor 

had been knocked out. The LDL receptor is an important player in the clearance 

of apoB and apoE-containing lipoproteins (Kurano et al., 2015). The absence of 

the LDL receptor prolongs the plasma half-life of VLDL and LDL which results in 

the LDLR-/- mice being hypercholesterolemic (Ishibashi et al., 1993, Bieghs et al., 

2012, Wouters et al., 2008). Published studies reported that tumour from high-

cholesterol (hypercholesterolemic) mice had higher microvessel density, linking 

hypercholesterolemia with induction of angiogenesis and more tumour growth in 

vivo (Pelton et al., 2014). 

A number of epidemiological studies have linked obesity with the incidence of 

many types of cancers including melanoma. Studies on the relationship between 

obesity and melanoma incidence revealed that obesity is a contributor in tumour 

growth. Furthermore, restrictions in dietary intake lead to a substantial decrease 

in tumour growth, supporting the role of obesity in promoting tumour growth 

(Brandon et al., 2009). Moreover, it was observed that leptin contributes to 

melanoma growth through an increase in nitric oxide production and circulating 

EPC (endothelial progenitor cell) leading to vasculogenesis (Amjadi et al., 2011). 

Adiponectin which is an adipocyte derived plasma protein involved in regulating 

fat and glucose metabolism has been linked to the development of many types 

of cancers. Recently, the role of adiponectin in promoting tumour growth was 

investigated by implanting B16F10 melanoma and Lewis lung carcinoma cells 

into adiponectin knockout and wildtype mice. It was found that adiponectin 

deficiency has a significant role in enhancing tumour growth. This observation 

was accompanied by a reduction in macrophage infiltration (macrophage 

infiltration within tumours from adiponectin knockout mice was 3 fold less than 

infiltration within tumours from wildtype mice). The increase in tumour growth 

which was observed in adiponectin null mice was reversed by injecting 

macrophages (Sun and Lodish, 2010).  The upregulation of fatty acid synthase 

which was observed in human breast cancer lines, ovarian tumours, prostate 

tumours was considered as evidence for the utilisation of lipids by cancer cells 
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providing a source of structural lipids required for cell proliferation. Another 

interesting observation was the increase in lipolytic enzymes which results in 

mobilisation of lipid stores providing a source of pro-tumourgenic signalling lipids. 

In vitro studies showed that cancer cells have the ability to utilise lipids from 

surrounding tissues which provide a source of energy, leading to tumour growth. 

Thus the excess adipocyte mass found in obese individuals can be one of the 

factors influencing both prevalence and aggressiveness of cancer cells (Balaban 

et al., 2015, Louie et al., 2013, Karimi et al., 2016). LDLR-/- mice on a normal 

maintenance diet are a model for familial hypercholesterolemia. To what extent 

their elevated triglyceride levels promote tumour growth is not known. 

It has been suggested that obesity is the causative agent lying behind 

approximately 20% of all cancer cases. Among the cancers that have been linked 

with obesity are colon, breast,  endometrial, renal, oesophageal, thyroid and 

prostate cancer (Wolin et al., 2010). Notably, the association between melanoma 

and obesity as an etablished risk factor remained debatable. In 2015, Jiang and 

colleaugues decribed obesity as one of the environmental factors that increase 

the risk of melanoma (Jiang et al., 2015).  A meta-analysis including case–control 

and cohort studies revealed increased risk of melanoma in overweight and obese 

men, whereas no such risk was found in females (Sergentanis et al., 2013). 

Probable reseaons for these contradictory findings is that overweight and obese 

females tend to self limit public sun exposure. Two mechanisms have been 

suggested to interpretate the positive link between melanoma and obesity. The 

first suggests that increased body weight means a large surface/number of cells 

are exposed to sunlight and thus more cells are at risk of malignant 

transformation. The second suggests that obesity acts via chronic insulin 

resistance, hyperinsulinaemia, downregulation of insulin-like growth factor (IGF) 

binding proteins 1 and 2 and increased activity of IGF-I (Renehan et al., 2006). 

Published data has referred to a link between obesity and melanoma due to 

common genetic susceptibilities,  in both humans and mice. In mice,  the 

introduction of function mutation in the agouti-signaling  protein (ASIP) that 

regulates hair pigementation resulted in  an  obese  phenotype  with  yellow  fur. 

studies in humans, linked variants in the ASIP locus to obesity,  hair pigmentation  

and  melanoma  susceptibility (Voisey and van Daal, 2002, Maccioni et al., 2013).   

Other genetic susuptibilties linking obesity to the risk of melanoma are the fat 
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mass and obesity-associated protein (encoded by the gene FTO), interferon 

regulatory factor 4, peroxisome proliferator-activated receptor-ɣ coactivator 1β 

and vitamin D receptor  (Kostner et al., 2009, Li et al., 2013b, Granovetter, 2016, 

Shoag et al., 2013).  Besides initiation of melanoma, modifications within obese 

adipose tissue is thought to enhance the growth of primary melanomas, support 

locally invasive tumuors and even  drive melanoma progression (Reviewed in 

(Clement et al., 2017). 

 Aims and Objectives of this Study 

The initial aim of the study was to establish a syngeneic tumour model in mice to 

allow testing of the following hypotheses: 

The absence of properdin in the properdin-deficient mice impacts on tumour 

growth and cell recruitment via lower levels of C5a; 

The use of LDLR-/- exacerbates the absence of properdin by providing an M2 

skewed environment;  

The absence of properdin in bone marrow derived macrophages from properdin-

deficient mice impacts on their reaction towards tumour cell conditioned medium. 

 

The objectives of the project:  

The experimental model used is subcutaneous and intravenous injection of 

mouse melanoma cell line B16F10. Deficient and congenic wildtype mice were 

used in parallel.  

1- Characterisation of cellular phenotype in bone marrow, spleen, tumour lysates. 

This was done using FACS with a wide range of CD markers in order to identify 

myeloid derived suppressor cells (MDSCs), T-regulatory cells, T-cytotoxic, 

natural Killer cells, macrophages, dendritic and myeloid cells. Immunochemistry 

was used to document angiogenesis and apoptosis.  

2- Characterisation of tumour growth and metastasis. This was done by calliper 

measurements, weight, bioluminescence, and use of intravenous model. 

3- Characterisation of candidate mRNA expression and complement proteins in 

mouse melanoma tumour cells by using reverse transcriptase polymerase chain 

reaction (RT-PCR)/ quantitative RT-PCR (qPCR) and Western blot, respectively.  
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4- Characterisation of cytokines and C5a released in melanoma tumour 

microenvironment using tumour homogenates, cytokines protein arrays, and 

ELISA, respectively.  

5- Characterisation of complement component C3, C5a and C5b-9 as well as 

lectin pathway activation in sera of PWT and PKO tumour bearing mice. 

6- Characterisation of the immune stimulatory effect of B16F10 conditioned 

medium on bone marrow derived macrophages using cell culture, qPCR, FACS, 

and ELISA. 

7- Characterisation of the level of properdin in sera of pancreatic cancer patients 

undergoing chemotherapy with or without intravenous omega 3. 
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 Animals and cell line 

 Animals  

The experiments were carried out using specific pathogen-free C57BL/6 wildtype 

and properdin deficient mice (from the properdin deficient mouse colony held at 

University of Leicester) after acquiring approval from the Ethical Committee of 

the University of Leicester and the Home Office (project license “The role of 

properdin in cancer”, PPL80/2354). Properdin-deficient mice were generated at 

the University of Leicester and are unimpaired when kept in a specific pathogen 

free environment. The properdin gene of embryonic stem cells was targeted by 

homologous recombination. Selection and identification of the positive 

recombinant that was used for microinjection are described (Stover et al., 2008). 

Because the stem cells were from mice of 129/Ola background, the new 

transgenes were backcrossed to C57Bl/6 in excess of 12 generations. With 

relevance to this study, previous investigations of this transgenic line using 

infectious models have revealed that properdin deficient mice are impaired in 

their M1 response (Dupont et al., 2014). Crossing of properdin deficient mice with 

a commercially available LDLR-/- line (B6.129S7-Ldlrtm1Her/J, strain 002207) gave 

rise to a new colony of LDLR-/- PKO double knockouts and LDLR-/- PWT mice 

maintained by intercrossing. Mice were genotyped by polymerase chain reaction. 

All mice were used in accordance with UK legislation (1986 Animals (Scientific 

Procedures) Act) and were housed in a controlled environment with a 12 h 

light/dark cycle at 22 ºC. All animal experiments were carried out in strict 

accordance with the recommendations in the guide for the Conduct of Animal 

Research, National Institutes of Health. The protocols were approved by the 

University of Leicester Ethical Review body and carried out under UK Home 

Office Project Licences. Importantly, wildtype control mice are matched and are 

always taken from the same colony. Figure 4 shows typical agarose gel 

electrophoresis of PCR products obtained from wildtype, homo- or hemizygous 

properdin-deficient and heterozygous mice by target specific amplification. Then 

heterozygous mice were backcrossed to C57BL/6 mice to obtain male wildtype 

and properdin-deficient littermates. These were used in the experiments 

wherever possible. 
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2.1.1.1 Genotyping of wildtype and properdin deficient mice. 

The aim of this experiment was to confirm the genotype of the mice. This method 

involves the analysis of DNA extracted from tail snip biopsies using polymerase 

chain reaction. 

For each sample to be tested, 120µl of 0.5M EDTA solution (pH 8.0) was added 

to 500µl of nuclear lysis solution in a centrifuge tube followed by chilling the 

mixture on ice. The next step was to add 0.5-1.0 cm of thawed mouse tail to a 

1.5 ml microcentrifuge tube followed by adding 600 µl of EDTA/nuclei lysis 

solution previously prepared to the tube. Then 17.5µl of 20mg/ml proteinase K 

was added followed by overnight incubation at 55 ˚C with gentle shaking. In the 

next day the sample was allowed to reach room temperature for 5 minutes, then 

3µl of RNaseA (4mg/ml) was added to the nuclear lysate followed by mixing the 

sample by inverting the tube 2-5 times. The mixture was incubated for 15-30 

minutes at 37 ˚C. Then 200µl of protein precipitation solution was added followed 

by vortexing vigorously at high speed for 20 seconds. After that the samples were 

chilled on ice for 5 minutes and centrifuged at 13000-16000g for 4 minutes. The 

supernatant (containing the DNA) was removed carefully and transferred to a 

clean 1.5ml microcentrifuge tube containing 600µl of room temperature 

isopropanol. Then the mixture was incubated at room-temperature for 5 minutes. 

After incubation, the mixture was centrifuged at 15,500g for 4 minutes. After 

centrifugation, the supernatant was decanted and 200µl of 70% ethanol was 

added to the pellet, then the mixture was centrifuged as before. After 

centrifugation, the supernatant was decanted and the pellet left to dry, then 200µl 

of 0.2XTE performed (Tris EDTA buffer) was added. Polymerase chain reaction 

was done using the following primer pairs: 

For the wildtype gene:  

WT antiproperdin 5’-GGATTATCACATACTCGTTGACGG-3’ 

PCAS 5’-CTCTTGAGTGGCAGCTACAG-3’ 

For the targeted gene (KO specific): 

OCP665’-CGTGCAATCCATCTTGTTCA-3’ 

Neoend anti5’-CAAGGCAGTCTGGAGCATGC-3’ 

A mixture containing 2µl of 25 mM  MgCl2, 0.5µl of genomic DNA (1/200 dilution), 

2.5µl of 10X buffer, 4.0µl of dNTPs(1.25mM), 0.5µl of sense primers, 0.5µl of 

antisense primers and 0.2µl of Thermoprime Taq polymerase were added to a 
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nuclease free microcentrifuge tube. The reaction was made up to 24.5µl with 

sterile distilled water. The following cycling conditions were applied: initial 

denaturation at 94 ˚C for 2 minutes and 30 seconds, thirty cycles of denaturation 

at 94 ˚C 45 seconds, annealing at 59 ˚C for 30 seconds and extension at 72 ˚C 

for 1 minute and 30 seconds. The final extension was 72 ˚C for 10 minutes, finally 

the sample was held at 15 ˚C. The size of the PCR product was analysed using 

1% agarose gel electrophoresis. The wildtype genotype should show a 1000bp 

band while the properdin deficient genotype should show a 500bp band. 

 

Figure 4: Genotyping of wildtype and properdin deficient mice by PCR. 

Numbers indicate ID numbers of experimental mice. Products from PCR reaction were loaded in 

1% agarose. Two PCR were done for each mouse: A 1000bp fragment was seen in the wildtype 

mice, while a 500bp fragment seen in the properdin deficient mice (representative image). (Wt= 

wildtype gene amplification; N=knockout specific gene amplification). 

 

 B16F10  

B16F10 is a mouse (C57BL/6) melanoma cell line (kindly provided by Professor 

Steven Todryk from the University of Northumbria).The B16F10 line is a cell 

variant of B16 melanoma which has the tendency to generate a high number of 

pulmonary tumour foci when it is inoculated in the tail vein (de la Hoz and Baroja, 

1993). These cells were maintained in DMEM (Gibco) supplemented with 10% 

(v/v) foetal calf serum (FCS) (Life Technologies, Ltd), 2mM L-glutamine, 100U/ml 
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penicillin, 100μg/ml streptomycin. They were incubated at 37°C with 5% CO2. 

Every 2-3 days the cell medium was aspirated and the cells were detached using 

0.25% (w/v) trypsin EDTA (SAFA Bioscience) followed splitting the cells at a 1:3 

ratio. This cell line is a mixture of spindle-shaped and epithelial-like cells. They 

cause black discoloration of the medium due to the production of melanin. 

B16F10 is a well characterised subline of C57BL/6J melanoma (Hart, 1979, 

Danciu et al., 2013) 

 J774.1 cells 

J774.1 is a semi adherent murine macrophage-like cell line. The cells were grown 

in RPMI 1640 (Sigma Aldrich) supplemented with 10% (v/v) FCS (Life 

Technologies, Ltd), 2mM L-glutamine, Penicillin 100U/ml and Streptomycin 100 

µg/ml. The cells were sub-cultured twice a week by gently dislodging them from 

the flask with a cell scraper. Then a sample was taken for counting and viability 

assessment.  After that the cells were split at a density of approximately 2-3 x 105 

cells /ml by adding fresh media.  The cells were incubated in a humidified 

incubator (5% CO2) at 37°C. 

 Trypan blue counting and viability test 

In a 0.6ml reaction tube, 10µl of cell suspension was mixed with an equal volume 

of trypan blue. Then, 10µl of the mixed suspension was loaded in a 

haemocytometer. After that the total number of cells and the number of dead blue 

cells were counted using 10X objective lens. Finally, the total number of cells and 

the percentage of viable cells were counted. 

2.1.4.1 Trypan blue exclusion method 

The aim of this method was to count the total number of cells and assess the 

viability of macrophages by using trypan blue exclusion. This was done by mixing 

10μl of cell suspension with an equal volume of trypan blue. The total number of 

cells and the percentage of viable cells were calculated as following: 

Number of cells/ml= number of cells counted per mm2 X 2 dilute factor X 104 

Viability of cells (%) = number of live cells / total number of cells X 100 

 Mycoplasma PCR test of B16F10 and B16F10 Luc 

The principle of mycoplasma PCR test depends on the fact that prokaryotes, 

including mycoplasmas possess a well conserved rRNA gene sequence, 

whereas each species has a specific spacer region in the rRNA operon. In the 
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mycoplasma PCR test, both the conserved and mycoplasma specific 16S rRNA 

gene region are amplified. Agarose gel electrophoresis is used to detect the 

amplified region. 

The EZ-PCR Mycoplasma Test Kit (Biological industries) was used. The test 

sample was prepared by transferring 1.0ml of cell culture supernatant of B16F10 

and B16F10 Luc into a 1.5ml centrifuge tube. Then the samples were centrifuged 

briefly at 250 xg to pellet cellular debris. After that the supernatant was transferred 

into a fresh sterile tube and centrifuged at 16,000 xg for 10 minutes to sediment 

mycoplasma. Then the supernatant was carefully decanted and the pellet kept. 

The pellet was resuspended in 50μl of the buffer solution and subsequently 

heated at 95°C for 3 minutes. Then the reaction mixture was prepared in a PCR 

tube my mixing 10µl of reaction mix, 5µl of test sample and 35µl of H2O. After 

that the PCR tubes were placed in a thermal cycler and the following cycling 

conditions were applied:  

94°C    30   sec  

94°C    30   sec       

60°C    120 sec         35 cycles 

72°C    60   sec 

94°C    30   sec 

60°C    120 sec          

72°C    5 min 

At the end, 20µl of the PCR product was loaded into a 2% agarose gel and 

agarose gel electrophoresis was performed and the bands were visualised after 

ethidium bromide staining. The expected size of the amplified fragment using 

Mycoplasma specific primers is 270bp. A positive control was also included. 

This was done to exclude contamination with mycoplasma, as a quality check 

before in vivo experiments.  
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 Tumour implanatation in mice 

 Study intravenous subcutaneous syngeneic tumour implantation 

To investigate the role of properdin in tumour metastasis, mice were injected 

intravenously with a suspension of B16F10 cells. In the beginning, a pilot 

experiment was carried on wildtype and properdin deficient female C57Bl/6 mice 

by intravenously injecting the lateral tail vein with a suspension of B16F10 mouse 

melanoma cell line (1.9 X 105 cell/100µl PBS). After 10 days, the mice were culled 

and lungs were removed. Macroscopic examination showed pigment aggregates 

less than 1mm on the lung surface in all lobes, which are indicative of lung 

metastasis, as shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Macroscopic view of explanted lungs. 

 

(A) Lungs of untreated, control mouse (wildtype female C57BL/6). (B) Lungs of intravenously 

injected female C57BL/6 mouse, 10 days p.i.(dose1.9x105 B16F10 mouse melanoma cell line in 

100µl PBS). Circumscript pigmented aggregates (<1mm) on the lung surface in all lobes of the 

lungs are indicative of lung metastases. The mouse showed no signs of illness.  

 

 Analysis of pilot subcutaneous syngeneic tumour implantation.  

A subcutaneous tumour model was established by injecting the flank of properdin 

deficient female mice with a suspension of B16F10 mouse melanoma cell line 

(1.9×105 cells in 100µl PBS). After 10 days, the mice were culled and dissected. 

A 

B 
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Macroscopic examination of the tissue in the site of injection showed a nodular 

pigmented non-infiltrative mass (about 3mm ×1.5mm) with lobulated contours, 

and no blood vessel formation was seen macroscopically. The surface was 

smooth and shiny as shown in Figure 6. 

Tumour volume measurement by the use of external calipers is a standard 

method used in cancer studies. Calipers were used to measure baseline tumour 

width and length (in mm3). The following formula was used to calculate tumour 

volume:  

Tumour volume (mm3) = (1/2) x (A) x (B)2. 

In which A refers to the long axis of the tumour and B refers to the short axis of 

the tumour in millimetres (Xu et al., 2013, Kretzer et al., 2012, Sumiyoshi et al., 

2014, He et al., 2013). 

Subcutaneous implantation of B16F10 will result in a palpable tumour in about 5 

to 10 days. The tumours grow to 1 × 1 × 1–cm in size after about 14 to 21 days. 

If allowed to grow larger, the tumours usually become necrotic in the center and 

begin to ulcerate. Hence, it is recommended that mice are sacrificed before it 

reaches this stage. Typical dose for tumour implantation is 1-5 × 105 cells/mouse. 

A consistent injection technique is vital for subcutaneous tumour implantation, as 

any difference in site/depth of injection may result in variation. Prior to injection, 

the fur on the area of interest was shaved to facilitate monitoring of injection and 

tumour. Upon injection, each mouse should show a clear visible bleb. The 

absence of a clear bleb after injection may indicate delay in tumour growth or 

absence of tumour. After tumour implantation, mice should be monitored daily for 

the appearance of visible nodule. 
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Figure 6: In situ aspect of subcutaneous tumours in the flank of a properdin-deficient  
female mouse. 

 

Mice were culled 10 days after subcutaneous injection with a suspension of 1.9x10 5 B16F10 

mouse melanoma cell line (in100µl PBS). In the sub-cutis, a pigmented, non-infiltrative mass is 

seen, which measured about 3mmx1.5mm. Its contours were lobulated. The mouse showed no 

signs of impairment. The tumour appear as a dark (pigmented) nodule (indicated by arrow in left 

hand photograph; higher powered photograph of the tumour in right hand photograph). 

 Tumour harvesting and tissues collected for different types of 

analyses  

Mice usually reached the endpoint within 13-14 days, after which the mice were 

sacrificed, and macroscopically examined for tumour formation. Tumour size 

(volume) was measured by calipers. Tumour tissue and spleens  were collected 

for analysis using autoclaved forceps and scissors. Tumour tissue was either  cut 

into small pieces for fixation with formaldehyde (10%) and subsequent 

embedding in paraffin (used for immunohistochemistry), used to prepare single 

cell suspension for FACs or used for RNA preparation for gene expression 

(qPCR). Spleens were either used to prepare single cell suspension for FACS 

analysis or used to prepare RNA for gene expression exeriments (qPCR). Bone 

marrow cells were isolated from tibias and femurs of both properdin deficient and 
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wildtype mice and FACS was done to analyse cell phenotype. Mouse sera was 

also collected for ELISA as shown in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 
 
 
 

 

 

 

 

 

 

Figure 7: Schematic representation of experiment protocol (subcutaneous model). 

  

 RNA Extraction 

 RNA Extraction from Tissue 

Trizol reagent (Invitrogen, Paisley, UK) was used to extract total RNA from mouse 

tissue. This was done by placing the tissue in a tube containing trizol. Then the 

sample was homogenised using a glass homogenisor. After that the supernatant 

was left to stand at room temperature for 10 minutes. Chloroform was added with 

mixing. Then, centrifugation was done at 12,000g for 15 minutes and 

centrifugation of the sample allowed a good separation of the pink organic phase 

Subcutaneous injection of melanoma cells (1.6-3×10
5
 cell/100 µl) 

Measure 
tumour size 

Collection of tumour for further 
analysis (FACS, qPCR and 
immunohistochemistry ……etc) 

PKO  PWT  

13-20 days  
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weight 

 ELISA 

 qPCR and  
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 qPCR, 
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(bottom) from the aqueous phase (top) containing the RNA. The aqueous phase 

was transferred to a new tube. Isopropanol was added to precipitate the RNA. 

After washing with 75% ethanol (7500 g for 8 minutes) and drying, the pellet was 

resuspended in Diethylpyrocarbonate DEPC-treated water. After that the RNA 

preparation was diluted using (DEPC)-treated water. Finally, 1µl was placed in 

the nanodrop to measure the concentration of RNA (absorbance at 260 nm). 

 RNA Extraction from cells 

1ml of Trizol reagent (Invitrogen, Paisley, UK) was added to a 25 cm2 flask 

containing of growing cells after removal of medium. Then, the suspension was 

collected in a reaction tube. The next steps were the same steps as those done 

in RNA Extraction from Tissue. 

 Reduction of genomic DNA 

DNase digestion of Trizol-based Nucleic Acid isolation was carried out to 

eliminate genomic DNA (gDNA) contamination. Briefly, the following components 

were assembled on ice in a centrifuged DNase-free reaction tube for each RNA 

sample to yield a final volume of 100µl: 

Table 1: Reduction of genomic DNA mixing reaction reagents. 

Reagent and concentration  volume 

10x DNase I buffer 10µl 

DNase I (2 unit/ µl) 1µl 

RNA (10 µg) *x µl 

DEPC H2O Up to 100 µl 

*The volume of total RNA suspension used in the reaction varied on a per sample basis; however, 

a concentration of 10µg of the total RNA was used and the rest of the volume made up with water. 

All the components were mixed well and incubated at 37⁰C for 10 min. Thereafter, 

another RNA extraction was carried out to remove any trace of proteins and to 

inactivate DNase present in the samples. For this RNA purification, only 500µl of 

TRI regent and half of the other reagents previously used for the RNA extraction 

were used. 

 RNA Extraction and Quantitative Real-Time PCR 

Total RNA was extracted from cells stimulated with LPS and IFNɣ, IL-4 and 

B16F10 conditioned medium using RNeasy Mini Kit (Qiagen). Contaminating 

genomic DNA was removed from RNA samples using the RNase-Free DNase 

Set (Qiagen). 2 μg total RNA was reverse-transcribed into cDNA using first strand 
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synthesis kit (Thermoscientific). Gene-specific amplification using SensiMix 

SYBR kit (Bioline Reagents Ltd., London) was analysed with Rotor-Gene 6000 

(Corbett Life Science) for IL-6, IL-1β, iNOS, TNF-α, IL-10, arginase-1 and MCP-

1 in comparison with GAPDH. Sequences of priming oligonucleotides are given 

in Table 2. ΔΔCT values were used (Livak and Schmittgen, 2001), the mRNA 

expression corrected for GAPDH and compared with unstimulated BMDM. 

Amplifications were set up in duplicates.  
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Table 2: Sequences of oligonucleotides used in this study. 

  

Primers

, mouse 

Sequence Size 

(bp) 

TA 

(ᵒC) 

Reference sequence 
accession number 

NCBI  
 

GAPDH 5’-CCTGGAGAAACCTGCCAAGTATG-3’ 

5’-AGAGTGGGAGTTGCTGTTGAAGTC-3’ 

132  55 NM_0080848 

IL-10 5’-CCCTGGGTGAGAAGCTGAAG-3’ 

5’-CACTGCCTTGCTCTTATTTTCACA-3’ 

84 58  NM_010548 

TNF-α 5’- GGCAGGTCTACTTTGGAGTCATTGC-3’ 

5’- ACATTCGAGGCTCCAGTGAATTCGG-3’ 

333  55 NM_0013693 

iNOS 5’-TAAAGATAATGGTGAGGGG-3’ 

5’-GTGCTTCAGTCAGGAGGTT-3’ 

270  60 NM_010927 

Arginase-

1 

5’-AGGAACTGGCTGAAGTGGT-3’ 

5’-GATGAGAAAGGAAAGTGGC-3’ 

220  60  NM_007482 

IL-6 

 

5’-GACAACTTTGGCATTGTGC-3’ 

5’-ATGCAGGGATGATGTTCTG-3’ 

160  53 NM_031168.1 

MCP-1 5’- CACTCACCTGCTGCTACTCATTCAC-3’ 

5’-GGATTCACAGAGAGCGAAAAATGG-3’ 

490 57 NM_0011333 

IL-1β 5-’ TTGACGGACCCCAAAAGATG-3’ 

5’- AGAAGGTGCTCATGTCCTCA-3’ 

200 55 NM_008361 
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 Reverse transcriptase polymerase chain reaction (RT-PCR): 

cDNA was synthesised using first strand synthesis kit (Thermoscientific) 

according to the manufacturer’s instructions. Briefly, a 20ul reaction was set up 

on ice in nuclease free 0.2ml tube by firstly mixing up to 5µg of total RNA, 

oligo(dT) primers and nuclease free water to a total volume of 12ul. Then the 

reaction was mixed followed by incubation at 65 ˚C for 5 minutes. After that the 

tubes were chilled on ice and the following components were added; 4ul of 5X 

reaction buffer, 1µl of RiboLockRnase inhibitor (20 U/µl), 2ul of 10mM dNTP mix 

and 1µl of M-MuLV reverse transcriptase. Then the reaction was mixed and 

centrifuged briefly. After that, the mixture was incubated at 42 ˚C for 60 minutes 

followed by heating at 70 ˚C for 5 minutes. Then the samples were stored at -20 

˚C. 

 Polymerase chain reaction(PCR) 

PCR was carried out to examine gene expression. Occasionally, optimisation of 

annealing temperatures was needed. The reaction was performed by mixing the 

following reagents in 0.5ml PCR reaction tube on ice: 

Table 3: PCR mixing reaction reagents. 

 Reagent and concentration Volume 

Reaction buffer IV (10x) 2.5µl 

5mM MgCl2 (1.5mM) 1.5µl 

2.5mM dNTPs (0.2mM) 2µl 

dH2O 12.75µl 

Forward primer (5µM) 2µl 

Reverse primer (5µM) 2µl 

Thermoprime plus DNA polymerase (Taq 5Units/(µl) 0.2µl 

 

Thereafter, 2µl of each cDNA was added into each PCR reaction, giving the final 

volume of 25µl. The tubes were then pulse-centrifuged and placed into a 

thermocycler and the following programme was applied to the machine: 
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Table 4: PCR amplification cycle. 

*The annealing temperature varied for each primer pair (Table 6) 
 

 Quantitative polymerase chain reaction (qPCR): 

The expression of the gene of interest can be measured by using quantitative 

polymerase chain reaction. In this method, the production of amplification product 

during each cycle is monitored by a fluorescent molecule which means that the 

DNA is amplified and detected in a single assay. The intensity of fluorescence is 

proportional to the increase in amplification product of target gene resulting in an 

amplification curve during each PCR cycle. The threshold cycle (CT) is detected 

when the amount of fluorescence reaches a signal beyond background level. In 

quantitative PCR, the results are reported as either absolute numbers or relative 

amounts which are normalised using a normalising gene (housekeeping gene).  

 Quantitative analysis of mRNA expression by Real-Time RT-PCR 

(qPCR) in Tumour tissue 

Tumour tissue from wildtype and properdin deficient tumour bearing mice were 

collected and stored at -80 ˚C. Then the tissue was homogenised as described 

before and RNA was extracted.  

A qPCR reaction was set up in 0.2ml PCR tubes by mixing 3µl of diluted cDNA 

(1:4 in RNase free water) and 10µl of 2X SensiMixTMSYBRgreen mix (BIOLINE). 

In addition, 2µl of each of gene-specific forward and reverse primers (5µM) were 

added to the mixture. 3µl of H2O, were added to make a total volume of 20µl. 

Reaction which contained distilled water instead of cDNA templates served as 

negative control. All qPCRs were run in duplicates; the average standard 

deviation within duplicates of all samples studied was 0.15 cycle.  

Step 

Temp. (⁰C) 

Time (min) Number of cycles  Function 

1 94 2 1  Initial denaturation 

2 94 1 30  Denaturation 

          55* 1   Annealing 

          72 1   Extension 

3        72 10 1  Final extension 

          14    Hold 
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qPCR efficiencies in the exponential phase were calculated for each primer pair 

by standard curves (5point 5-fold dilution series of pooled cDNA), the mean 

quantification cycle (Cq) values for each serial dilution were plotted against the 

logarithm of the cDNA dilution factor and calculated according to the equation E= 

10[-1/slope] 

A standard curve was obtained by using gene specific primers and a ten fold 

serially diluted pooled cDNA samples. The qPCR was carried out using a Rotor 

gene 6000 (Corbett). The following amplification cycle was used in the PCR run:  

Table 5: qPCR amplification cycle . 

Step Temp. (⁰C) Times (sec) Number of cycles  Function  

1 95 600 1  Hold  

2 95 15   Denaturation  

 51-60* 15 X40  Annealing  

 72 15   Extension  

3 Ramp from 50-99  Rising by 1  Melt  

*The annealing temperature varied for each primer pair (see Table 6). 

Reverse-transcribed cDNA sample reaction, no template control and no reverse 

transcriptase (RT) control reactions were run in duplicate or triplicate. For quality 

control, an efficiency test (standard curve) was carried out using 10-fold dilutions 

from 1:4 diluted cDNA samples for each primer. The cDNA standards included in 

each run were: 100, 101 ,102 ,103, 104 and 105 X genome copy numbers per 

microliter. The standard curve was constructed by plotting the threshold cycle 

(C1) corresponding to each standard versus the value of their corresponding 

number of genome copies (genome copies/µl) as shown in Figure 8. This process 

was automated by Rotor-Gene 6000 (Corbett) software and the data were 

analysed as stated in below. 

 Data and software analysis 

Rotor-Gene 6000 software series 1.7 (Corbett Research) was used to assign CT 

values to each sample and analyse the efficiencies of the qPCRs through the 

direct analysis of the fluorescence application curve and analysis of a dilution 

series.  

Microsoft Excel was used for the calculation of relative gene expression, standard 

deviations and co-efficients of variation. All other statistics were performed using 

Graph pad Prism 7 (Graph pad software). 
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The data was calculated by using the levac method or 2-∆∆C
T in which the 

expression of target gene is normalised with the reference to a housekeeping 

gene. By this we assume that both genes are amplified with an efficiency of 

almost 100% and that the efficiency difference between them is no more than  

5%  (Livak and Schmittgen, 2001).  

The result obtained was the fold increase (or decrease) of the target gene in the 

test sample relative to the calibrator (control) sample and was normalized to the 

expression reference gene (housekeeping gene). A high ∆∆CT value, whether 

negative or positive, indicates significant changes in the expression levels of 

mRNA of the target gene. A positive ∆∆CT indicates an up-regulation in 

expression levels of the target gene’s mRNA. 

 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to assess purity and estimate the 

molecular weight of the PCR products. For this, a 1% (w/v) agarose gel was 

dissolved into 1x TBE buffer (89mM Tris base,89mM boric acid, 2mM EDTA, pH 

8) and heated up for 2 min at moderate power in a microwave oven. The solution 

was left to cool down for approximately 5 min, and then 5µl of 10mg/ml ethidium 

bromide (EtBr) (Sigma-Aldrich, Gillingham,UK) was added. The mixture was then 

immediately poured into a casting apparatus and a comb was inserted to form 

wells. The gel was left for 20-30 min at RT; thereafter, the gel was transferred to 

the running tank and immersed with 1x TBE buffer. The DNA samples were mixed 

with 6x DNA gel loading dye. The mixed samples were then loaded into the 

agarose gel wells. The gel electrophoresis was then performed at a constant 

voltage of 90 V. Electrophoresis was stopped when the line of bromophenol blue 

dye had migrated through 3/4 of the gel. The DNA fragments on the gel were then 

visualised using a UV transilluminator (UVP Dual Intensity Transilluminator) and 

the images were recorded using an Olympus camera connected with Image 

Quant 100 capture software (GE Healthcare, UK). A 1Kb plus DNA Ladder 

(Invitrogen, UK) was run alongside the samples to determine fragment size.  
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Figure 8: Example of the melting curve and amplification curves from the qPCR analysis. 

(A) example of the melting curve analysis of the mouse melanoma expression of target gene. 

Temperature was plotted against dF/dT [rate of change of fluorescence (F) in the reaction with 

time (T)]. (B) The graph shows the amplification curves from the qPCR analysis; each assay 

target is represented by a different colour. 

  

A 

B 
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Table 6: Primer sequences, annealing temperatures and the expected size generated in 
this study. 

 

 

  

Primer Sequence 5’  3’ 

 

Size 

(bp) 

Temperature ᵒC  

(TA)  

IL-10 FW:  CCCTGGGTGAGAAGCTGAAG  

Rev: CACTGCCTTGCTCTTATTTTCACA   

360  61 

NM_010548 

Mouse GAPDH For: CCTGGAGAAACCTGCCAAGTATG   

Rev: AGAGTGGGAGTTGCTGTTGAAGTC  

132  55 

NM_0080848 

mVEGF-A GGCTGACCCCTAAGAAACC 

CTGAAAATCAATAGCACGAAC 

500 55  

TNF-α For: GGCAGGTCTACTTTGGAGTCATTGC 

Rev: ACATTCGAGGCTCCAGTGAATTCGG 

333  55  

L-17A For: GGCTGACCCCTAAGAAACC   

Rev: CTGAAAATCAATAGCACGAAC  

79 95 

NM_010552.3 

C3 GAATACGTGCTGCCCAGTTT 

TGAGTGACCACCAGCACTTT 

500 55 

 NM_009778 

Mouse C5 For: CAAA GGA TCC AGA AAA GAA GCC TGT AAA CC   

Rev: CCT TAA GCT TCG TGCA GCA ACT TTT CAT TC  

400  

 

(Bolger et al,2007) 

60 

Mouse Crry CCA GCA GTG TGC ATT GTC AGT CC 

CCC CTT CTG GAA TCC ACT CAT CTC 

 60  

(Yang et al., 2009) 

Mouse cathelin TCGGAAGCTAATCTCTAC 

GGAACCATGCAGTTCCAGAGGGA 

CTGGACCAGCCGCCCAAG 

TTTGCGGAGAAGTCCAGC 

310 55 

(Gallo et al., 1997) 

mouse β-defensin 14 GTA TTC CTC ATC TTG TTC TTG G 

AAG TAC AGC ACA CCG GCC AC 

104 63.5 

(Rohrl et al., 2008) 

Properdin TTCACCCAGTATGAGGAGTCC 

GCTGACCATTGTGGAGACCT 

149 62 

NM_008823.3 

FOXP3  CTAGTCATGGTGGCACCGTC 

GATGATCTGCTTGGCAGTGCTTGA 

GAAACTCTTCTGGCTCCTCGAAG 

 

- 60 
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 Bioluminescence imaging (BLI) 

 Animals and cell line: 

B16F10-luc cells (mouse melanoma cells labelled with luciferase gene) kindly 

provided by Dr Victoria Brentville (University of Nottingham). Three wildtype 

C57BL/6 mice aged 8-12 weeks were used in the pilot BLI experiment. B16F10-

luc cells were maintained as previously described in (2.1.2). The cells were 

prepared for injection by detaching them from the flask as mentioned above and 

washing them twice. Then the cells were counted and resuspended in PBS at a 

concentration of 4x105 cell/100µl.  

 Tumour implantation: 

A pilot experiment for in vivo imaging was performed to determine the optimal 

kinetics for further studies. The in vivo experiment was carrying out after 

amendant of the project license “The role of properdin in cancer”, PPL80/2354). 

Three wildtype C57BL/6 mice were humanely restrained by scruffing, fur clipped, 

swabbed, and injected subcutaneously into the flank with 100μl (4x105cells) of 

freshly prepared B16F10-luc cell suspension using a 29 guage needle.  

 Preparation of the mice prior to imaging: 

After 8 and 12 days of tumour implantation the mice were prepared for in vivo 

imaging. Prior to imaging, the mice were administered D-luciferin firefly in PBS 

(purchased from Xenogen Corporation USA) at a concentration of 150mg/kg 

through subcutaneous injection and then the mice were anesthetized using 

isoflurane (1–3%). The mice were shaved over the tumour site to minimize the 

amount of light absorbed. The mice were placed in a light tight chamber. BLI was 

done using the xenogen In Vivo Imaging System (IVIS, Caliper life science). This 

system consists of a highly sensitive cooled CCD camera apparatus placed in 

light tight chamber which was used to detect photon emission from tumour 

bearing mice with acquisition times ranging from 1 s to 2 min until the peak signal 

was observed. Regions of interest were drawn and quantified using the Living 

Image software version 2.5. Bioluminescence signal was reported as total light 

emission within the region of interest (photon/s). Specific signal was calculated 

as the ratio of bioluminescent signal in the region of interest to the bioluminescent 

signal in a background region containing no cells or tumours. A signal was 
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defined as positive when it was greater than the sum of the mean background 

signal plus 2 standard deviations of the background signal.(Lim et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Schematic representation of bioluminescence protocol. 

monitoring of tumour growth in a subcutaneous syngeneic mouse model by bioluminescence 

imaging. B16-F10-Luc cells were subcutaneously injected into C57BL\6 mice. BLI of animals 

imaged after 8 and 12 days from injection. A representative quantification of bioluminescence 

intensity as total flux (photons/second). 

 In vivo bioluminescent image quantification 

To measure photon radiance, regions of interest (ROI) were selected on the 

surface of the mice using the automatic ROI. Bioluminescence was measured 

quantitatively by the Living Image® software, which gave the total flux of photons 

or radiance (photons/second from the surface) in each pixel, summed or 

integrated over the ROI area, in a square centimeter (cm2) of the tissue. These 

data were multiplied by one steradian (sr). The photon radiance is displayed as 

the average radiance, which is the sum of the radiance from each pixel inside the 

Regions of interest were 
drawn and quantified 
using the Living Image 
software 
Bioluminescence signal 
was reported as total light 
emission within the region 
of interest (photon/s). 

100µl of B16F10-Luc were 
injected subcutaneously in 

PWT
T
 and PKO mice  

the mice were 
anesthetized using 
isoflurane (1–3%). 

BLI was done using the 
xenogen In Vivo Imaging 
System 

After 8 and 12 days, the 
mice were administered D-
luciferin at concentration of 
150 mg/kg through 
subcutaneous injection 
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ROI/number of pixels or superpixels (photons/sec/cm2/sr) and the standard 

deviation of the pixel radiance inside the ROI. Bioluminescence, acquired by the 

CCD camera, was quantified by the Living Image® software using three types of 

ROI: (1) the automatic ROI measurement tool, which identifies bioluminescent 

emission automatically, considering a threshold of 20 to 28%; (2) the average 

background ROI, which measures the background signal in the area specified by 

the user and corrects the bioluminescent emission by subtraction; and (3) the 

subject ROI, which identifies each animal in an image. Whenever necessary, 

individual bioluminescent spots (foci) were summed to get the photon radiance 

measurements (photons/sec/cm2/sr) of each tumour. Photon flux from the tumour 

is proportional to the number of live cells expressing luciferase so 

bioluminescence correlates directly with tumour size. 
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 Western blot 

Western blot was used to separate and identify proteins of interest. Separation 

was done through gel electrophoresis based on molecular weight. This was 

followed by transferring to a membrane to produce a band corresponding to each 

protein. The membrane was then incubated in the presence of labelled antibodies 

specific to the protein of interest. The first step was preparing a 12% separating 

polyacrylamide gel as following:   

Table 7: Components Stacking gel resolving gel (12%). 

Components Stacking gel Resolving gel (12%) 

dH2O 0.68 1.6 

Acrylamide 30% (v/v) 0.17 2.0 

1.5M Tris HCl pH 8.8 --- 1.3 

1.0M Tris HCl pH 6.8 0.13 --- 

10% (w/v) SDS 0.01 0.05 

10% (w/v) APS 0.01 0.05 

TEMED 0.001 0.002 

 

Prior to polymerisation, the separating gel was placed into the gel casting 

apparatus followed by adding 0.3-0.4ml of water on top and leaving the gel to set. 

After this, the water was removed using a 3M filter paper avoiding touching the 

surface of the gel. Then the sample comb was partially placed in the gel 

sandwich. Next, the stacking gel was prepared as described above and the gel 

was slowly poured on top of the separating gel followed by gently pushing the 

comb down and topping with stacking gel to fill any spaces in the comb. Once the 

stacking gel had set, the comb was carefully removed and the gel was transferred 

to the electrophoresis apparatus. The tank was filled with 1x running buffer. The 

samples were prepared by mixing cell lysates with 2X Laemmli sample buffer 

followed by heating at 95⁰C for 5 minutes. Afterwards, 20 µl of sample was loaded 

in each well and gels were run at 150 V for 70 minutes. Then the separated 

proteins were transferred onto nitrocellulose membrane (Bio-Rad laboratories, 

UK), at 300 mA for 1 hour on ice, using cold transfer buffer (25mM Tris, 192mM 

glycine, and 20% v/v methanol; pH 8.3). After transfer, the membranes were 

washed once with 1x tris-buffered saline (TBS)-0.1% Tween-20 (TBS-T), on an 

orbital shaker, for 5 minutes at room temperature. Then non-specific binding sites 

were blocked by placing the membrane in 5% (w/v) skimmed milk and PBS 

solution for 1 hour. Afterwards the membranes were extensively washed four 



Chapter Two                                                                    Material and Methods 

54 
 

times with TBS-T (each time for 5 minutes). The membranes were then probed 

overnight, with a primary antibody specific for the protein of interest, at the 

appropriate concentration, with constant agitation at 4°C. Primary antibody (e.g. 

Goat anti-C3 polyclonal 1:1000 Ab biorbyt) solutions were prepared in 10 ml of 

5% (w/v) skimmed milk and PBS solution. The next day, the membrane was 

washed three times with TBS-T (as mentioned above), then the membrane was 

incubated with horseradish peroxidase conjugated secondary antibody (Donkey 

anti-goat 1:4000 Santa Cruz Biotechnology) 5% (w/v) skimmed milk and PBS  

solution for 1 hour. Afterwards, the membrane was developed using ECL kit 

(Pierce kit) (Pierce ECL western Blotting Substrate Cat# 32209). In a plastic foil 

the membrane was exposed to ECL by mixing equal volume of detection reagent 

1 (Peroxide solution) and detection reagent 2 (Luminol enhancer solution) to yield 

a final volume sufficient to cover the membrane for a minute. After that the 

membrane was exposed to X-ray film (autoradiography). By using the developer 

solution and fix solution, for 10 seconds each solution, then washed with water. 
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Table 8: Lysis buffer for extraction of phosphoproteins from cultured mammalian cells.  
This buffer should be prepared on ice and mixed well before usage. 

 

  

Stock solutions For 5ml Final 

concentration 

1M Beta glycerophosphate (PH 7.4) 50µl 10mM 

0.5M EDTA (PH 8) 10µl 1mM 

40mM EGTA (PH 7.5) 125µl 1mM 

1M Tris-HCl (PH 7.5) 250µl 50mM 

100mM Na Orthovanadate 50µl 1mM 

1M Benzamidine 5µl 1mM 

100mM PMSF 10µl 0.2mM 

Protease Inhibitor Cocktail (Sigma, P830) 20µl N/A 

Beta-Mercaptoethanol 5µl 0.1% 

10% Triton X-100 500µl 1% 

500mM Na Fluoride 500µl 50mM 

MilliQ water 2.81ml xxxx 
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  Flow cytometry 

The compensation bead set (Becton and DickinsonTM) is ideal to optimise the 

fluorescence settings for the multicolour flow cytometric assay without using 

precious cell suspension. This set includes two types of polystyrene 

microparticles beads; the first are anti-mouse Immunoglobulin kappa coupled 

particles which can bind any mouse kappa light chain, while the second has no 

binding capacity, serving as a negative control. These beads are usually mixed 

with the same fluorochrome labelled mouse antibody which is going to be used 

in the experiment providing positive and negative populations which are used to 

adjust the settings.  

The compensation beads were prepared according to manufacturer’s 

instructions. Briefly, the beads were vortexed. Then three separate 12 X 75mm 

sample tubes were labelled with the name of the flurochrome labelled Rat anti-

mouse antibodies used (Gr-1 Clone: RB6-8C5, CD11b Clone M1/70and CD45 

Clone: 30-F11 eBioscience). 100µl of staining buffer (BD Pharmingen stain) was 

added to each tube followed by adding 60µl of BDTMcompBeads negative control 

and 60µl of BDTMcompBeads anti-mouse Ig kappa to each tube. Then 20µl of 

each prediluted antibody to the appropriate tube followed by vortexing. The tubes 

were protected from direct light and incubated at room temperature for 15-30 

minutes. After incubation, 2ml of staining buffer was added to each tube followed 

by centrifugation at 200xg for 10 minutes. After centrifugation, the supernatant 

was aspirated and discarded then the pellet was resuspended in 0.5ml of staining 

buffer followed by vortexing. Finally, each tube was run separately on the flow 

cytometer. 

 Tumour cell preparation 

The mice were sacrificed and tumour tissue was collected using autoclaved 

forceps and scissors. Then the tumour tissue was cut into small pieces followed 

by incubation in 1ml MACs buffer with collagenase (100µg/ml) for 30 minutes at 

37 ⁰C. During the incubation period the mixture was pipetted up and down every 

10 minutes. After that the mixture was filtered through a 70micron cell strainer 

(BD) using a plunger from a disposable 5ml syringe with MACs buffer. Then the 

suspension was centrifuged at 400xg for 10 minutes followed by rinsing the pellet 

with 10 ml of MACs buffer. The remaining cells in the cell strainer were flushed 
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into a Falcon tube. Then the suspension was centrifuged as before. The 

supernatant was discarded and the pellet resuspended in 0.5-1ml of MACs buffer 

with 3% of FBS (depending on the size of the tumour). (Stephanie et al., 2012). 

2.9.1.1 Preparation of MDSC from bone marrow of naïve and tumour 

bearing mice for FACS. 

Bone marrow cells were prepared as mentioned in (Dupont et al., 2014). Single 

cell suspension from bone marrow cells was prepared after red blood cell lysis 

using ammonium chloride (0.87% Tris-NH4Cl (pH 7). Then the cells were counted 

using a Neubauer chamber and the number was adjusted to 1X106 cell/ml in PBS 

with 1% FBS. Then the cells were stained with 50 µl of purified anti-Fc receptor 

blocking antibody (anti-CD16/CD32 from Biolegend) diluted 1:200 to avoid non-

specific binding and background fluorescence. Cells were incubated on ice for 30 

minutes , covered with foil and 500µl of cells was added to each tube followed by 

adding 2µl of FITC Gr-1,2 µl of PE CD11b,  2µl of APC CD45,  2µl of each of the 

previously mentioned  antibodies, 2µl of Gr-1 isotype , 2µl of CD11b isotype,  2µl 

of CD45 isotype and 2µl of each of the previously mentioned isotypes was added 

to  the first, second, third, fourth, fifth , sixth, seventh and eighth tube respectively, 

while the ninth tube was left unstained as a control.  After the addition of 

antibodies, the tubes were vortexed and incubated on ice for 15-30 minutes. Then 

1.5-2ml of PBS-FBS was added to each tube followed by centrifugation at 300g 

for 5 minutes. After centrifugation, the supernatant was aspirated without 

disturbing the pellet and the pellet was resuspended in 500µl of 

paraformaldehyde (1%) and maintained at 4 ˚C in the dark until acquisition. 

 Preparation of suspension from mouse spleen for FACS. 

Spleens of mice were harvested and single cell suspensions were prepared by 

passing through a 70µM cell strainer followed by centrifugation for 5 minutes at 

270g. After centrifugation, the supernatant was aspirated and the pellet was 

resuspended in 2ml of hypotonic 0.87% Tris-NH4Cl (pH7) followed by incubation 

for 2-3 minutes at room temperature to lyse the red blood cells. 10ml of PBS-

1%FBS was added to neutralise the hypotonic solution followed by incubation for 

2-3 minutes at room temperature to allow large pieces to sediment to the bottom 

of the tube. Then the suspension was aspirated and placed in a clean tube 

followed by centrifugation at 270g for 5 minutes. After centrifugation the 
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supernatant was aspirated and the cells were counted and the number was 

adjusted to 1X106 cell/ml. Then 9 tubes were appropriately labelled and 500µl of 

cell suspension was added to each tube. The cells were stained for FACS 

analysis as above. 

 Preparation of cells for flow cytometric staining. 

Tumour, spleen and bone marrow were collected, tissue weight was checked in 

order to quantify the number of positive cells per mg of tissue (Neill et al., 2012) 

and prepared for flow cytometric analysis as mention previously. 

Following centrifugation, cells were resuspended in 1x PBS 3% (v/v FCS), to a 

concentration no more than 1 x 107/ml. The volume of 1x PBS 3% (v/v FCS) 

added to the cell suspension was done either defined by using a hemocytometer 

or using an approximation guide according to the tissue sample: Bone marrow 

cells in 2ml; spleen cells in 2ml; tumour cells in 0.5-1ml. Cells were then stained 

as described in section (2.9.4 and 2.9.5) or cryopreserved for further analysis Cell 

cryopreservation  

Polycarbonate freezing box was used to preserve tissue from tumour, spleen and 

bone marrow for later analysis. This box has ability to gradually decrease 

temperature, which minimize the loss of cell viability. The cold-preserved tissue 

samples were resuspended in storing solution After the preparation of cells, (as 

described in section 2.9.1 and 2.9.2), instead of resuspending cells in the final 

buffer (1x PBS 3% v/v FCS), the cell pellet was resuspended in 1ml of storing 

solution (10% v/v DMSO, 80% v/v FBS and 10% v/v RPMI), the vials were 

labelled and subjected to a -1°C/min cooling in a polycarbonate cryogenic 

container (Nalgene) and stored at -80°C. 

 Surface marker analysis. 

Extracellular antibody staining was carried out to determine the phenotype of the 

different immune cell populations present in tumour tissue, spleen and bone 

marrow. Cell suspensions prepared from different mouse tissue were stained for 

cell surface markers using either one or a combination of the following antibodies; 

FITC-, PE-, PE-Cy7-, APC and PE conjugated monoclonal antibodies (Table 9). 

The appropriate combination of fluorochromes was chosen to ensure optimal 

results from flow cytometric multidimensional analysis. FACS buffer (1x PBS 

supplemented with 3% v/v FCS) was used throughout the procedure for 

preparation of cell suspension, as a wash buffer and for the dilution of the 
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antibodies. The appropriate isotype control monoclonal antibodies were also 

included. The cells from each tissue were harvested and numbers were adjusted 

to a concentration of 5x105 - 1x106 cells. A method was developed using 96 well 

plates to obtain more accurate results and to save antibody usage. The cells were 

stained in a 96-well round-bottomed microtiter plates 100µl of cell suspension 

from each sample were added to each well. Then the cells were stained with 50µl 

of purified anti-Fc receptor blocking antibody (anti-CD16/CD32 from Biolegend) 

diluted 1:200 to avoid non-specific binding and background fluorescence. 

Subsequently, the plate was incubated on ice for 30 minutes. Cells were washed 

and then stained by adding 50l /well of the appropriate antibody or antibodies 

(Table 9). The manufacturer’s instructions were followed for all the antibodies 

used for extracellular staining. Then the plate was covered with aluminium foil 

and incubated on ice for 30 minutes. Then, the plate was centrifuge at 300 g for 

5 minutes. Finally, cells were washed and resuspended in a total volume of 400l 

of 1x PBS 3% (v/v) FCS. FACs analysis was done with a FACSCalibur (BD) and 

Canto (Becton-Dickinson, UK) according to the manufacturer’s instructions. The 

compensation and fluorescence intensity for each tissue were adjusted before 

running samples. Then the cell populations were gated for analysis. A scatter 

gate was set to exclude any residual red blood cells, platelets, or debris. Flow 

cytometry data acquisition was done using either CellQuest or FACSDiva 6.3 

software (BD) and analysed using FlowJo software (version 8.8.3, Tree Star). 

Further statistical analysis was done using Prism GraphPad software (version 7). 

Compensation for tumour cell suspension has proven to be a challenge due to 

differences between cells within individual tumours (intratumour heterogeneity) 

especially when using more than three fluorochromes. 

 Intracellular staining 

Intracellular flow cytometry staining is an important tool used to analyse the 

signalling and functional responses within a cell population. This technique is 

carried out to quantify cytokines in the cellular matrix. The first step was to block 

cellular secretion of cytokines by incubating the cells (2-5 x 105 cells per well) in 

a 96 well round bottom plate in RPMI medium supplemented with 1% (v/v) 

GolgiPlug (BD Biosciences) or Brefeldin (eBiosciences). Induction of cytokine-

producing cells was done by adding phorbol 12-myristate 13-acetate (PMA) at a 

concentration of 50 ng/ml and ionomycin (500 ng/ml). The plate was incubated 
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at 37ºC for 6 hours. Following incubation, the cells were washed and stained with 

antibodies against extracellular markers as described previously. After that 100l 

of Fix/Perm solution (1:4 dilution; BD Biosciences) was added and the cells were 

further incubated for 20 minutes. Then the cells were washed with 100l 

Perm/Wash buffer (1:10 diluted in nanopure water) (BD Biosciences). 

Subsequently staining with antibodies (previously diluted in Perm/Wash buffer) 

against intracellular cytokines was carried out. Then the cells were washed and 

resuspended in 400l 1x PBS 3% (v/v) FCS. FACs analysis was done with a 

FACSCalibur (BD) and Canto (Becton-Dickinson, UK) according to the 

manufacturer’s instructions. The compensation and fluorescence intensity for 

each tissue were adjusted before running samples. Then the cell populations 

were gated for analysis. Flow cytometry data acquisition was done using either 

CellQuest or FACSDiva 6.0 software (BD) and analysed using FlowJo software 

(version 8.8.3, Tree Star). Further statistical analysis was done using Prism 

GraphPad software (version 7). 
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Table 9: Surface cell markers (Abs) used in the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Ab  Fluorophore Clone  dilution company 

CD45 APC, PE 30-F11 1:400 Biolegend, ebioscience 

CD4 FITC,PE GK 1.5 1:300 Biolegend 

CD11b PE  M1/70 1:300 Biolegend, ebioscience 

CD11c PE,FITC N418 1:250 Biolegend 

CD8a PE-Cy7 53-6.7 1:300 Biolegend 

Gr-1 FITC RB6-8C5 1:300 Biolegend, ebioscience 

C5aR APC 20/70 1:350 Biolegend 

CD25 PE-Cy7 PC61 1:350 Biolegend 

F4/80 APC,FITC BM8 1:250 Biolegend 

TCRγδ FITC GL3 1:250 Biolegend 

NKP46 FITC 29A1.4 1:300 Biolegend 

CD3 FITC 17A2 1:300 Biolegend 

CD40 FITC  1:250 BD Bioscience 

CD80 (B7-1) FITC (16-10A1) 1:250 BD Bioscience 

CD86(B7-2)  FITC (GL-1) 1:250 BD Bioscience 

CD16/32 FITC 2.4G2 1:250 BD Bioscience 

MHC-II (I-A/I-E) FITC 2G9 1:250 BD Bioscience 

CD11c PE HL3 1:250 BD Bioscience 

F4/80 FITC BM8 1:250 Biolegend 

CD205 PerCP-Cy5-5 NLDC-145 1:250 Biolegend 

CD206 APC C068C2 1:250 Biolegend 

CD3 PerCP-Cy5-5 

FITC 

145-2C11 

17A2 

1:250 

1:300 

Biolegend 

Biolegend 

CD45 APC, PE 30-F11 1:400 Biolegend, ebioscience 

Rat anti-mouse CD45/B220     PE RA3-6B2 1:250 BD pharmingen 
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Table 10: Intracellular Abs used in the study. 

 

Ab Fluorophore Clone  dilution company 

IL-10 APC JEs5-16E3 1:400 Biolegend 

IL-17 APC TC11-18H10.1 1:400 Biolegend 

TGF-β APC TW7-16B4 1:400 Biolegend 

FOXP3  PE FJK-16S 1:300 ebioscience 

 

  Flow cytometry for BMDMs 

BMDMs were differentiated for 48 hours in M1 or M2 conditions cell suspensions 

were stained for cell surface markers using either one or a combination of the 

following antibodies; FITC-, PE-, PE-Cy7-, APC and PE- conjugated monoclonal 

antibodies (Table 11). The appropriate combination of fluorochromes was chosen 

to ensure optimal results from flow cytometric multidimensional analysis. FACS 

buffer (1x PBS supplemented with 3% v/v FCS) was used throughout the 

procedure for preparation, as a wash buffer and for the dilution of the antibodies. 

The appropriate isotype control monoclonal antibodies were also included. A 

method was developed using 96 well plates to obtain more accurate results and 

to save antibody usage. The cells were stained in 96-well round-bottomed 

microtiter plates. 100µl of cell suspension from each sample were added to each 

well. Then the cells were stained with 50µl of purified anti-Fc receptor blocking 

antibody (anti-CD16/CD32 from Biolegend) diluted 1:200 to minimise non-

specific binding and background fluorescence. Subsequently, the plate was 

incubated on ice for 30 minutes. Cells were washed and then stained by adding 

50l/well of the appropriate antibody or antibodies (Table 11). The manufacturer’s 

instructions were followed for all the antibodies used for extracellular staining. 

Then the plate was covered with aluminium foil and incubated on ice for 30 

minutes. Then, the plate was centrifuged at 300 g for 5 minutes. Finally, cells 

were washed and resuspended in a total volume of 400l of 1x PBS 3% (v/v) 

FCS. FACs analysis was done with Canto II (Becton Dickinson, UK) according to 
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the manufacturer’s instructions. The compensation and fluorescence intensity for 

each BMDM cells were adjusted before running samples for intracellular staining. 

Intracellular flow cytometry staining is an important tool used analyse signalling 

and functional responses within a cell population. This technique is carried out to 

quantify cytokines in the cellular matrix. The first step was to block cellular 

secretion of cytokines by incubating the cells (2,5 x 105 cells per well) in a 96 well 

round bottom plate in RPMI medium supplemented with 1% (v/v) Golgi Plug (BD 

Biosciences) or Brefeldin A (eBiosciences). Induction of cytokine-producing cells 

was done by adding phorbol 12-myristate 13-acetate (PMA) at a concentration of 

50ng/ml and ionomycin (500ng/ml). The plate was incubated at 37ºC for 6 hours. 

Following incubation, the cells were washed and stained with antibodies against 

extracellular markers as described previously. After that 100l of Fix/Perm 

solution (1:4 dilution; BD Biosciences) was added and the cells were further 

incubated for 20 minutes. Then the cells were washed with 100l Perm/Wash 

buffer (1:10 diluted in nanopure water) (BD Biosciences). Subsequently staining 

with antibodies (previously diluted in Perm/Wash buffer) against intracellular 

cytokines was carried out. Then the cells were washed and resuspended in 400l 

1x PBS 3% (v/v) FCS. FACs analysis was done with and Canto II (BD) according 

to the manufacturer’s instructions. The compensation and fluorescence intensity 

for each tissue were adjusted before running samples. Then the cell populations 

were gated for analysis. Flow cytometry data acquisition was done using Canto 

II (Becton Dickinson, UK) and analysed using FlowJo software (version 8.8.3, 

Tree Star). Further statistical analysis was done using Prism GraphPad software 

(version7.0).  
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Table 11: Antibodies used in this study.  
 

 

 Mouse Cytokine Array: 

The mouse Cytokine Array allows detection and measurement of a number of 

cytokines simultaneously. It involves the use of carefully selected capture 

antibodies which have been spotted on nitrocellulose membranes. The principle 

of this assay depends on the reaction between these capture antibodies and the 

corresponding cytokines present in the sample which could be sera, cell lysates 

or tissue homogenates. The sample is usually diluted and subsequently mixed 

with a cocktail of biotinylated detection antibodies. Then this mixture is incubated 

with the Mouse Cytokine Array membrane. The immobilised capture antibody on 

the membrane will bind its cognate cytokine-detection antibody complex present 

in the sample. Any unbound elements are removed by washing, then 

Ab  Fluorophore Clone  dilution company 

CD11b PE  M1/70 1:300 Biolegend, ebioscience 

CD11c PE,FITC N418 1:250 Biolegend 

Gr-1 FITC RB6-8C5 1:300 Biolegend, ebioscience 

F4/80 APC,FITC BM8 1:250 Biolegend 

CD80 (B7-1) FITC (16-10A1) 1:250 BD Bioscience 

CD86(B7-2)  FITC (GL-1) 1:250 BD Bioscience 

CD16/32 FITC 2.4G2 1:250 BD Bioscience 

MHC-II (I-A/I-E) FITC 2G9 1:250 BD Bioscience 

CD11c PE HL3 1:250 BD Bioscience 

F4/80 FITC BM8 1:250 Biolegend 

CD205 PerCP-Cy5-5 NLDC-145 1:250 Biolegend 

CD206 APC C068C2 1:250 Biolegend 

IL-12/IL-23 APC  C15.6 1:250 Biolegend 

IL-10 APC JES5-16E3 1:250 Biolegend 
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Streptavidin-HRP and chemiluminescent detection reagents are added. The 

amount of light produced in each spot reflects the concentration of cytokine 

bound.  

Preparation of tissue lysates: tissue lysates are prepared by homogenising the 

excised tissue in PBS in the presence of 10 μg/ml protease inhibitors cocktail 

(Sigma,UK). Then triton X-100 is added at a final concentration of 1%, and 

homogenates are frozen at ≤ -70 °C and subsequently thawed. Then cellular 

debris is removed by centrifugation at 10,000 x g for 5 minutes. The protein 

concentration of the sample is measured using a total protein assay and the 

samples are immediately stored at -80 °C.  

Procedure:  

The Proteome ProfilerTM Array (R&D systems) was the kit used for parallel 

determination of the relative levels of selected mouse cytokines and chemokines. 

The membrane was blocked by incubating the membranes in the presence of 

array buffer 6 (blocking buffer). This was done by adding 2ml of array buffer 6 

into each well on the 4-Well Multi-dish to be used. Then each membrane was 

carefully removed from the protective sheets using flat tip tweezers and placed 

in a well of the 4-Well Multi-dish with the number of the membrane facing 

upwards. The membranes were incubated for 1 hour with gentle agitation. During 

the incubation step the samples were prepared by adding 300µg of each sample 

(tumour homogenate) to 0.5ml of array buffer 4, and then the final volume was 

adjusted to 1.5ml by adding buffer 6. This was followed by adding 15μL of Mouse 

Cytokine Array Panel A Detection Antibody Cocktail to each prepared sample. 

Then the sample-detection antibody mixture was mixed and incubated at room 

temperature for 1 hour. Following incubation, array buffer 6 was aspirated from 

the 4-well multi dish and the previously prepared sample-detection antibody 

mixture was added. Then the 4-Well Multi-dish was sealed and incubated 

overnight on a rocking platform shaker at 2-8 °C.  The next day, membranes were 

removed and each placed in a separate plastic container containing 20ml of 1X 

wash buffer. Each membrane was washed by placing the container on a rocking 

platform shaker for 10 minutes. The washing step was repeated three times. 

Following washing, the Streptavidin-HRP was diluted in array buffer 6 and 2ml 

was added into each well of the 4-well multi dish. Then each membrane was 

carefully removed from the wash container and excess buffer was drained. After 
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that the membrane was placed in the   4-well multi dish containing the diluted 

Streptavidin-HRP. The wells were covered with the lid and subsequently 

incubated at room temperature for 30 minutes on a rocking platform. After 

incubation each membrane was placed in a separate container containing 20ml 

of 1X wash buffer and washed as previously mentioned above. Following 

washing, excess buffer was drained from the membrane by blotting the lower 

edge of the membrane on a paper towel. Then each membrane was placed on 

the bottom sheet of the plastic sheet protector with the identification number 

facing up. Then each membrane was completely covered by adding 1ml of Chemi 

Reagent Mix. The membranes were carefully covered with the top sheet of the 

plastic sheet protector and any air bubbles were carefully removed. Then the 

membranes were incubated for 1 minutes, excess Chemi Reagent Mix was 

squeezed out by carefully placing paper towels on the top and sides of the plastic 

sheet protector containing the membranes. Then the top plastic sheet protector 

was removed and an absorbent lab wipe was carefully placed on top of the 

membranes to blot off any remaining Chemi Reagent Mix. With the membranes 

left on the bottom of the plastic sheet protector, the membranes were covered 

with a plastic wrap. Any air bubbles were gently removed and the sheet protector 

was completely covered by wrapping excess plastic around the back. Then the 

membranes were placed in an autoradiography film cassette and membranes are 

exposed to X-ray film for 2 minutes. The positive signals on the developed film 

are identified by placing the transparency overlay template on the array image 

and aligning it with the pairs of reference spots in three corners of each array. 

Pixel densities on developed X-ray film were analysed using a transmission mode 

scanner and image analysis software. A template was created to analyse pixel 

density in each spot of the array. Then signal values were exported to a spread 

sheet of an excel file. The average signal of the pair of duplicate spots 

representing each cytokine was determined. The signal from a clear area of the 

array or negative control spots was used as a background value and the 

background signal was subtracted from each spot.  

 clinical trial and Pancreatic Adenocarcinoma patients 

The full clinical trial design has been previously described in a previous study 

(Arshad et al., 2014). In summary: Patients presenting to a tertiary hepatobiliary 
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unit with histologically confirmed locally advanced or metastatic pancreatic 

adenocarcinoma unsuitable for surgical resection but suitable for gemcitabine 

chemotherapy were recruited.  Following informed consent they were treated on 

an outpatient basis with weekly gemcitabine chemotherapy (Gemzar, Lilly: 

1000mg/m3 over 30 minutes by peripheral intravenous infusion) immediately 

followed by an n-3 fatty acid-rich lipid infusion (Lipidem: 200mg/ml 50% MCT, 

40% LCT, 10% Fish oil, BBraun, Melsungen: 50g by peripheral intravenous 

infusion).  This regimen was given weekly for 3 weeks, followed by a rest week 

from all treatment: this constitutes one treatment cycle. This was continued until 

death, withdrawal by investigator or participant or tumour progression on CT for 

a maximum of 6 cycles in total. 29 patients who achieved at least 2 cycles of 

treatment and up to 6 cycles with varying degrees of response to treatment 

(Either partial response, stable disease or progressive disease) were selected. 

Patients were followed up until death in all cases. 

Primary outcome measure was objective response rate on CT evaluated using 

Response Evaluation Criteria in Solid Tumours (RECIST) version 1.1 criteria by 

an experienced independent clinical trials radiologist.  Tumour progression was 

defined by a >20% increase in target lesion dimensions or any new lesion 

occurrence since baseline CT.  Evaluation by CT was carried out every 2 cycles 

of treatment (8 weeks).  Secondary outcome measures included Overall Survival 

(OS), which was defined as the interval between first treatment and death, 

Progression free survival (PFS) which is defined as the interval between first 

treatment and progression of the disease and measurement of properdin levels. 

Plasma samples were taken immediately prior to treatment each week, frozen 

and stored prior to analysis. 

A control arm of n-3 fatty acid naïve patients was subsequently recruited. These 

consisted of a similar cohort to the above: histologically confirmed unresectable 

pancreatic adenocarcinoma who only receive gemcitabine, without intravenous 

n-3 fatty acid, act as a control group for comparison. These patients were 

matched to the intervention group and have tumour assessments as per normal 

clinical protocol to the above. Informed consent for the analysis of plasma 

samples was obtained prior to commencing into the study. Ethical approval was 

obtained from the regional ethics board (REC Reference number 12/EE/0425). 5 

patients were recruited. 
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A control arm of healthy Dutch volunteers was also obtained from a previous 

study, with their baseline properdin levels available for comparison. These 

consisted of 30 volunteers, without pancreatic adenocarcinoma or receiving 

parenteral n-3 fatty acid infusion. 

  Enzyme-linked immunosorbent assays (ELISA) 

ELISA was used to detect CCL2, C5a, C3, C5b9, Lectin pathway in mouse sera, 

Properdin, αM(ITG/CD11b) in human sera and IFN-Ɣ, IL-10, IL12 and IL-6 

secretion into culture supernatants of BMDM cells. 

  Quantification of Mouse CCL2 (MCP-1) by ELISA  

Measurement of mouse CCL2 protein levels in serum was carried out using the 

mouse CCL2 (MCP-1) ELISA Ready-SET-Go kit (Affymetrix eBioscience, 88-

7391) according to manufacturer’s instructions. Corning costar ELISA plates 

were coated with 100μL/well of capture antibody in 1X Coating Buffer, followed 

by sealing the plate and incubation at 2-8°C overnight. The next day, the wells 

were aspirated and washed 3 times with wash buffer followed by blotting the plate 

on absorbent paper to remove any remaining buffer. Then each well was blocked 

by adding 200μl of diluted ELISA/ELISPOT diluent followed by 1hour incubation 

at room temperature. Then, 100μL of each standard and diluted sample (1/10) 

were added into pre-designated wells in duplicate followed by incubation at room 

temperature for 2 hours. Following incubation, the wells were washed 4 times as 

described earlier before adding 100μl/well of detection antibody diluted in 1X 

ELISA/ELISPOT diluent and incubation at room temperature for 1 hour in the 

dark. Then the wells were washed as described earlier and 100μl of Avidin-HRP 

diluted in 1X ELISA/ELISPOT diluent was added to each well. After that the plate 

was incubated at room temperature for 30 minutes in the dark. Then the wells 

were aspirated and washed by soaking in wash buffer for 2 minutes followed by 

aspiration. This washing step was repeated 5 times, and followed by adding 100 

of 1X TMB solution to each well.  Then the plate was incubated at room 

temperature for 15 minutes. Finally, 50μl of stop solution was added to each well 

and the optical density at 450 nm, with correction at 570nm, was determined 

using a plate reader using a Multiskan FC microplate photometer and SaknIt 

software version 2.5 (Thermo scientific, UK). Optical density values were 

corrected to the blank and CCL2 concentrations, in serum samples, were 
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determined through the linear equation of the standard curve and multiplication 

by the dilution factor.  

 Quantification of C5a in tumour lysates of wildtype and Properdin 

deficient mice. 

This experiment was to measure the quantity of mouse C5a using a commercially 

available ELISA kit (sandwich ELISA).  

Preparation of tumour lysates for ELISA: Mechanical homogenization in liquid 

nitrogen was used to prepare tumour lysates as previously described by Weigand 

and colleagues with modification. Briefly, excised tumours were homogenized 

using mortar and pestle with adding liquid nitrogen. After that the powdered tissue 

for each sample was weighed and normalized by adding 90% of lysis buffer (100 

mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100 and 

0.5% Sodium deoxycholate) to the powdered tissue (for each/mg tissue, 9µl lysis 

buffer was added) followed by transferring the lysates to an eppendorf tube and 

centrifugation at 20000g for 15 minutes at 4 ˚C. After centrifugation, the 

supernatant was isolated and stored at -80 ˚C until further analysis (Weigand et 

al., 2012). 

C5a was measured in tumour lysates and sera of tumour bearing wildtype and 

Properdin deficient mice. The protocol was carried out according to 

manufacturer’s instructions. The capture antibody was purified rat anti-mouse 

C5a (cat:558027 BD Pharmingen,UK) at a concentration of 10μg/ml. 

Recombinant mouse C5a; (BD Pharmingen,UK) was used as a standard. 

Individual levels (means) were obtained and multiplied with the dilution factor and 

expressed as ng/ml. 

 Quantification of mouse Complement Component C5a by ELISA 

The DuoSet ELISA kit (R&D Systems, DY2150) was used to measure mouse 

complement component C5a according to manufacturer’s instructions. This kit 

employs a sandwich ELISA to measure natural and recombinant mouse 

complement component C5a. The microtiter plate was prepared for the assay by 

diluting the capture antibody to the working concentration in PBS and adding 100 

µl to each plate followed by overnight incubation at room temperature. In the next 

day, the wells were aspirated and washed 3 times with wash buffer. After the last 
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wash, any remaining wash buffer was removed by aspirating and inverting the 

plate and blotting it. The plate was then blocked by adding 300µl of reagent 

diluent to each well followed by Incubation at room temperature for a minimum of 

1 hour. 100 µl of sample (diluted 1/200) or standards in reagent diluent were 

added into pre designated wells in duplicate. Next, the microtiter plate was 

incubated at room temperature for 2 hours with the plate covered. Following 

incubation, the wells were washed as previously described and 100µl of the 

detection antibody, diluted in reagent diluent was added to each well. Then the 

plate was covered and incubated at room temperature for 2 hours followed by 

washing as described earlier. Then, 100µl of the working dilution of Streptavidin-

HRP was added to each well and the plate was incubated in the dark for 20 

minutes at room temperature. Then the wells were washed for 3 times and 100µl 

of substrate solution was added to each well before incubation for 20 minutes at 

room temperature in the dark. Finally, the resulting colorimetric reaction was 

stopped by adding 50 µl of stop solution to each well and mixing by gentle taping. 

The optical density at 450 nm, with correction at 570 nm, was immediately 

determined using a plate reader using a Multiskan FC microplate photometer and 

SaknIt software version 2.5 (Thermo scientific, UK).  

Optical density values were corrected to the blank and C5a concentrations, in the 

test samples, were determined through the linear equation of the standard curve.  

   Quantification of C5a in sera of wildtype and Properdin deficient 

tumour bearing mice. 

The protocol was carried out according to manufacturer’s instructions. Briefly, 

100μl of diluted capture antibody (purified rat anti-mouse C5a (152-1486 BD 

Pharmingen) at a concentration of 10μg/ml was added to a 96-well Maxisorp-

plate. After that the plate was sealed and incubated overnight at room 

temperature. The next day, the wells were aspirated and washed 5 times using 

200μl of washing buffer. After each washing step the plate was inverted forcefully 

and blotted to a paper towel to remove any excess liquid. After the last washing 

step, 200μl of blocking buffer (1% bovine serum albumin in PBS) was added to 

each well followed by incubation for 1 hour at room temperature. Then the plate 

was washed 5 times as previously mentioned. The standard (purified 

recombinant mouse C5a; BD Pharmingen) was diluted to 60, 30, 15, 7.5, 3.7, 

1.87, 0.935, 0.467 and 0 ng/ml in dilutes (0.05(v/v) % tween 20, 1% (W/v) BSA 
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in PBS). One hundred microliter of sample (diluted 1:20) or standard was added 

to triplicate wells. Then the plate was incubated for 2 hours at room temperature. 

After that the plate was washed as above and 100μl of detection antibody (biotin 

rat anti-mouse C5a BD Pharmingen) at a concentration of 2μg/ml was added to 

each well followed by incubation at room temperature for two hours. Then the 

plate was again washed 5 times. One hundred microliters of Streptavidin-

peroxidase conjugate (from Sigma-Aldrich) diluted 1:100 was added to each well 

followed by incubation for 30 minutes at room temperature. The plate was 

aspirated and washed 5 times. Then 100μl of substrate solution (TNB from R&D 

systems, USA) was added to each well. The plate was incubated at room 

temperature for color development. After that, stop solution was added and the 

results were obtained by reading absorbance at 450nm. The absorbances were 

plotted against the standards. Individual levels (means) were obtained multiplied 

with the dilution factor and expressed as μg/ml. 

 Quantification of mouse terminal complement complex C5b-9 (TCC 

C5b-9) by ELISA 

Quantitative determination of mouse terminal complement complex C5b-9 (TCC 

C5b-9) in serum was carried out by sandwich enzyme immunoassay technique 

(MyBiosource, MBS703522). As recommended by the manufacturer, serum 

samples were diluted 1/200 prior to the assay. Similarly, the standard was 

reconstituted in 1ml of sample diluent, followed by a 2-fold dilution series to yield 

a range that covers C5b-9 level in the different samples. 100μl of standard and 

sample were added per well in duplicate followed by incubation for 2 hours at 

37°C in the dark. Then the contents of each well was aspirated and 100μl of 

Biotin-antibody (1X) was added to each well followed by incubation for 1 hour at 

37°C in the dark. After incubation, the wells were aspirated and washed 3 times 

with wash buffer. After the last washing step, any remaining wash buffer was 

removed by decanting the plate and blotting against clean paper towels. Next, 

100μl of HRP-avidin (1x) was added to each well and the microtiter plate was 

incubated for 1 hour at 37°C in the dark. Then the wells were aspirated and 

washed 5 times as described above. After washing and removing any remaining 

wash buffer, 90μl of TMB Substrate was added to each well followed by 

incubation for 15-30 minutes at 37°C in the dark. After incubation, the colorimetric 

reaction was stopped by the addition of 50μl of Stop Solution to each well 
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followed by gentle tapping to ensure thorough mixing. Finally, the optical density 

of each well was determined within 5 minutes using a microplate reader using a 

Multiskan FC microplate photometer and SaknIt software version 2.5 (Thermo 

scientific, UK). Set to 450 nm with correction at 570nm. The absorbances were 

plotted against the standards. Individual levels (means) were obtained multiplied 

with the dilution factor and expressed as μg/ml. 

 Quantification of complement C3 by ELISA 

Quantitative measurement of Complement C3 in mouse serum was carried out 

using complement C3 mouse ELISA kit (Abcam-ab157711) according to the 

manufacturer’s instructions. The mouse complement C3 calibrator was diluted to 

a range that covers C3 levels in the different samples, while samples were diluted 

to 1/50,000 via 2 steps. 100μL of each standard and diluted sample were added 

into pre designated wells in duplicate. Then the microtiter plate was incubated at 

room temperature for 20 minutes to allow the binding of complement C3 to the 

anti-complement C3 immobilised antibodies. Following incubation, Wells were 

aspirated and washed 4 times with 1x wash buffer, to remove unbound 

substances, before incubation with 100μL/well of 1X Enzyme-Antibody conjugate 

at room temperature for 20 minutes with the plate covered. Then the wells were 

washed as previously described before adding TMB substrate solution into each 

well. Next, the microtiter plate was incubated in the dark at room temperature. 

After 10 minutes, stop solution was added to each well and the absorbance (450 

nm) of each well was determined using a plate reader using a Multiskan FC 

microplate photometer and SaknIt software version 2.5 (Thermo scientific, UK) 

within 20 minutes with correction at 570nm. Optical density values were corrected 

to the blank and C5a concentrations, in the test samples, were determined 

through the linear equation of the standard curve.  

 C9 functional complement ELISA for lectin pathway 

ELISA was optimised based on published work on mouse assays which is 

considered a new assay to investigate functional complement activities (Kotimaa 

et al., 2014). Briefly, 10μg/ml mannan (M7504, Sigma-Aldrich) was coated in CB 

buffer (diluted 1:1000) for the final volume 100μl per well and for 16 h RT on Nunc 

Maxisorp plates (Thermo Fisher Scientific). Then, the wells were washed with 

200μl of PT buffer (3 times, 5minutes). LP was blocked with 150μl of PB buffer 

per well for 90 minutes at 37°C. Afterwards, the wells were washed with 200μl of 
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PT (PBS/0.05% Tween 20) buffer per well (3 times for 5 minutes). The serum 

samples, normal mouse serum (NMS) and heated inactivated serum (HIS, 

prepared by heating the NMS for 30 minutes at 56°C in hot blot) were diluted (1 

to 5) into BVB++ buffer (Veronal buffered saline/ 0.5mM MgCl2/ 2mM CaCl2/ 

0.05% Tween 20/ 1% BSA, pH 7.5). Afterwards, 100μl of each sample was added 

in each well on the Maxisorp plates and incubated for 1h at 37°C. Then, the wells 

were washed with 200μl of PT buffer per well (3 times, 5 minutes). After washing, 

100μl of polyclonal Polyclonal rabbit complement component 9 antibody anti-

mouse rC9 (0.2 mg/ml, MyBioSource) was added per well and incubated at 37°C 

for 1h. The wells were then washed with 200μl of PT buffer per well (3times, 

5minutes). After washing, 100μl of polyclonal 1mg/ml swine anti-rabbit HRP 

antibody (diluted 1:200 with 1xPBS) (Dako) was added per well and incubated at 

37°C for 1h. Then, the wells were washed with 200μl of PT buffer per well (3 

times, 5 minutes). Later, 100μl of the coloured substrate TMB (sigma) was added 

per well and left at room temperature for 10-15 minutes, followed by adding 50μl 

of the stop solution to each well to stop the over reaction. Finally, the result was 

read immediately using ELISA reader TECAN Magellan for F50.  

 Quantitative measurement of mouse IFN-γ secreted from BMDM  

Sandwich ELISA (Peprotech)  was used for quantification of Murine IFN-γ within 

the range of 15-2000pg/ml  according to manufacturer’s instructions. Briefly, 

100µl of diluted capture antibody (1µg/ml) was added to a 96 well ELISA 

microplate. After that the plate was sealed and incubated overnight at room 

temperature. The next day, the wells were aspirated and washed 5 times using 

200µl of washing buffer. After each washing step the plate was inverted and 

blotted to a paper towel to remove any excess liquid. After the last washing step, 

200 µl of blocking buffer (1% bovine serum albumin in PBS) was added to each 

well followed by incubation for 1 hour at room temperature. Then the plate was 

washed 5 times. The standard (murine IFN-γ) was diluted to 2, 1, 0.5, 0.25, 0.125, 

0.0625, 0.0315 and 0 ng/ml in diluents (0.05% tween 20, 0.1% BSA in PBS). One 

hundred microliter of sample or standard was added to triplicate wells. Then the 

plate was incubated for 2 hours at room temperature. After that the tube was 

washed. Then 100µl of detection antibody (0.25µg/ml) was added to each well 

followed by incubation at room temperature for two hours. Then the plate was 

washed 5 times. Avidin-HRP conjugate was diluted 1:2000 by adding 5.5µl to 
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11ml of diluents, and then 100µl was added to each well followed by incubation 

for 30 minutes at room temperature. The plate was aspirated and washed 5 times. 

Then 100µl of substrate solution (ABTS 2,2) was added to each well. The plate 

was incubated at room temperature for color development. The absorbance was 

obtained by using an ELISA plate reader at 450 nm. 

 

 Quantitative measurement of mouse IL-10 secreted from BMDM  

Murine IL-10 ELISA kit (Peprotech) was used according to manufacturer’s 

instructions. The protocol used was similar to the one mentioned above with the 

exception that the detection range was 39-5000 pg/ml and the concentration of 

capture antibody was 2µg. The upper limit for concentration of standard was 

5ng/ml. 

 

 Quantitative measurement of mouse IL-12 secreted from 

BMDM  

Murine IL-12 was quantified using ELISA kit (Peprotech) which had a detection 

range of 16-1000pg/ml. The manufacturer’s instructions were followed which 

were similar to 2.12.8 with the exception that concentration of capture antibody 

was 0.5 µg/ml and concentration of standard was 1ng/ml. 

 

 Quantitative measurement of mouse IL-6 secreted from BMDM  

Murine IL-6 ELISA kit (Peprotech) was used according to manufacturer’s 

instructions. The protocol used was similar to 2.12.9 with the exception that the 

detection range was 63-4000 pg/ml and the concentration of capture antibody 

which was 2µg. The upper limit for concentration of standard was 4ng/ml. 
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 Quantification of Human Properdin by ELISA 

Properdin was determined from 1/5000 plasma sample dilutions using 

commercial kits (HK334 Human Properdin, Hycult Biotech, Uden, The 

Netherlands) following the manufacturer’s protocol. This kit is a ready to use solid 

phase enzyme immune sorbent assay based on the sandwich principle. Serum 

samples and standard were diluted 1:5000 and 100µl was added in triplicate to a 

microtiter plate coated with an antibody recognizing human properdin. After 1 

hour of incubation at room temperature, the wells were washed 4 times. Then 

100 µl of biotinylated antibody was added, followed by incubation at room 

temperature for 1 hour. Then the wells were washed 4 times and 100 µl of 

streptavidin peroxidase conjugate was added followed by incubation for 1 hour 

at room temperature. After incubation, 100 µl of TMB solution was added to the 

wells, followed by an incubation step for 30 minutes at room temperature. After 

that, stop solution was added and the results were obtained by reading 

absorbance at 450nm. The absorbances were plotted against the standards. 

Individual levels (means) were obtained multiplied with the dilution factor and 

expressed as μg/ml. 

Concentrations from duplicate measurements were calculated from a standard 

curve set up in duplicate. Properdin levels were measured at baseline/week 0 

(prior to any intervention or treatment), week 7 (after 2 cycles of either 

intravenous gemcitabine with n-3 fatty acid infusion or without n-3 fatty acid 

infusion), week 15 (after 4 cycles of either intravenous gemcitabine with n-3 fatty 

acid infusion or without n-3 fatty acid infusion) and week 23 (after 6 cycles of 

either intravenous gemcitabine with n-3 fatty acid infusion or without n-3 fatty acid 

infusion). 

 Quantification of Human integrin αM (ITG/CD11b) by ELISA  

To quantify human ITG/CD11b concentrations in serum and plasma, a sandwich 

ELISA was performed using Human Integrin αM,ITG/CD11b ELISA Kit (CSBCSB 

-E11638h ,CUSABIO, UK), according to manufacturer’s instructions. The 

minimum detectable dose for ITG/CD11b is typically less than 0.195ng/ml. 

100μl of standard and sample were added per well in duplicates followed by 

incubation for 2 hours at 37°C in the dark. Then the contents of each well was 

aspirated and 100μl of Biotin-antibody (1X) was added to each well followed by 

incubation for 1 hour at 37°C in the dark. After incubation, the wells were 
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aspirated and washed 3 times with wash buffer. After the last washing step, any 

remaining wash buffer was removed by decanting the plate and blotting against 

clean paper towels. Next, 100μl of HRP-avidin (1x) was added to each well and 

the microtiter plate was incubated for 1 hour at 37°C in the dark. Then the wells 

were aspirated and washed 5 times. After washing and removing any remaining 

wash buffer, 90μl of TMB Substrate was added to each well followed by 

incubation for 15-30 minutes at 37°C in the dark. After incubation, the colorimetric 

reaction was stopped by the addition of 50μl of Stop Solution to each well 

followed by gentle tapping to ensure thorough mixing. Finally, the optical density 

of each well was determined within 5 minutes using a microplate reader 

(Multiskan FC microplate photometer and SaknIt software version 2.5 ,Thermo 

scientific, UK)  Set to 450 nm with correction at 570nm. The absorbances were 

plotted against the standards. Individual levels (means) were obtained expressed 

as ng/ml. 

 Immunohistochemical and Histology staining melanoma 

tumour 

 CD88 immunohistochemistry 

C5a is an anaphylatoxin which works after binding to the high affinity C5a 

receptor (CD88). Expression of C5aR was found on peripheral blood leukocytes 

(neutrophils, eosinophils, monocytes and macrophages). Furthermore, recent 

studies have demonstrated that C5aR expression can also be found in liver and 

lung cells (Havoiland et al., 1995). Studies on the role of C5a in tumour growth 

have concluded that C5a concentration plays an important role in determining 

tumour progression (Gunn et al., 2012). The aim of the current experiment was 

to study the expression of C5aR (CD88) in lung tissue sections from tumour 

bearing mice (PWT and PKO), S.pneumoniae infected and healthy mice (as 

controls, from a past project, Dupont et al., ). CD88 was detected in lung tissue 

sections using a rabbit polyclonal antibody (Santa Cruz Biotechnology) raised 

against amino acids 251-350 of CD88. Tissue sections were deparaffinised by 

immersion in two changes of xylene for 5 minutes followed by soaking in two 

changes of 100% IMS for 3 minutes each time. Then the slides were soaked in a 

solution containing 90% of absolute methanol and 10ml 30% of H2O2 for 10 
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minutes. The sections were rehydrated by soaking in descending grades of 

alcohol (90% and 70% of IMS). The second step was antigen retrieval which was 

done by a 20 minutes treatment in 10mM citrate buffer (pH 6.0) at 95 ˚C followed 

by another 20 minute in room temperature 10mM citrate buffer. Antigen retrieval 

was followed by blocking non-specific protein binding sites by treating each slide 

with 100µl of DAKO chemamate peroxidase blocking solution for 5 minutes at 

room temperature followed by draining the slides. Then the sections were 

blocked in 3% BSA and 0.1% Tween for 20 minutes at room temperature followed 

by washing three times in PBS-Tween. Then 100 µl of different dilutions (1:50, 

1:100, 1:200 and 1:400) of primary antibody (rabbit polyclonal CD88 antibody) 

was added to each slide followed by overnight incubation at 4˚C. The next day, 

the slides were washed five times with a solution of PBS-tween. Then 100µl of 

secondary antibody (DAKO peroxidase-DAP, rabbit-mouse) was added to each 

slide followed by a 30 minutes incubation period at room temperature. After 

incubation, the slides were washed 5 times with PBS-tween. The next step was 

adding the chromogen substrate for 3 minutes followed by washing the slides 

with distilled water. Then the slides were soaked in PBS for 5 minutes followed 

by washing with tap water for 5 minutes and rinsing with distilled water. The next 

step was to add carazzi ‘s hematoxylin stain for 5 minutes followed by washing 

with tap water. Then the sections were dehydrated with ascending grades of 

alcohol (70% and 90% of IMS) followed by adding a drop of xylene. The last step 

was adding mounting media (DPX) to the slides. The slides were examined and 

the results showed that CD88 reactivity was in consistent, therefore a different 

approach was used by quantification of C5a by ELISA. 

 C3 Immunohistochemistry 

The aim of this experiment was to recognize target proteins (C3) in the tissue 

sections using specific antibodies that bind only to the protein of interest.  

The first step is fixation of the tissue to allow preparation of thin tissue sections. 

Fixation was done by placing pieces of mouse liver in 10% formal saline for 6-7 

days. Then the tissue was embedded in paraffin wax according to standard 

histological procedures. After that 5µm tissue sections were cut from this paraffin 

embedded tissues using a microtome, followed by floating these sections on 

water (52˚C) on charged glass slides. The next step was deparaffinising, which 

was done by placing the slides in two changes of xylene for 2 minutes. Then the 
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sections were rehydrated by treatment with descending grades of alcohol (100%, 

90% and 70% IMS). After that antigen retrieval was done by using 10mM sodium 

citrate, 0.05% tween-20 PH 6.0 (20 minutes at 95˚C followed by 20 minutes in 

fresh buffer at room temperature). The next step was blocking non-specific 

protein binding sites by a 20 minutes treatment with 1% bovine serum albumin in 

TBS-tween (tris buffered saline with 0.1% (v/v) tween 20). The primary antibody 

(rat monoclonal antihuman C3) at an initial concentration of 0.05mg/ml was 

diluted 1/75 in blocking buffer. Then 100µl was added to each section, followed 

by overnight incubation at 4-6 ˚C in a humified chamber. In the next day, the 

slides were washed five times in TBS-Tween. The secondary antibody 

(peroxidase labelled swine anti rat IgG- Serotec) was diluted 1:200 in blocking 

buffer and added to the sections as mentioned above. Then the sections were 

incubated at 4-6 ˚C in a humified chamber for 1 hour and 30 minutes followed by 

washing 5 times. The substrate was prepared by adding 5ml of 0.2M Tris/HCL 

(pH 7.5) into two tubes. Then 32 gm of ammonium nickel sulphate hexahydrate 

(Sigma-Aldrich) was added to the first tube and 10mg of 3, 3` -diaminobenzide 

(Sigma-Aldrich) was added to the second tube. Then the two tubes were 

combined together in a universal tube followed by the addition of 30% H2O2. The 

substrate was filtered through a 0.2µm syringe filter and dropped on the top of 

sections and left for 2-10 minutes. Then the slides were placed in a jar containing 

distilled water followed by placing the slides in a jar containing nuclear fast red 

stain for 5 minutes. After that the slides were washed with tap water. Then 

dehydration was done through an ascending grades of alcohol (70%, 90% and 

100% of IMS) followed by clearing in two changes of xylene. After that, one drop 

of mountant was applied followed by covering the sections with a coverslip. 

 Toluidine blue staining: 

Four wildtype and four Properdin deficient C57BL/6 mice were subcutaneously 

injected with 4 ×105 cell/100μl of B16F10 cell suspension. After 13 days the mice 

were sacrificed and dissected for collection of tumour tissue. Tissues were fixed 

with formaldehyde (10%) and subsequently embedded in paraffin. Then the 

sections were deparaffinized and dehydrated. The sections brought to water and 

stained in toluidine blue, which stains acid mucopolysaccharides 

metachromatically such as mast cells. Tissue sections brought to water and 

stained in 0.5% toluidine blue (aq.) for 3-4 minutes. The slides were then rinsed 
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in tap water followed by Wright’s stain for 1-2 minutes. Then the slides were 

rinsed in water and blotted on filter paper to dry. The next step was dehydrating 

in butan-1-ol followed by clearing in xylene and adding mounting in DPX. 

  Martius yellow staining  

The aim of this stain is to identify the red blood cells in the tumour which indicate 

the location of blood vessels which are formed due to angiogenesis.  

Four wildtype and four Properdin deficient C57BL/6 mice were subcutaneously 

injected with 4 ×105 cell/100μl of B16F10 cell suspension. After 13 days the mice 

were sacrified and dissected for collection of tumour tissue. Tissues were fixed 

with formaldehyde (10%) and subsequently embedded in paraffin. Then the 

sections were deparaffinized and dehydrated. Then the sections stained with 

Martius yellow (1% in100% methanol) for 30 seconds followed by rinsing in 100% 

IMS, then the slides were blotted on filter paper. Then the slides were 

counterstained by dipping in a jar containing Wright’s stain for 1-2 minutes. Then 

the slides were rinsed in water and blotted on filter paper to dry. Dehydrated in 

butan-1-ol followed by clearing in xylene and adding mounting in DPX. 

  Schmorl's stain 

This stain is used to visualise melanin in histological tissue sections by employing 

the chemical reducing properties of melanin. In this reaction, melanin reduces 

ferric ions (Fe3+) to ferrous ions (Fe2+), which is followed by the ferrous ions 

combining with ferricyanide. This leads to the production of ferrous ferricyanide, 

which is a blue to dark blue pigment. This stain was used to stain the melanin 

produced by B16F10 as an indication of the extent of pigmentation in the tissue. 

The protocol described by Disbery and Rack 1976, was followed. Briefly tissue 

sections were deparaffinised in two changes of xylene, then they were hydrated 

through graded alcohols (100%, 100% and 70% IMS) to distilled water. A working 

ferricyanide solution was made by mixing 3 parts of freshly made ferric chloride, 

(1% aqueous solution) with 1 part of freshly made potassium ferricyanide (1% 

Aqueous Solution). The slides were immersed in working ferricyanide solution for 

3 minutes followed by immersing in 1% acetic acid for 2-3 minutes. Then the 

slides were rinsed with distilled water. The slides were counter stained in nuclear 

fast red stain solution for 3 minutes followed by rinsing in distilled water. Then the 

sections were dehydrated with graded alcohol followed by clearing in xylene and 
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coverslip with mounting media. This stain should show the melanin blue, nucleus 

red and the cytoplasm pink (Disbrey & Rack, 1976).  

 Peroxidase staining: 

The aim of this experiment was to stain for peroxidase activity, as would be 

present in neutrophils, which may associate with tumours as so-called tumour-

associated neutrophils. 

Lung tissue sections from wildtype and properdin deficient mice (after 13 days of 

intravenous injection with 3X105cells of B16F10) were fixed and embedded in 

paraffin as previously described. Staining of hydrogen peroxidase was done by 

incubating the slides in a jar of diaminobenzidinetetrahydrochloride (DAB) 

solution (prepared by adding 10 mg of diamino-benzidine tetrahydrochloride 

(Sigma-Aldrich) to 10 ml pH 7.5 Tris/Hcl 200mM) at room temperature until a 

brown colour developed (about 5 minutes). After that the slides were washed in 

distilled water to stop the reaction. Then 8µl of H2O2 (30%) was added followed 

by adding 0.5% of toluidine blue. After the slide were quickly immersed in a jar 

containing butan-1-ol followed by drying using filter paper. Then the sections 

were air dried and cleared in xylene and coverslip with mounting media. 

 of mouse Bone Marrow Derived Macrophages (BMDMs). 

 

 Scheme for the isolation, formation and stimulation of mouse Bone 

Marrow Derived Macrophages (BMDMs). 

To maintain sterility, the process of isolation, formation and stimulation of mouse 

BMDM was performed in a BioSafety Level 2 (BSL2) cabinet. The steps required 

for mouse BMDM isolation, formation and stimulation are outlines in Figure 10  
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Figure 10: Scheme for the isolation, formation and stimulation of mouse BMDMs. 

 

Scheme for the isolation, formation and stimulation of mouse BMDMs. Step by step procedures 
are described in the text. In brief, femur and tibia bones are collected from matched genotypes 
and bone marrow cells flushed out using PBS supplemented with 2% heat inactivated FBS. After 
that red blood cells are lysed with NH4Cl solution, cells are cultured in BMDM growth medium for 
7 days followed by maturation and analysis for purity of the cell population. For analysis of 
macrophage polarisation, cells were stimulated with LPS or LPS+IFNγ for M1, or IL-4 for M2 
activation. surface marker presentation and cytokine production were investigated. 

 

  Bone marrow preparation (BMDM) 

Bone marrow cells were isolated from tibias and femurs of mice of both properdin 

deficient and wildtype genotypes (Dupont et al., 2014). This preparation was 

done with modification according to the protocols described by Inaba and 

Westcott (Inaba et al., 1992, Westcott et al., 2007). First of all, mice were 

sacrificed and sprayed with 70% industrial methylated spirit (IMS). Then they 

were dissected and both bones were removed after purification from surrounding 

tissues. Then the bones were put in 100% IMS for a few minutes and 

subsequently washed with PBS. The bones were then cut from both sides and 

flushed with PBS in a 15 ml falcon tube using a 1 ml syringe which has a 0.45 

mm diameter needle. The tube was then vigorously shaken to prevent clustering 

of cells. After waiting for a few minutes the supernatant was transferred to a new 

tube then centrifuged at 277g for 5 minutes. The supernatant was discarded and 

2ml of hypotonic 0.87% Tris-NH4CL (pH 7) was added to the pellet for a few 
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minutes to lyse RBCs. Then 10ml of PBS was added followed by centrifugation 

at 277g for five minutes. After that the supernatant was discarded and the pellet 

suspended in an appropriate volume of RPMI supplemented with 10% of foetal 

calf serum (FCS) to obtain a cell count of 1x106 cell/ml and transferred into a 

tissue culture plate. Then the cells were treated either with 20ng/ml of GM-CSF 

(Granulocyte/Macrophage Colony-Stimulating Factor) or M-CSF (10ng/ml) 

(Peprotech) for 7 days. The cells were differentiated either into M1 or M2 cells by 

stimulation with LPS (100ng/ml)+ IFN-γ (20ng/mL, eBioscience, San Diego, CA) 

or IL-4 (20ng/ml) respectively, in addition to stimulation of untreated cells with 

B16F10 supernatant for seven days incubation at 37°C. During this period the 

old medium was replaced by new medium every two days. After 7 days of 

incubation, the medium was aspirated and fresh medium was added to the flask 

which contained attached cells (bone marrow macrophages). Then the cells were 

differentiated either into M1 or M2 cells by stimulation with LPS (100 ng/ml)+ IFN-

γ (20ng/mL, eBioscience, San Diego, CA), or IL-4 (20ng/ml) respectively, in 

addition to stimulation of untreated cells with B16F10 supernatant.  

 

 The Effect of B16F10 supernatant on macrophage secretion of 

cytokines indicative of a certain polarisation (M1/M2). 

Briefly, mouse bone marrow derived macrophages from wildtype and properdin 

deficient mice were cultured with B16F10 supernatant, followed by measurement 

of  levels of IFN-γ-,IL-6, IL-12 and IL-10.The protocol described by Jackaman et 

al 2013, was followed with modification (Jackaman et al., 2013). 

Bone marrow derived macrophages from wildtype and properdin deficient mice 

were prepared as previously described in 2.14.2. After preparation, macrophages 

were counted and the number adjusted to 5×105 cell/ml. For each of the wildtype 

and the properdin deficient BMDM, a 6 well tissue culture plate was prepared by 

seeding 2 ml of cells into 4 wells. In order to differentiate these cells, either 20 

ng/ml of GM-CSF or  10 ng/ml of M-CSF was added to each well, then the cells 

were incubated at 37 ˚C for seven days. At day 3 and 5 the media was changed. 

After 7 days of incubation most of the macrophages were adherent. The media 

was then discarded. Two millilitres of RPMI was added to well number1 ( control) 

, 2 ml of B16F10 supernatant was added to well number 2 and 2ml of RPMI with 

either100ng/ml of LPS+ 20 ng/ml of interferon gamma (INF-ɣ)  was added to well 
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number 3. (100 ng/ml) LPS+IFNƔ was used as a control to stimulate polarisation 

towards M1 macrophages. Two milliliters of RPMI with 20ng/ml of IL-4 were 

added to well number 4. IL-4 was used as a control to stimulate polarisation 

towards M2 macrophages. After that the two 6 well plates were incubated at 37 

˚C overnight. In the next day, the supernatant was collected from each well and 

aliquoted in reaction tubes, then stored at -80˚C for quantification of IFN-γ, IL-6, 

IL-12 and IL-10. 

 Preparation of B16F10 tumour cell conditioned medium  

B16F10 cells, a pigmented mouse melanoma cell line, were cultured in DMEM 

supplemented with 10% (v/v) fetal calf serum, 2mM L-glutamine, 100U/ml 

penicillin, 100 μg/ml streptomycin.  When cells reached about 70% confluence, 

the medium was collected and centrifuged at 350g. The supernatant was filtered 

(0.2µm) to serve as the conditioned medium and was used fresh.  

 Perls’ Prussian blue staining 

Spleens from PWT/PKO and LDLR-/- mice were harvested and single cell 

suspensions were prepared by passing through a 70µM cell strainer followed by 

centrifugation for 5 minutes at 270g.  After centrifugation, the supernatant was 

aspirated and the pellet was resuspended in 2ml of hypotonic 0.87% Tris-NH4Cl 

(pH 7) followed by incubation for 2-3 minutes at room temperature to lyse the red 

blood cells. 10ml of PBS-1%FBS was added to neutralise the hypotonic solution 

followed by incubation for 2-3 minutes at room temperature to allow large pieces 

to sediment at the bottom of the tube. Then the suspension was aspirated and 

placed in a clean tube followed by centrifugation at 270g for 5 minutes. After that 

the supernatant was aspirated and the cells were transferred into a tissue culture 

plate for overnight incubation at 37 °C. The following day, the supernatant was 

discarded and cover slips with attached cells were washed with PBS two times. 

Then the coverslips were fixed with 4% formalin (w/v) followed by washing with 

PBS. After that the covers were immersed in a solution of 10% (w/v) of potassium 

ferrocyanide in water for 10 minutes followed by immersion in 10% HCL for 20 

minutes and washing with PBS. The coverslips were counterstained with nuclear 

fast red for 10 minutes, followed by rinsing in distilled water. The cells were put 

in 95% alcohol and 2 changes of 100% alcohol followed by Xylene, 2 changes, 3 

minutes each. Finally, slides were put in DPX with cover slips. 
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 Detection of apoptotic cells in mouse melanoma 

A commercial in situ apoptosis kit (ApopTag peroxidase kit, (S7100, Chemicon 

International, Inc., MA, USA) was used to detect apoptotic cells in tumour tissue 

sections. The procedure was carried out according to manufacturer’s instructions 

with modification. This kit is a mixed molecular biological-histochemical system 

that allows sensitive and specific staining of very high concentrations of 3'-OH 

ends localised in apoptotic bodies unlike normal or proliferative nuclei, which 

have relatively insignificant numbers of DNA 3'-OH ends. DNA fragmentation 

results in the formation of new DNA ends typically localised in morphologically 

identifiable nuclei and apoptotic bodies. These DNA strand breaks in apoptotic 

cells are detected by reacting the free 3’-OH termini with modified nucleotides, 

whereas normal nuclei do not stain due to insignificant numbers of DNA 3'-OH 

ends. All incubation steps were carried out at room temperature unless otherwise 

indicated. In the beginning sections were dewaxed 2 times in xylene (2 minutes 

each), soaked 2 times in IMS (2 minutes each) and brought to water followed by 

washing in PBS. Afterwards sections were treated for 15 min with proteinase K 

(Sigma; St Louis,MO) (20pg/ml) to allow partial digestion of proteins from the 

nuclei followed by rinsing four times (2 min each) with deionized distilled water 

(DDW). Then the equilibration buffer was added directly on the section for 10 min 

followed by incubation for 1 hr at 37°C in the presence of TdT and digoxigenin-

11 dATP. Next termination of the reaction was done by transferring the slides for 

30 min at 37°C into the prewarmed stop/wash buffer. After washing in PBS 

containing 0.1% (w/v), chemically modified bovine serum albumin (BSA), then 

sections were incubated for 2 hr in the Fab fragment of sheep antidigoxigenin 

labeled with ultrasmall gold (Aurion) and diluted 1:30 in PBS. After washing in 

PBS and rinsing in PBS, the sections were post fixed for 10 min in 2% (v/v) 

glutaraldehyde in PBS. The nq”3 sections were thoroughly washed in DDW and 

the immunoreactivity was revealed by the Aurion R-Gent gold signal 

enhancement system. Then sections were washed in DDW and then flooded in 

AEC substrate until colour development (3-6 minutes). Afterwards the sections 

were rinsed 3 times in DDW (1 minute each) and counterstained with Methyl 

green for 3 minutes. After washing sections were washed with running tap water 

and cover slipped in pre-warmed glycerol jelly. The procedure included the use 
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of negative control in which proteinase K, the immunogold conjugate, or the 

mixture of nucleotides and TdT were omitted, these sections were counterstained 

with 0.5% (w/v) aqueous solution of Methyl Green Counterstain for Nuclei. 

 Statistical analyses 

Statistical analyses and significance tests were performed using Prism 7 

(GraphPad Software, Inc.) statistical software, whereas calculations were carried 

out using Excel 2013 (Microsoft Corp.). Two tailed, unpaired students T- test was 

used to determine the P value unless otherwise stated. Appropriate tests were 

used to calculate p values, with a significance level set at <0.05. Kaplan-Meier 

tests were used for survival curves.The statistical significance between results 

was denoted by either * (P < 0.05), ** (P < 0.01) or *** (P < 0.001). 

 

 

 

 

 

 

 

 

 

 



Chapter Three                                                                                          Results 

86 
 

 

 

 

 

 

 

 

 Characterisation of Bone Marrow 

Derived Macrophages (BMDM) from 

properdin-deficient and wildtype 

mice in their response to B16F10 in 

vitro 

  



Chapter Three                                                                                          Results 

87 
 

 Introduction 

The aim of this chapter is to characterise the macrophage response to 

conditioned medium from B16F10 cells. The hypothesis is that soluble products 

from B16F10 are able to influence the phenotype of macrophages and this 

response is modulated by complement properdin. For this reason, BM from PWT 

and PKO cultured in the presence of GM-CSF or MCSF with IL-4 will be incubated 

with medium prepared from B16F10 cultures. These in vitro experiments are 

expected to give insight into the changes that could occur in tumour 

microenvironment in vivo. 

 Macrophage expression markers 

Macrophages (and their precursors, monocytes) are some of the major sentinels 

in the immune response. The diverse function of macrophages is mediated 

through cytokine receptors which are expressed on the surface, as well as inside 

the cell. It has been reported that the various macrophage functions are dictated 

by the type of receptor interaction on the macrophage and the presence of 

cytokines (Taylor et al. 2005). Both cell markers and functional activities 

contribute in defining the macrophage subpopulation. As with other mediators, 

the type of cytokines dictate whether macrophages will exhibit a proinflammatory 

or anti-inflammatory function (Arango Duque and Descoteaux, 2014). 

One of the available murine macrophage expression markers is the antigen F4/80 

which is an excellent marker for macrophage infiltration (Hume and Gordon, 

1983). Mouse monocytes can be defined by the expression of the cell surface 

receptors Ly6C (known as Gr-1), CD43, CD11b and chemokine receptors CCR2 

(Ziegler-Heitbrock et al., 2010, Tsou et al., 2007). High level of CD115 (M-CSF) 

expression aids in differentiation of blood monocytes from granulocytes and 

lymphocytes which also express CD11b (Mac-1). Another macrophage marker is 

CD11c which is expressed on many monocytic-derived cells, including 

macrophages. 

Macrophages sense the different environmental cues and respond to activation 

stimuli by either the M1 or classical, and the M2 or alternative activation. 

Intracellular pathogens, lipoproteins, bacterial cell wall components, cytokines 

such as interferon gamma (IFN-𝛾) induce M1 activation. On the other hand, 

parasites, fungal cells, complement, macrophage colony stimulating factor 
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(MCSF), interleukin-4 (IL-4), IL-13, IL-10, tumour growth factor beta (TGF-𝛽) 

induce M2 activation (Lin and Zhao, 2015, Roszer, 2015). Monocyte 

differentiation into macrophages involve the presence of granulocyte 

macrophage colony stimulating factor (GM-CSF) and macrophage colony 

stimulating factor (M-CSF) (Jaguin et al., 2013).  

The classically activated (M1) macrophages are the effector cells in TH1 immune 

response. Both LPS and IFN-Ɣ drive macrophages to polarise towards the M1 

phenotype, resulting in large amounts of TNF, IL-12, and IL-23 and subsequently 

escalate the antigen specific cell inflammatory response.  The effective pathogen 

elimination potential of M1 macrophages is characterised by up-regulation of 

enzymes, such as inducible nitric oxide synthase (iNOS) that generate nitric oxide 

from L-arginine (MacMicking et al., 1997). M1 macrophages can be characterised 

by the expression of high levels of inducible nitric oxide. Furthermore, secretion 

of the proinflammatory and T cell polarising cytokines (IL-1β,TNF-α, IL-12 and IL-

23) and chemokines (CXCL9 and CXCL10) is a distinguishing signature of M1 

macrophages following activation (Mosser and Edwards, 2008).  

On the other hand, TH2 cytokines such as IL-4 drive macrophages to polarise 

towards the M2 phenotype resulting in high levels of IL-10 and IL-1RA, and low 

expression of IL-12. M2 macrophages dampen the immune response, clear 

parasitic infection and promote tumour progression. M2 macrophages express 

high levels of scavenger mannose and galactose receptors.  

Arginase-1 is a prototypic M2 marker in mice. The murine Arginase-1 encoding 

gene contains elements that respond  to the IL-4 induced transcription factor 

signal transducer and activator of transcription-6 (STAT-6) upstream of its 

promoter region, the transcription of which is amplified by IL-4, IL-13, and TGF-

𝛽. Another murine M2 marker is the Chitinase-3-Like Protein 3 or Ym1.  This 

marker is expressed in alveolar, splenic and bone marrow macrophages, and 

microglia of the mouse. CD206 (C-Type Mannose Receptor 1) and CD163 

(Hemoglobin-Haptoglobin Scavenger Receptor) are M2 macrophage markers. 

CD206, also known as MRC1 (C-type mannose receptor 1) is a M2 macrophage 

marker of both mice and humans. CD206 is proposed to have a role in the 

resolution of inflammation by clearing inflammatory molecules from the blood. 

CD163 is not restricted to M2 macrophages and hence should not solely be used 

as an identification marker for M2 macrophages. M2 macrophages also function 
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as antigen presenting cells and thus also express major histocompatibility 

complex-II (MHC-II).In this thesis, the function driven categorisation of M1 and 

M2 put forward by CH Mills is followed (Mills, 2015). Studies have proposed a 

number of maturation and activation regimens. One of the most widely used 

regimen involves the use of granulocyte macrophage colony-stimulating factor 

(GM-CSF) as a maturation factor, and IFN-γ, LPS, or a combination of these two 

mediators as activation factors for M1 induction. On the other hand, macrophage 

colony-stimulating factor (M-CSF) is used as a maturation factor and IL-4, IL-10, 

IL-13, or a mixture of these mediators are used as activation factors for M2 

induction. 

Another well-established protocol involves the use of GM-CSF/M-CSF for 

generation of classical (M1) and alternative (M2) macrophages followed by 

priming with LPS for both phenotypes (Fleetwood et al., 2007).  

 Melanoma tumour cells 

Isolated from C57BL/6J mouse melanocytes, B16F10 is a widely used model in 

cancer research. It is thought that the poorly immunogenic nature of B16F10 is 

attributed to low basal expression of the surface molecules MHC Class I, B7-1 

and Intercellular Adhesion Molecule 1 (ICAM-1), regard which are important for 

Cytotoxic T lymphocytes recognition (CTL). In this, B16F10 resemble human 

melanoma cells which are weak immunogens and have low/undetectable 

expression of receptors required for activation of naïve CTL.Their expression of 

complement components is not known.  
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 Results 

 characterisation of B16F10 tumour cells 

The first step in this project was to characterise the cell line used for tumour 

implantation which is B16F10. 

3.2.1.1 Production of complement components  

The aim of this experiment was to characterise B16F10 cell line regarding the 

expression of C3, C5 and properdin prior to start of in vivo experiments. This was 

carried out by PCR and the results showed that B16F10 cells express C3 and C5 

mRNA (as shown in Figure 11 A i and ii). However, no expression for properdin 

was detected (3.2.1.1 A iiii). To test production at the protein level, B16F10 cells 

were analysed for properdin and Factor B by Western blot. The membrane was 

probed with goat anti human/mouse/rat Factor B, sc-34888, and detected with 

Donkey anti goat Fab, HRP conjugated, sc-3851 and the result was negative. 

B16F10 were also negative for properdin using rabbit anti human properdin 

antiserum (Gift Prof B Sim), while human serum gave the expected 53kDa band 

(data not shown). Furthermore, this Western blot was repeated by loading higher 

concentration of B16F10 lysate (25g) and the result also showed no expression 

of properdin (data not shown). The expression of properdin by B16F10 was re-

investigated using PCR and the results showed no expression (data not shown). 

The aforementioned data indicate either that properdin was below the limit of 

detection under our experimental conditions or that B16F10 tumour cells do not 

synthesize properdin.  
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Figure 11: Expression of C3, C5 and properdin in B16F10 cells by PCR 
 
A-Gel image of RT-PCR product using mouse liver, liver/WT. RT-PCR products obtained using 

B16F10 cell line and mouse PWT Liver cells, (i) C5 (ii) C3, (iii) properdin Lane1: B16F10, Lane:2. 

Sizes were as expected for C5, 540 bp, C3 gene, 500 bp,and properdin 360bp. Mouse Liver from 

PWT was used as a control. The experiment was repeated two times. 

B-Western blot analysis of properdin was performed by loading 20µg of B16F10 and kidney lysate 

(control) per well onto a SDS-PAGE gel and 20ug of tumour cell lysate per well onto a SDS-PAGE 

gel. Proteins were transferred to a PVDF membrane and blocked with 5% non-fat milk in TBST 

for 1 hour at room temperature. Proteins were transferred to a PVDF membrane and blocked with 

5% non-fat milk in TBST for 1 hour at room temperature. The membrane was probed with 

monoclonal anti-human properdin Ab at a dilution of 1:200 overnight at 4°C, washed in TBST, 

and probed with an HRP-conjugated goat anti-mouse IgG secondary (DAKO) at a dilution of 1: 

5,000 for 1 hour at room temperature. Chemiluminescent detection was performed using ECL 

substrate. Films were exposed for 1min.   

  

B16F10 B16F10 Mouse liver Mouse liver 

A i 

B16F10 Mouse liver 

B 

53KDa 

B16F10 
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Kidney lysate 
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Purified 
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 Cytochemical screen of B16F10-mediated effect on macrophage 

phenotype Perl’s Prussian Blue. 

During the last few years, the importance of macrophages in tissue iron 

homeostasis has been recognised (Gaetano et al., 2010). Polarisation of 

macrophages leads to differential iron management: M1 macrophages possess 

an iron storage phenotype (coinciding with their antibacterial activity), while M2 

macrophages increase iron availability to tissues and can be characterised by 

low iron content (Gaetano et al., 2010). Thus, assessing iron deposition in 

splenocytes isolated from wildtype and properdin deficient mice was used to give 

a preliminary indication whether the genotypes were differently skewed towards 

M1or M2 type cells.  Splenocytes from wildtype and properdin deficient mice were 

cultured in the presence and absence of B16F10 supernatant. Iron deposition in 

stimulated and unstimulated splenocytes from both genotypes was assessed by 

Perls' Prussian blue staining.  This stain involved treatment of splenocytes in acid 

solution of ferrocyanides. Ferric ion (+3) in splenocytes combines with the 

ferrocyanide and subsequently forms a bright blue pigment called 'Prussian blue" 

or ferric ferrocyanide. Figure 12 shows the percentage of Perls’ Prussian blue 

Stained splenocytes. No comparative difference was found between splenic 

macrophages from wildtype and properdin deficient mice. On the other hand, a 

statistically significant difference was found between B16F10 stimulated and 

unstimulated splenocytes from both genotypes. There were iron positive cells 

within the adherent fraction when cells were incubated with B16F10 conditioned 

medium. 
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Figure 12 : Percent of positive Perls’ Prussian blue stained splenocytes. 

Splenocytes from wildtype and properdin deficient mice were harvested. Then  the splenocytes 

were placed on a coverslip (one coverslip/mice) and each coverslip was cultured on a seperate 

well of a 6 well plate. Then the cells  were stimulated with B16F10 supernatant for 24 hrs. After 

that attached cells were stained with Prussian blue and examined under the microscope. Then 

coverslips were blindly selected and 400-500 cells were manually counted in each coverslip. The 

percentage of positive cells was calculated  (A): the percentage of Prussian blue stained cells (B) 

Representative image under the microscope (100X) showing positive (Blue) and negative (red) 

cells. Data are expressed as mean±SEM, n= number of mice used from each genotype, * (P < 

0.05), ** (P < 0.01).    

 

 mRNA expression study for mouse BMDM 

BMDM were used as an in vitro model to investigate polarisation of activated 

macrophages in the tumour microenvironment because of the greater numbers 

that can be obtained compared to spleen. Culturing of mouse BMDM in the 

presence of GM-CSF/M-CSF leads to differentiation of these cells which can be 

followed for M1 or M2 skewing on stimulation. LPS stimulates macrophages 

towards M1 phenotype, while M2 polarisation is favoured by IL-4. In addition, 

B16F10 supernatant was used to stimulate BMDM from both genotypes in an 

attempt to investigate whether this stimulation would skew BMDM towards M1 or 

M2 phenotype. Quantitative RT-PCR was used to measure changes in cytokine 

production (and cell signalling pathways) associated with macrophage 

polarisation.  M1 and M2 macrophages exhibit a distinct biomarker profile and 

some of these markers can be used to define M1 and M2 polarisation. M1 

produce high levels of pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α), 

B 
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whereas M2 macrophages can be characterised by an anti-inflammatory cytokine 

signature such as IL-10. In addition, Arg-1 and MCP-1 are regarded as M2 

markers, while iNOS is associated with M1 macrophages (MacMicking et al., 

1997). 

3.2.3.1   Analysis of B16F10- mediated skewing of BMDM from naïve mice 

by qPCR. 

Cytokine production and pro-inflammatory/inhibitory molecule expression in 

BMDM were used to investigate macrophage polarisation in wildtype and 

properdin deficient naïve mice.  For evaluation of BMDM phenotype, qPCR was 

used to measure mRNA expression of IL-6, IL-1β, iNOS and TNF-α as markers 

for M1 macrophages(Mosser and Edwards, 2008), while IL-10, Arginase-1 and 

MCP-1 were used as markers for M2 macrophages. The results represented by 

Figure 13 showed that stimulation of BMDM with GM-CSF and LPS, M-CSF and 

IL-4 or B16F10 supernatant did not result in any significant difference in 

expression of IL-6 between both genotypes. B16F10 supernatant resulted in low 

expression of IL-6 in both genotypes. On the other hand, wildtype cells showed 

upregulation of IL-1β in all three stimuli, but only reached statistical difference 

compared with PKO mice in B16F10 supernatant stimulated cells (P=0.0159). 

Figure 13 also demonstrated that GM-CSF and LPS stimulation resulted in 

significant upregulation of iNOS in wildtype cells when compared to properdin 

deficient cells (P=0.0328). Surprisingly, stimulation with B16F10 supernatant did 

not result in any upregulation of iNOS in both genotypes. No significant difference 

between PWT and PKO was seen in TNF-α expression in any of the stimulations, 

though LPS and B16F10 conditioned medium were able to upregulate TNFα 

mRNA. No difference was seen in IL-10 expression between both genotypes, but 

B16F10 conditioned medium increased IL-10 mRNA expression considerably. 

Expression of Arginase-1 was significantly higher in properdin deficient cells 

when compared to PWT cells when stimulated with B16F10 conditioned medium 

(P=0.0328). In addition, MCP-1 expression was upregulated in properdin 

deficient cells compared to PWT cells  after stimulation with GM-CSF and LPS or 

B16F10 supernatant, with a statistical significant difference between genotypes 

(P=0.0172). Based on the results of the in vitro analyses of mRNA gene  

expression in  BMDM after stimulation, which showed that PWT cells had high 



Chapter Three                                                                                          Results 

95 
 

level of IL-1β post B16F10 stimulation and high level of iNOS post LPS 

stimulation, it would be reasonable to conclude that PWT cells show a more M1 

skewed immune response. In contrast to PWT, PKO cells showed more arginase 

and MCP-1 mRNA expression upon B16F10 stimulation. Comparison between 

stimulation with LPS, IL-4 and B16F10 supernatant revealed that stimulation with 

the latter gave results mostly similar to when cells were stimulated with IL-4 

indicating that B16F10 supernatant skews the immune response towards an M2 

macrophage phenotype. 
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Figure 13 : Analysis of characteristic markers for M1/M2 macrophages skewing in naïve 
mice. 
BMDM from wildtype and properdin-deficient mice were treated either with GM-CSF (20ng/ml) or 
M-CSF (10 ng/ml) for 7 days. The cells were then stimulated with LPS (100ng/ml +IFN-γ 
(20ng/mL) or IL-4 (20ng/ml), or with B16F10 supernatant respectively.  mRNA was prepared for 
quantitative real time PCR (RT-qPCR) to quantify gene expression of IL-6, IL-1β, iNOS, TNF-α, 
IL-10, arginase-1 and MCP-1 in comparison with GAPDH gene expression. ΔΔCT value were 
used, the mRNA expression corrected for GAPDH and compared with unstimulated BMDM. The 
QPCR results represent at least three experiments, each set up in duplicate. The data are 
presented as means ±SEM. Statistical analysis was performed by using ANOVA and Student t-
test (significances on top of columns compare to the respective unstimulated controls). * (p < 
0.05). 

3.2.3.2   Analysis of B16F10- mediated skewing of BMDM from wildtype and 

properdin deficient tumour bearing mice by qPCR. 

 Due to the distinctive difference between PWT and PKO cells in their response 

to stimulation seen in 3.2.3.1, mRNA expression in BMDM of tumour bearing 

mice from both genotypes was carried out. It was assumed that macrophage 
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phenotype would adapt to the tumour within 14 days of injection with B16F10, 

and therefore both genotypes would have similar macrophage phenotype, 

reflecting the results of tumour size measurement which showed no significant 

difference in tumour burden between genotypes. Because of the absence of 

significant difference between genotypes when stimulated with IL-4 (as shown in 

3.2.3.1), the present experiment was set up to compare between stimulated and 

unstimulated B16F10 cells without the inclusion of LPS or IL-4 stimulation as with 

3.2.3.1. 

The phenotype of BMDM from wildtype and properdin deficient tumour bearing 

mice was investigated using qPCR.  This was done by stimulating the cells with 

B16F10 supernatant and measuring mRNA expression of IL-6 and TNF-α as 

markers for M1 macrophages, while IL-10 and Arginase-1 as markers for M2 

macrophages.  The aim of this experiment was to investigate whether the tumour 

microenvironment was proinflammatory or anti-inflammatory. The results 

presented in Figure 14 showed no significant difference in expression of IL-6 

between both genotypes. Expression of TNF-α and iNOS was higher in wildtype 

mice when compared to properdin deficient mice (P=0.0047 and 0.0223 

respectively). On the other hand, cells of properdin deficient mice had significant 

upregulation of Arg-1 when compared to cells from wildtype mice (P=0.0101). 

Altogether, stimulation with B16F10 supernatant resulted in increased expression 

of the investigated markers when compared to unstimulated cells. Surprisingly, 

stimulation resulted in higher expression of TNF-α and iNOS in cells from PWT 

tumour bearing mice, indicating of more M1 macrophage phenotype. 

Furthermore, arginase was higher in PKO tumour bearing mice, indicating M2 

phenotype. This apparent discrepancy between tumour size, which had a 

tendency towards larger size PWT, and macrophage polarisation might be 

attributed to the fact that in vitro stimulation may not necessary modulate the in 

vivo environment. In vivo experimentation of maximum 14 days is relatively short 

and may only allow macrophages to manifest themselves in tumour before an 

adaptive immune response to this low immunogenic tumour can be innocent. 

BMDM from PKO mice clearly showed a M2 phenotype, whilst PWT mice showed 

a M1 phenotype. 
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Figure 14 : Analysis of characteristic markers for M1/M2 macrophage in tumour bearing 
mice. 
BMDM from tumour bearing wildtype and properdin-deficient mice were differentiated with M-CSF 

(10ng/ml) for 7 days. Then the cells were stimulated with B16F10 supernatant, unstimulated cells 

were used as a control. Quantitative real time PCR (RT-qPCR) was used to quantify gene 

expression of IL-6, TNF-α, iNOS and arginase-1 compared with GAPDH gene expression. ΔΔCT 

value were used, the mRNA expression corrected for GAPDH and compared with unstimulated 

BMDM. The QPCR results represent at least three experiments, each set up in duplicate. The 

data are presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-

Whitney 𝑈 test. * (p < 0.05). 
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 Quantitative measurement of Cytokines from stimulated BMDM of 

wildtype and properdin deficient mice. 

Studying in vitro stimulation of macrophages helps in understanding how 

macrophages respond to different stimuli such as infection, injury or tumour, and 

measuring cytokine profile during stimulation is helpful in this regard. In order to 

investigate the level of cytokines, BMDM cells were prepared from wildtype and 

properdin-deficient mice and cultured with GM-CSF for 48hrs and then cells were 

stimulated with conditional medium which includes B16F10 supernatant, LPS 

(100ng/ml) or IL-4 (20ng/ml). Measurement of cytokines was carried out by 

ELISA to investigate whether the cytokine signature is shaped in a properdin 

dependent manner after stimulation, and to confirm the previous results of mRNA 

expression studies which showed that PWT cells seems to polarise towards a 

more M1 phenotype, and B16F10 stimulation resulted in a more M2 polarisation, 

with the PKO cells being more M2 phenotype.  

IFN-γ and IL-12 were chosen to evaluate further the profile of inflammatory 

reaction observed in BMDM by qPCR (3.2.3.1). IFN-γ is atypical (type 2 cytokine) 

and IL-12 is a C5a enhance of macrophage activity. The role of properdin on the 

level of pro-inflammatory mediators IFN-γ and IL-12 was investigated in 

supernatant of BMDM. This was done in LPS, IL-4 and B16F10 stimulated cells. 

Figure 15 shows that release of IFN-γ in supernatant of BMDM from properdin 

deficient mice stimulated with B16F10 supernatant was lower compared to 

wildtype mice (P=0.0235). No significant difference between genotypes was seen 

in IFN-γ release when cells were stimulated either with LPS or IL-4. Stimulation 

with LPS resulted in the highest secretion of IFN-Ɣ in both genotypes.  
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Figure 15: Level of mouse IFN-γ in supernatant of BMDM after stimulation 

BMDM from wildtype and properdin-deficient mice were treated with GM-CSF (20ng/ml) for 7 

days. Then the cells were stimulated either with LPS (100ng/ml), IL-4 (20ng/ml) or B16F10 

supernatant.   Unstimulated cells were used as controls. Supernatant was used for measurement 

IFN-γ by ELISA. Results represent at least four experiments each set up in duplicate. The data 

are presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 

𝑈 test. * (p < 0.05). 

 

Figure 16 shows that stimulation with either IL-4 or B16F10 supernatant resulted 

in comparable levels of IL-12 between both genotypes, but compared to 

properdin deficient mice, cells from wildtype secreted more IL-12 upon 

stimulation with LPS (P=0.0041).  
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Figure 16: Level of mouse IL-12 in supernatant of BMDM after stimulation. 

 

BMDM from wildtype and properdin-deficient mice were treated with GM-CSF (20ng/ml) for 7 

days. Then the cells were stimulated either with LPS (100ng/ml)+ 20ng/ml of INF-ɣ), IL-4 

(20ng/ml) or B16F10 supernatant. Unstimulated cells were used as control. Supernatant was 

used for measurement IL-12 by ELISA. Results represent at least four experiments each set up 

in duplicate. The data are presented as means ±SEM. Statistical analysis was performed by one-

tailed Mann-Whitney 𝑈 test. * (p < 0.05). 

 

The role of properdin on level of IL-10 secreted from BMDM isolated from 

properdin wildtype and deficient mice after stimulation was investigated and the 

results are presented in Figure 17. This experiment shows that cells from 

properdin deficient mice secreted a significantly higher level of the anti-

inflammatory cytokine IL-10 after stimulation with B16F10 supernatant when 

compared to wildtype (P=0.0220). Stimulation with either LPS or IL-4 did not 

result in any difference in level of IL-10 between genotypes.  
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Figure 17: Level of IL-10 in supernatant of GM-CSF differentiated BMDM. 

BMDM from wildtype and properdin-deficient tumour bearing mice were differentiated with GM-

CSF (20ng/ml) for 7 days. Then the cells were stimulated either with LPS (100ng/ml)+ 20ng/ml of 

INF-ɣ, IL-4 (20ng/ml) or B16F10 supernatant respectively. Unstimulated cells were used as 

controls. Supernatant was used for measurement of IL-10 by ELISA. Results represent at least 

four experiments each set up in duplicate. The data are presented as means ±SEM. Statistical 

analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 

3.2.4.1  Quantitative measurement of IL-10 in BMDM supernatant after 

stimulation of Naïve PWT and PKO Mice with GM-CSF or M-CSF. 

The level of IL-10, after differentiation of bone marrow cells into macrophages in 

the presence of GM-CSF or M-CSF, and following stimulation was investigated. 

This experiment was also aimed to validate the current protocol of using GM-CSF 

and M-CSF which lead to polarisation of BMDM. The results presented in Figure 

18 revealed that stimulation resulted in higher levels of IL-10 in M-CSF 

differentiated cells when compared to GM-CSF differentiated cells. Furthermore, 

IL-10 was significantly higher in M-CSF differentiated and B16F10 stimulated 

cells from PKO mice when compared to wildtype cells (P=0.0286). Surprisingly, 

no significant difference was found between wildtype and properdin deficient 

mice when cells were M-CSF differentiated and stimulated either with LPS or IL-

4. LPS stimulation of GM-CSF differentiated bone marrow cells seems to result 
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in a marginal increase in level of IL-10 in properdin deficient mice when compared 

to wildtype.   
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Figure 18 : Level of IL-10 in supernatant of BMDM cultured with GM-CSF/M-CSF after 

stimulation. 

BMDM from wildtype (n=5) and properdin-deficient (n=4 ) male mice were differentiated either 

with GM-CSF (20ng/ml) or M-CSF (10ng/ml) for 7 days. Then the cells were stimulated either with 

LPS (100ng/ml)+ 20ng/ml of INF-ɣ, IL-4 (20ng/ml) or B16F10 supernatant respectively, 

unstimulated cells were used as controls. Supernatant was used for measurement of IL-10 by 

ELISA. Results represent at least four experiments each set up in duplicate. The data are 

presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 

test. * (p <0.05). 

 

 Characterisation stimulated BMDM by Flow cytometry. 

3.2.5.1  Surface markers in BMDM of wildtype and properdin deficient 

tumour bearing mice. 

Surface markers were studied to further characterise the cells which showed 

increase in mRNA expression and cytokine levels after B16F10 stimulation. 

Additionally, the influence of properdin on surface markers signature of BMDM in 

tumour bearing mice was investigated. These investigations were done to assess 

if stimulation with B16F10 supernatant exerted any change in surface markers of 

BMDM with GM-CSF in tumour bearing mice. 
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  CD11b and Gr-1 from BMDM from tumour bearing mice 

CD11b together with CD18 makes up CR3 on macrophage which bind iC3b and 

C3dg (Bajic et al., 2013). CD11b is commonly expressed on granulocytes and 

monocytes/macrophages. Gr-1 is a glycosylphosphatidylinositol (GPI)-linked 

protein expressed on granulocytes and macrophages. Granulocyte differentiation 

and maturation in bone marrow correlates with the level of Gr-1 expression. 

Transient expression of Gr-1 is found in the monocyte lineage of the bone marrow 

and these Immature Myeloid Gr-1+ cells were linked with the development of 

antitumour immunity (Chen et al., 2001). 

The expression of surface markers CD11b and Gr-1 was investigated in BMDM 

of tumour bearing mice from both genotypes after stimulation, and the results are 

shown in Figure 19. This figure show that in both genotypes, stimulation did not 

result in a comparable difference in expression of CD11b. Notably, the percent 

of CD11b+ cells was around 60-70% when M-CSF was used for differentiation of 

BMDM from tumour bearing mice (data not shown). On the other hand, the 

percent of BMDM from tumour bearing mice expressing CD11b was around 90% 

when GM-CSF was used for differentiation. B16F10 stimulation led to higher 

percent of Gr-1 in properdin deficient mice when compared to wildtype (10.5 and 

2.8% respectively).  
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Figure 19: Expression of CD11b and Gr-1 in BMDM of tumour bearing wildtype and properdin 

deficient mice after stimulation.  

Macrophages from wildtype and deficient tumour bearing mice were differentiated in vitro with 

GM-CSF for eight days and then stimulated either with LPS (100ng/ml), IL-4 (20ng/ml) or B16F10 

supernatant for 24 hours. Unstimulated cells were used as controls. Samples were stained for 

the expression of Gr-1 FITC and CD11b PE. The above results represent pooled BMDM sample 

where n= 4 in Wildtype and n=5 in properdin deficient mice. The filled histogram is the isotype 

control. Table show mean fluorescence intensity for CD11b and Gr-1. 

Marker (MFI) Unstimulated IL-4 LPS B16F10 
supernatant 

 

CD11b 

PWT 462 437 44 225 

KO 342 345 173 216 

 

Gr-1 

PWT 8.89 3.7 6.05 6.17 

KO 9.02 3.92 9.49 9.55 
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 CD11c and F4/80 BMDM Cells from tumour bearing mice 

CD11c is part of the CD11c/CD18 leukocyte integrin CR4 which binds iC3b and 

ICAM-1. F4/80 belongs to adhesion G protein coupled receptor family and is a 

marker of murine macrophages. Expression of cell surface markers CD11c and 

F4/80 BMDM was also investigated. The first is expressed in dendritic cells and 

monocytes/macrophages, while F4/80 is widely used as a murine macrophage 

marker. The aim of the experiment was to evaluate levels of expression of BMDM 

from tumour bearing mice in response to different stimuli. The results represented 

by Figure 20 show that stimulation with B16F10 supernatant did not change 

expression of CD11c. Furthermore, no difference in CD11c expression was found 

between genotypes. On the other hand, stimulation with IL-4 or B16F10 

supernatant resulted in down regulation in expression of F4/80 in both genotypes.  
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Figure 20: Expression of CD11c and F4/80 in BMDM of tumour bearing wildtype and 
properdin deficient mice after stimulation. 
Macrophages from wildtype and properdin deficient tumour bearing mice were in vitro 

differentiated with GM-CSF for eight days and then stimulated either with LPS (100ng/ml), IL-4 

(20ng/ml) or B16F10 supernatant for 24 hours. Unstimulated cells were used as controls. 

Samples were stained for the expression of F4/80 FITC and CD11c PE. The above results 

represent pooled BMDM sample where n= 4 in wildtype and n=5 in properdin deficient mice. 

Table show mean fluorescence intensity for CD11c and F4/80. 

 

 

 

 

Marker (MFI) Unstimulated IL-4 LPS B16F10 
supernatant 

 

CD11c 

PWT 171 107 78.6 128 

KO 125 139 92.4 150 

 

F4/80 

PWT 7.51 5.33 6.71 7.45 

KO 6.12 5.7 7.08 6.94 
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 Percentage of Gr-1+CD11b+ cell in BMDM of Wildtype and 

properdin deficient tumour bearing mice. 

The aim of this experiment was to investigate the percentage of CD11b+Gr-1+ 

cells in BMDM of wildtype and properdin deficient tumour bearing mice after 

stimulation with B16F10 supernatant as an indicator of MDSCs. Previous in vivo 

results had shown that wildtype mice have high percentage of MDSCs 

(CD45+CD11b+Gr-1+) in spleen compared to propedin deficient tumour bearing 

mice (see Chapter 4). Figure 21A shows that the percentage was 12.5 in 

properdin deficient mice and 6.9 in wildtype mice after stimulation with B16F10.  
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Figure 21: A-Expression of MDSCs(CD11b+Gr-1+) in BMDM of tumour bearing PWT and 
PKO mice after stimulation. B-repesentive dot plot of CD11b+Gr-1 after gating on main 
population. 
Macrophages from wildtype and deficient Tumour bearing mice were differentiated in vitro with 

GM-CSF for eight days and then stimulated either with LPS (100ng/ml), IL-4 (20ng/ml) or B16F10 

supernatant for 24 hours. Unstimulated cells were used as controls. Samples were stained for 

the expression of Gr-1 FITC and CD11b PE. The above results represent pooled BMDM sample 

where n= 4 in Wildtype and n=5 in properdin deficient mice. 

  

B 
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 CD80, MHC-II and CD86 from tumour bearing mice 

The expression of surface markers, CD80, CD86 and MHC-II was investigated. 

CD80 is constitutively expressed non-dendritic cells and 

monocytes/macrophages, while CD86 and MHC-II are expressed on antigen 

presenting cells. Both CD80 and CD86 are co-stimulatory molecules that result 

in enhanced cell activation, proliferation, and cytokine production of T cells upon 

ligation with CD28. As with others, the expression of these molecules was used 

as an indication of M1 macrophages. Figure 22 showed that B16F10 stimulation 

resulted in lower expression of CD80 in both wildtype and properdin deficient 

mice (9.7 and 6.4% respectively). On the other hand, LPS stimulation lead to 

increased expression of CD80. Comparable expression of MHC-II was found in 

both stimulated and unstimulated BMDM from both genotypes. Nevertheless, 

BMDM from tumour bearing wildtype mice seems to show higher expression of 

MHC-II when compared to properdin deficient mice. Expression of CD86 was 

similar in both genotypes, however B16F10 stimulation seems to result in down 

regulation of CD86 expression. 
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Figure 22: Surface receptor expression (CD80, MHC-II and CD86) of polarised 

macrophages. 

Macrophages from wildtype and deficient Tumour bearing mice were in vitro differentiated with 

GM-CSF for eight days and then stimulated either with LPS (100ng/ml), IL-4 (20ng/ml) or B16F10 

supernatant for 24 hours. Unstimulated cells were used as controls. Samples were stained for 

the expression of MHC-II FITC and CD80 deficient mice. Table show mean fluorescence intensity 

for CD80, MHC-II and CD86. 

Marker (MFI) Unstimulated IL-4 LPS B16F10 
supernatant 

 

CD80 

PWT 7.35 5.31 9.76 6.96 

KO 5.33 6.29 8.18 6.35 

 

MHC-II 

PWT 10.53 7.43 9.73 9.17 

KO 6.44 6.22 8.55 3.22 

 

CD86 

PWT 126 131 143 75.7 

PKO 75 117 174 119 
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3.2.5.2  Surface and Intracellular markers in BMDM of naïve mice 

The aim of these experiments was to characterise BMDM cells from naïve mice 

of the two genotypes in their ability to adapt their expression of cell surface 

markers and products to the stimulation of B16F10 conditioned medium, and 

whether one genotype is able to do this more or less than the other. 

 CD80, MHC-II and CD86 from naïve mice 

In this section cells from BM PWT/PKO and LDLR-/- were investigated in parallel. 

CD80, CD86 and MHC II are important costimulatory molecules for T cell 

stimulation. Flow cytometry analysis was carried out to investigate the percent of 

CD80, CD86 and MHC-II in BMDM cells of PWT and PKO naïve mice after 

stimulation. These investigations were done on a pooled sample of BM cells to 

give preliminary data on the level of expression of CD80, CD86 and MHC-II after 

stimulation with LPS, IL-4 and B16F10 supernatant.  Figure 23 demonstrate that 

expression of these markers was upregulated after stimulation with LPS in both 

genotypes. Additionally, stimulation with IL-4 showed no difference between 

genotypes in expression of CD80, CD86 and MHC-II. Interestingly, BMDM cells 

from PKO mice showed less expression of the aforementioned markers after 

B16F10 stimulation compared to BMDM cells from PWT mice after B16F10 

stimulation. Therefore, further investigations into the expression of CD80, CD86 

and MHC-II after B16F10 stimulation were carried out using BM cells from 

individual naïve mice from PWT and PKO, as well as LDLR-/- mice. These 

investigation demonstrated that BMDM cells from PWT cells showed frequent 

expression of CD80, CD86 and MHC-II (25.33± 1.56%, 23.03±1.398 % and 

22.97±2.643% respectively) when compared to PKO ( 16.29±2.268%, 

 13.76±2.723% and 8.660 ±1.389%), whereas, BMs cells from LDLR-/- group 

showed similar levels of expression (Figure 24). Notably, comparison between 

PWT cells from PWT/PKO group with its respective counterpart in LDLR group 

showed that both had similar expression of the aforementioned markers.   
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Figure 23 : Surface receptor expression (CD80, MHC-II and CD86) of macrophages. 
BMDM from wildtype and properdin deficient mice. Cells were differentiated with GM-CSF for 

eight days and then stimulated either with LPS (100ng/ml), IL-4 (20ng/ml) or B16F10 supernatant 

for 24 hours. Unstimulated cells were used as controls. Samples were stained for the expression 

of MHC-II FITC and CD80 FITC. The above results represent pooled BMDM sample where n= 3 

in Wildtype and n=3 in properdin deficient mice. Table show mean fluorescence intensity for 

CD80, MHC-II and CD86. 

  

Marker (MFI) Unstimulated IL-4 LPS B16F10 
supernatant 

 

CD80 

PWT 11.1 17.8 19.9 12.6 

KO 7.38 18.1 20.4 11.7 

 

MHC-II 

PWT 2.42 3.41 8.58 7.11 

KO 3.01 4.49 7.33 6.93 

 

CD86 

PWT 4.61 4.39 9.57 8.31 

PKO 2.58 4.99 6.19 5.51 



Chapter Three                                                                                          Results 

113 
 

U
n

s
ti

 P
W

T
/P

K
O

P
W

T
n

=
4

P
K

O
n

=
4

L
D

L
R

- /
- P

W
T n

=
4

L
D

L
R

- /
-  P

K
O n

=
4

0

1 0

2 0

3 0

4 0

%
 C

D
8

0
+

c
e

ll
*p = 0 .0 2 8 6

U
n
s
ti
 P

W
T
/P

K
O

P
W

T
n
=
4

P
K

O
 n

=
4

L
D

L
R

- /
- P

W
T n

=
4

L
D

L
R

- /
- P

K
O n

=
3

0

1 0

2 0

3 0

4 0

%
 C

D
8

6

*  p = 0 .0 1 4 4

U
n

s
ti

 P
W

T
/P

K
O

 n
=
4

 P
W

T
n

=
3

P
K

O

 n
=
3

L
D

L
R

- /
-  U

n
s
t i

 n
=
3

L
D

L
R

- /
- P

W
T

 n
=
3
 

L
D

L
R

- /
- P

K
O

 n
=
3

0

1 0

2 0

3 0

%
 M

H
C

 I
I 

C
e

ll

* *P = 0 .0 0 8 7

 

Figure 24: Surface receptor expression (CD80, MHC-II and CD86) of macrophages from 

naïve mice. 

BMDM from PWT/PKO and LDLR-/- mice were differentiated with GM-CSF for eight days and then 

stimulated with B16F10 supernatant for 24 hours. Unstimulated cells were used as controls. 

Samples were stained for the expression of MHC-II FITC and CD80 FITC. 
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 FACS analysis of CD11b+F4/80 

  BMDM from PWT and PKO with M-CSF. 

The F4/80 antigen is expressed by a majority of mature macrophages and is the 

best marker for this population of cells. Expression of F4/80 commences during 

early myeloid development and is upregulated on all BM cells stimulated in vitro 

with M-CSF. One of the most important antigens used to identify murine 

macrophages is the F4/80 pan–macrophage marker. The results presented in 

Figure 25 showed no difference between B16F10 supernatant stimulated and 

unstimulated cells in expression of F4/80 expression. Additionally, no significant 

difference was found between genotypes. 

  

 

Figure 25: Expression of CD11b+F4/80 in BMDM of wildtype and properdin deficient mice 

after stimulation with B16F10 supernatant. 

Macrophages from wildtype and properdin deficient Tumour bearing mice were in vitro 

differentiated with M-CSF for 7 days and then stimulated with B16F10 supernatant for 24 hours. 

Unstimulated cells were used as controls. Samples were stained for the expression of F4/80 FITC 

and CD11b PE. The results represent a pooled BMDM sample in which  n= 3 for each genotypes. 

The above and the bottom panels represent dublicates of the same pooled sample which have 

been stimulated independently.  
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 BMDM from LDLR-/-PWT and LDLR-/-PKO with GM-CSF. 

The aim of this experiment was to investigate the effect of B16F10 supernatant 

on BMDM polarisation from both genotypes. Data illustrated by Figure 26 shows 

that BMDM in the presence of B16F10 supernatant are skewed towards M2 in 

LDLR-/-PWT mice. FACS analysis of unstimulated BMDM showed that 11.9% were 

CD11b+ F4/80+. In contrast to 6.44% in cells stimulated with B16F10 

supernatant. On the other hand, this effect was not seen in LDLR-/-PKO.  

It was noted that the ratio between M1/M2 was 2.5 in LDLR-/-PWT. In contrast to 

5 in LDLR-/-PKO. The aforementioned results provide two pieces of evidence that 

M2 phenotype in BMDM was high in LDLR-/-PWT when compared to LDLR-/-PKO. 

  

Figure 26: FACS analysis (CD11b+F4/80+) of BMDM derived from LDLR-/-PWT and LDLR-/-

PKO mice in response to different stimuli. 

Bone marrow derived macrophages prepared from LDLR-/- wildtype and properdin deficient mice 

were cultured with GM-CSF for 24hrs with LPS (100ng/ml), IL-4 (20ng/ml) or B16F10 supernatant. 

BMDM were analysed CD11b +F4/80.  
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 Expression of CD206 and CD11b in differentiated BM cells of naïve 

mice after stimulation. 

In addition to cytokine release, distinct macrophage phenotypes can also be 

characterised by differential expression of key surface markers.  

CD206+CD11b+ have been previously used as an indication of M2 polarised 

macrophages. Hence, the percentage of CD206+CD11b+ cells was investigated 

after GM-CSF differentiation and stimulation. Figure 27C show the percentage of 

CD206+CD11b+cells in PWT/PKO group of mice which revealed that B16F10 

stimulation resulted in  a significantly higher percentage of CD206+CD11b+ cells 

in properdin deficient mice when compared to wildtype (P=0.0228). Figure 27D 

show the percentage of CD206+CD11b positive cells in LDLR-/- group after 

stimulation with IFN-Ɣ, LPS and B16F10 supernatant. In addition to LPS 

stimulation, IFN-Ɣ  was used as another option for M1 stimuli. This was done as 

stimulation with IL-4 did not show difference between genotypes in PWT/PKO 

group. Similar to PWT/PKO mice, B16F10 stimulation resulted in higher 

percentage of CD206+CD11b+ cells in properdin deficient mice when compared 

to wildtype. Interestingly, unstimulated cells from LDLR-/- group showed higher 

percentage of CD206+CD11b+ cells than those of PWT/PKO group (mean 7.5 vs 

3.2% respectively) mostly indicating that LDLR-/- group possess more CD206+ 

cells. 
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Figure 27: Expression of CD206 and CD11b in GM-CSF differentiated BMDM cells of naïve 

mice after stimulation.  

A-Strategy of FACS analysis of CD11b+CD206+ cell i-gating on the main macrophage population, 
ii-unstained cells. iii-Single stain for only CD11b+ cell labelled with PE fluorochrome iv-double 
positive cell CD11b+CD206. B. representive dot plot for CD11b+CD206+ in different conditioned 
medium. (C) BMDM from wildtype and properdin-deficient mice cells, and (D) LDLR-/- group were 
differentiated with GM-CSF (20ng/ml) for 7 days. Then the cells were stimulated either with LPS 
(100ng/ml), IL-4 (20ng/ml) or B16F10 supernatant. Unstimulated cells were used as controls. 
After that cells were stained with CD206 FITC and CD11b PE and then FACS was done. Results 
represent three independent experiments. The data are presented as means ±SEM. Statistical 
analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (P <0.05). 
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Expression of CD206 and CD11b was also investigated in M-CSF differentiated 

BM cells from wildtype and properdin deficient naïve mice following stimulation 

with B16F10 supernatant. The aim of this experiment was to investigate the 

percentage of these cells in the presence of M-CSF which is traditionally used to 

differentiate macrophages into an M2 phenotype. The results represented by 

Figure 28 showed that the percentage of CD206+ and CD11b+ cells is about 15.  

Notably, stimulation with B16F10 resulted in upregulation of this surface marker. 

However, no difference was found between the two genotypes probably due to 

shifting of cells towards M2 macrophage phenotype. Interestingly, differentiation 

with M-CSF resulted in higher percentage of CD206 and CD11b+ cells as 

opposed to the numbers reported when GM-CSF was used for differentiation (15 

% and 3.2 % respectively).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 28: Expression of CD206 and CD11b in M-CSF differentiated BMDM cells of naïve 
mice after stimulation. 

BMDM from PWT and PKO (n=2) mice were treated with M-CSF (20ng/ml) for 7 days. Then 

the cells were stimulated with B16F10 supernatant. Unstimulated cells were used as 

controls. FACS samples were collected without or with stimulation and samples were stained 

for the expression of CD11b+CD206. Pooled samples were used in this experiment n= 3 for 

each genotype. 
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In addition to GM-CSF and M-CSF, supernatant of L929 cells producing M-CSF 

(Weischenfeldt and Porse, 2008) was also used to differentiate BM cells followed 

by flow cytometry analysis of CD206 and CD11b+ cells. It has been previously 

reported that supernatant of L929 cells is a rich source of M-CSF (Weischenfeldt 

and Porse, 2008), hence this supernatant was used to provide a source of M-

CSF. Figure 29 showed the percentage of CD206+ and CD11b+ cells when 

supernatant from L929 cells was used for differentiation, which were highly 

variable indicating that the use of M-CSF  is preferred (Englen et al., 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: Expression of CD206 and CD11b in 20% L929 supernatant differentiated 
BMDM cells of naïve mice after stimulation. 

BMDM from PWT and PKO mice were grown in culture dishes in the presence of M-CSF for 

7 days, which is secreted by L929 cells and is used in the form of L929-conditioned medium 

(20%). Then the cells were stimulated with B16F10 supernatant. Unstimulated cells were 

used as controls. Samples were collected before and after stimulation and Samples were 

stained for the expression of CD11b+CD206. 
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  Change of intracellular cytokines (IL-12 and IL-10) in GM-CSF 

differentiated BMDM of naïve mice. 

IL-12 is a pro-inflammatory cytokine secreted mainly by monocytes, 

macrophages, and dendritic cells. This cytokine is produced as a response to 

bacterial products such as LPS, intracellular pathogens, or upon interaction with 

activated T cells, and subsequently results in proliferation, differentiation and 

maintenance of T helper 1 (Th1) responses that lead to IFN-Ɣ and IL-2 

production.  Both of IFN-Ɣ and IL-2 mediate macrophage activation and T cell 

response.  

As shown in Figure 30 stimulation with LPS and B16F10 supernatant resulted in 

higher percentage of CD11b+IL-12+ cells in PWT (5.69% and 6.72% respectively) 

compared to PKO mice (1.97% and 1.37% respectively). The unexpected finding 

of high CD11b+IL-12+ cells in BMDM of wildtype upon B16F10 stimulation may 

be indicative of mixed population of BMDM after differentiation with GM-CSF. 

Thus it seems that the M1 phenotype macrophages predominate in wildtype cells 

even after stimulation with B16F10 supernatant, which is expected to elicit a M2 

phenotype.  

Percentage of CD11b+IL-12 was detectable in wildtype and properdin deficient 

mice. However, percentage of CD11b+IL-12+ cells LDLR-/-PWT and LDLR-/-PKO 

was low and no difference was seen between the genotypes after stimulation with 

B16F10 supernatant. On the other hand, stimulation with LPS resulted in high 

percentage of CD11b+IL-12+ cells in LDLR-/-PWT compared to PKO mice (3.45% 

and 0.87% respectively). 
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Figure 30: Surface receptor expression of polarised macrophages and intracellular IL-12 

staining. 

A-BMDM of PWT and PKO. B-BMDM of LDLR-/-PWT and LDLR-/-PKO. BMDM from wildtype 

and properdin-deficient mice were treated with GM-CSF (20ng/ml) for 7 days. Then the cells 

were stimulated either with LPS (100ng/ml), IL-4 (20ng/ml) or B16F10 supernatant. 

Unstimulated cells were used as controls. Samples were collected before and after 

stimulation and samples were stained for the expression of CD11b+IL-12.  

 

IL-10 is produced by activated immune cells, it is one of the key anti-inflammatory 

cytokines. IL-10 exerts its action via a transmembrane receptor complex which is 

composed of IL-10R1 and IL-10R2. Activation of macrophages by various 

endogenous as well as exogenous mediators such as bacterial 

lipopolysaccharide lead to the secretion of IL-10 which in turn result in 
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suppression of the inflammatory immune response. The important role of IL-10 

lies in its ability to restrict the specific and unspecific immune reactions and 

induction of tolerance.  

Stimulation with B16F10 supernatant resulted in high percentage of CD11b+IL-

10+ cells PKO in compared to PWT mice. Percentage of CD11b+IL-12+ cells PWT 

and PKO was low and no difference was seen between the genotypes. 

 

  

Figure 31: Surface receptor expression of polarised macrophages and intracellular IL-10 
staining. 

BMDM from LDLR-/-PWT and LDLR-/-PKO mice were treated with GM-CSF (20 ng/ml) for 7 

days. Then the cells were stimulated either with LPS (100ng/ml), IL-4 (20ng/ml) or B16F10 

supernatant. Unstimulated cells were used as controls. Samples were collected before and 

after stimulation and samples were stained for the expression of CD11b+IL-10.  
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   Discussion and conclusions 

  Discussion 

The majority of studies have agreed that differentiation of macrophages by GM-

CSF and priming with LPS would result in M1-polarised macrophages which were 

weak producers of IL-10 (Fleetwood et al., 2007). Although the ELISA assay 

showed high levels of IL-10 following differentiation of BMDM with GM-CSF and 

priming with LPS, it did not reach the level of IL-10 attained when macrophages 

were differentiated and primed with classical M2 macrophage stimuli, M-CSF and 

IL-4. It has been reported that LPS stimulation of M-CSF pre-incubated mouse 

BMDM results in induction of IL-10 in which activation of TLR4 by LPS induces 

the expression of IL-10 through the sequential induction of type I IFNs followed 

by induction and signalling through IL-27 (Iyer et al., 2010).  

Previous work on a model of acute bacterial infection had revealed that 

complement protein properdin is an influential factor on the humoral and cellular 

immune responses. In this model, splenocytes and bone marrow-derived myeloid 

cells from wildtype and properdin deficient mice managed to show that properdin-

deficient mice polarise macrophages to an M2 phenotype and thereby contributes 

to determining the outcome of infection. These findings supported the role of 

complement components in determining a cellular phenotype. Properdin deficient 

mice infected with S. pneumoniae had a more favourable clinical outcome when 

compared to wildtype. This finding was attributed to reduced activation of 

macrophages and decrease in release of proinflammatory cytokines (Dupont et 

al., 2014).  

This chapter utilises an in vitro model of bone marrow derived macrophage 

polarisation to characterise the nature of an influence exerted by medium 

obtained from B16F10 in culture (so-called conditioned medium) and to 

investigate whether activities are modulated differently in cells from properdin 

wildtype and properdin deficient mice. This in vitro model involves the 

differentiation of hematopoietic stem/progenitor cells from mouse bone marrow 

in the presence of GM-CSF/M-CSF, followed by either M1 or M2 typical 

stimulation. Interferon-Ɣ and LPS stimulation is used to prime macrophages 

toward M1 phenotype (Murray et al., 2014), while IL-4 or IL-13 yields 

macrophages with M2 phenotype (Ying et al., 2013). 
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In this chapter, GM-CSF was used to drive BMDM towards an M1 macrophage 

phenotype. Classical M1 macrophages develop in tissue in the presence of high 

levels of GM-CSF and IFN-Ɣ (Murray and Wynn, 2011). In vitro studies have 

widely used GM-CSF and LPS to generate M1 macrophage phenotype. On the 

other hand, M-CSF and IL-4 have been used to generate macrophages with 

typical M2 phenotype (Lawrence and Natoli, 2011, Zheng et al., 2013). Upon 

stimulation, macrophage activation is directed either towards classic M1 or 

alternative M2 phenotype. M1 macrophage activation depends on Toll-like 

receptors (TLRs) and activation of nuclear factor kappa B (NFκB)/c-Jun N-

terminal kinase 1(JNK1). M1 macrophages are characterised by the production 

of high levels of inflammatory cytokines such as IL-12, IL-6 and IL-1β (Martinez 

and Gordon, 2014, Murray et al., 2014). In addition, activation of iNOS, results in 

increased generation of reactive oxygen species such as nitric oxide (NO). On 

the other hand, M2 macrophage activation depends on PPARγ, PPARδ, or IL-4-

STAT6 pathways, resulting in an anti-inflammatory response that is accompanied 

by upregulation of mannose receptor CD206, and arginase 1(Arg1)(Mills, 2012). 

3.3.1.1 B16F10 supernatant stimulation leads to a significant increase in 

the level of IL-10 gene expression in both genotypes 

Previously it has been demonstrated that B16F10 cell line produces IL-10 in vitro. 

Furthermore, implantation of B16F10 in mice result in the production of IL-10 in 

the tumour microenvironment (Miranda-Hernández et al., 2013).  IL-10 simulated 

macrophages have been shown to possess an enhanced M2 macrophage-

related gene expression (Makita et al., 2015). It might be reasonable to speculate 

that IL-10 in B16F10 conditioned media would stimulate macrophages towards 

an M2 phenotype. This would explain increased IL-10 mRNA expression which 

is one of the distinctive M2 macrophage markers after stimulation of BMDM with 

B16F10 supernatant.  

The results presented in this chapter showed that stimulation with B16F10 

supernatant resulted in a significant increase in the level of IL-10 gene expression 

in both genotypes when compared to unstimulated cells, exceeding the activity 

of M-CSF and IL-4 to stimulate IL-10. IL-10 is a major anti-inflammatory cytokine 

secreted by activated macrophages and T cells. IL-10 inhibits cytokine production 

by macrophages and plays a central role in shaping the outcome of the immune 
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response. This is mainly achieved via the ability of IL-10 to decrease expression 

of pro-inflammatory cytokines, inhibiting T helper cell type 1 effector cell 

development.  

3.3.1.2  Analysis of BMDM by cytokines IL-10 and IL-12  

Results of ELISA assay showed that stimulation with B16F10 lead to higher levels 

of IL-10 in PKO cells when compared to wildtype cells. Surprisingly, 

measurement of IL-10 by ELISA showed high levels in both genotypes when cells 

were stimulated with LPS as compared to unstimulated cells. Simultaneous 

production of IL-10 and TNF-a has been described. Agbanoma and co-workers 

(Agbanoma et al., 2012) have described prolonged production of TNF-α from 

macrophages stimulated with autologous anti-CD3–activated T cells or synovial 

rheumatoid T cells. This excessive pro-inflammatory response is thought to be 

due to lack of responsiveness to IL-10 by stimulated macrophages and thus may 

explain the skewed pro-inflammatory cytokine profile which characterise chronic 

inflammatory autoimmune diseases. Furthermore, it has been shown that IL-10 

regulation of TNF production is dependent upon the stimulus used to activate the 

macrophage, as LPS stimulation seems to generate a different response than 

stimulation with autologous anti-CD3–activated T cells or synovial rheumatoid T 

cells (Agbanoma et al., 2012).  

BMDM from LDLR-/- were analysed as well, in order to evaluate qualitatively the 

cell responsiveness compared to PKO/WT (which are LDLR+/+). Investigation of 

CD11b+IL-10+ cells by FACS in PKO/PWT and LDLR-/- groups revealed low 

expression in PKO/PWT group and good expression in LDLR-/-. In LDLR-/- group, 

stimulation with B16F10 resulted in higher expression of CD11b+IL-10+ cells in 

LDLR-/- cells.  

Measurement of the pro-inflammatory cytokine IL-12 by ELISA showed that 

stimulation with either IL-4 or B16F10 supernatant did not result in a significant 

increase in the level of IL-12 in both genotypes. As expected, LPS stimulation 

resulted in increased level of IL-12 which was significant in the wildtype. Flow 

cytometric analysis of CD11b+IL-12+ cells in PWT/PKO group of mice revealed 

that wildtype mice had increased expression after LPS and B16F10 stimulation. 

Based on this result B16F10 stimulation would be classified as a stimulus that 

generates a more M1 macrophage phenotype. However, previous work has 
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shown that myeloid cells derived from murine bone marrow using GM-CSF pass 

through an immature stage in which they are able to produce much higher 

amounts of IL-12 than more mature cells. During this immature stage cells usually 

lose surface markers characteristic of immature myeloid cells and acquire 

markers distinctive of mature macrophages (Oliveira et al., 2003). Although flow 

cytometric analysis showed low expression in LDLR group, LPS stimulation 

resulted in increased expression in wildtype after LPS stimulation.  

3.3.1.3 Analysis of mRNA (IL-6, IL-1β, iNOS, MCP-1,TNF-α, IL-10 and 

arginase-1) B16F10-mediated skewing of BMDM by qPCR 

Investigations into mRNA expression of selected genes ( IL-6, IL-1β, iNOS, MCP-

1, TNF-α, IL-10 and arginase-1) reported in this chapter revealed that PWT cells 

had high levels of IL-1β post B16F10 stimulation, and high levels of iNOS post 

LPS stimulation. In contrast to WT, PKO cells showed more arginase and MCP-

1 mRNA expression upon B16F10 stimulation (Al-Rayahi et al., 2016). An 

increasing body of evidence have indicated that IL-6, IL-1, iNOS and TNF-α are 

typical markers of M1 (classically activated) macrophages. On the other hand, IL-

10 and arginase-1 are markers for M2 markers. Ying and co-workers have shown 

that LPS stimulation results in increased expression of pro-inflammatory 

cytokines IL-1β and TNFα. In contrast, IL-4 stimulation lead to increased 

expression of IL-10 and arginase-1.These findings were attained by flow 

cytometry analysis and quantitative RT-PCR (Weisser et al., 2013, Ying et al., 

2013). 

The mannose receptor CD206, as a marker of M2 profile, was also analysed by 

flow cytometry to further investigate the inflammatory properties of BMDM 

stimulated with B16F10 supernatant. This analysis revealed that B16F10 

stimulation resulted in a significantly higher percentage of CD206+ CD11b+ cells 

in properdin deficient mice when compared to wildtype (P=0.0228). Stimulation 

with either LPS or IL-4 resulted in no comparative difference between genotypes. 

In unstimulated cells, the percentage of CD206+CD11b+ cells was higher in 

LDLR-/- group compared to PWT/PKO group (mean 7.5 vs 3.2%). CD206 is a 

known cell surface receptor marker indicative of M2 macrophages. (Weisser et 

al., 2013), demonstrating that the LDLR-/- line is indeed more M2 skewed than in 

the presence of LDLR.  



Chapter Three                                                                                          Results 

127 
 

3.3.1.4  lack of upregulated expression of MHC II, CD80 and CD86 of BMDM 

from properdin deficient mice compared to wildtype mice 

Expression of CD80, CD86 and MHC-II was less in BMDM of PKO mice than that 

of PWT following stimulation with B16F10 conditioned medium (Al-Rayahi et al., 

2016), possibly indicating M2 macrophages, as down regulation of these co-

stimulatory molecules are consistent of M2 macrophage phenotype (Lawrence 

and Natoli, 2011, Yamaguchi et al., 2016). 

As expected, the level of IL-10 secreted in the presence of M-CSF as mediator 

for differentiation of BM cells was higher than when GM-CSF was used. These 

findings validate our protocol and confirm previous reports which have 

demonstrated that different phenotypic changes arise in macrophage lineage 

populations when GM-CSF and M-CSF are used for differentiation. Based on 

cytokine profile, treatment with GM-CSF induces M1 macrophages (classical), 

while M-CSF treatment induce M2 macrophages which are characterised by an 

anti-inflammatory cytokine signature (Lacey et al., 2012). Additionally, B16F10 

stimulation resulted in a significant increase in PKO BM cells IL-10 when 

compared to the wildtype indicating, that PKO mice have more M2 macrophages. 

Flow cytometry analysis of surface marker CD11b+ cell in BMDM of wildtype and 

Properdin deficient mice as well as LDLR-/-PWT and LDLR-/-PWT showed no 

difference between the genotypes. However, LDLR-/-PWT and LDLR-/-PWT have 

fewer CD11b+ cells (reduced by about 25%) compared to PWT and PKO. 

However, this results need to be more narrowly defined in future work. 

Pooled samples were used when studying tumour bearing mice for reasons of 

the sheer volume of work when tissues from a group size of for example 8-10 

mice was harvested at their endpoints of reaching 1 cm in one dimension of 

tumour growth. Therefore, the results obtained are averages of the mice 

analysed. Naïve mice, where tissues except of course tumour were analysed, 

required less time and therefore could be studied singly. 

Cytokine screening array of B16F10 cell lysates was done to investigate 18 

different cytokines. However, this array failed to detect any of the investigated 

cytokines. The array was able to detect the positive control, hence the lack of 

detection in B16F10 sample is probably due to the detection limit of the assay.   

Possible proteins responsible for this pattern of macrophage polarisation in WT 

and PKO is the effect of two members of Suppressor of cytokine signalling 
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proteins (SOCS1 and SOCS3) which are implicated in shaping M1 and M2 

polarisation. Previous results have demonstrated that subcutaneous implantation 

of melanoma cells in mice with a macrophage-specific deletion of SOCS3, did 

not show a difference in tumour size although the number of metastasis 

increased in these mice (Hiwatashi et al., 2011). A positive link was found 

between macrophage polarisation and SOCS when macrophages from SOCS3-

deficient mice were found to produce less IL-6 and TNF-α after stimulation with 

tumour lysates, most likely due to aberrant STAT3 activity. Additionally, SOCS1 

regulation of M1-macrophage activation was described. This activation is mainly 

via inhibiting the IFN-Ɣ induced JAK2/STAT1 pathway and TLR/NF-κB signalling.  

Some studies propose SOCS3 is associated with M1 macrophages and pro-

inflammatory response. Linking any effect of SOCS1 and SOCS3 with the pattern 

of macrophage polarisation in PWT and PKO reported in this chapter would 

require measurement of these two protein in BM cell from both genotypes 

(Wilson, 2014).  

3.3.1.5 Conclusions 

One of the aims of this chapter was to investigate the influence of B16F10 

conditioned medium on the phenotype of BMDM compared to unstimulated BM 

cells. In both genotypes, qPCR results revealed that stimulation with B16F10 

supernatant resulted in increased mRNA expression of IL-1β, IL-10, Arginase and 

TNF-α. In contrast to PWT, PKO cells showed more MCP-1 upon stimulation with 

B16F10.conditioned medium Measurement of selected cytokines by ELISA show 

increased levels of IFN-Ɣ and IL-12 in both genotypes under these conditions. 

Nevertheless, flow cytometry analysis of surface markers demonstrated that the 

percent of CD206+CD11b cells was only increased in PKO cells after B16F10 

stimulation. To conclude, B16F10 supernatant has the ability to activate BM cells 

and polarise macrophages most probably towards M2 phenotype cells (see Table 

12). Comparison between wildtype and properdin deficient mice, shows that 

stimulation with B16F10 condition medium results in higher expression of IL-1β, 

iNOS and TNF-α and lower expression of MCP-1 and Arginase in wildtype mice. 

Furthermore, levels of IFNƔ and IL-12 were more in PWT cells indicating that 

PWT cells show a more M1 skewed immune response (as shown in Table 13). 

Finally, unstimulated BMDM from LDLR-/-PWT and LDLR-/-PWT show more of the 
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M2 surface marker CD206+ than BMDM of wildtype and properdin deficient mice 

(Al-Rayahi et al., 2016). 

Table 12: summary of the significantly different abundances elicited by B16F10 

conditioned medium for BMDM compared to unstimulated BM cells as characterised in 

this chapter 

 
 
 
 
Table 13: BMDM from PWT show more M1 skewing than pKO. 

 

 

 

 

 

 

Arrows indicate relative expression compared to PKO. 

 
PWT PKO 

qPCR IL-1β,IL-10,Arginase and TNF-α IL-1β,IL-10,Arginase,TNF-α and MCP-1 

ELISA IFN-Ɣ and IL-12 IFN-Ɣ and IL-12 

FACS 
 

CD206+CD11b 

 
PWT 

qPCR ↑↑ IL-1β, ↑↑iNOS ↓↓ MCP-1, ↓Arginase and ↑TNF-α 

ELISA ↓↓IL-10 and ↑ IFNƔ  

FACS ↑ MHC-II, CD80 and CD86, ↑ IL-12, ↓↓ CD206+CD11b 
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 Analysis of properdin deficient mice 

and their congenic controls in a 

syngeneic tumour model 
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 Analysis of physical dimensions of Tumour 

In order to investigate the role of properdin in tumour growth, wildtype and 

properdin deficient mice (on C57BL/6 background sex and age matched) were 

injected subcutaneously in the flank with 100μl of freshly prepared B16F10 cell 

suspension. Other than the pilot experiment, more than five independent 

subcutaneous experiments were carried out using an injection dose that ranged 

from 1 x105 to 5x105 cells. After 7-24 days, mice were culled and dissected. Their 

flanks were macroscopically examined for tumour formation. Tumour was not 

invasive and there was no evidence of melanotic lymph nodes and no necrosis. 

Tumour size was measured by using dial calipers and tumour weight was 

recorded (as shown in Figure 32). 

 

 

 

 

 

 

 

 

 

 

Figure 32: Subcutaneous implantation of B16F10 in wildtype and Properdin deficient 
C57BL/6 mice  

Wildtype and Properdin deficient C57BL/6 male mice were injected subcutaneously with 3.6x105 

cell/100μl of B16F10. After 14 days the mice were sacrificed, the mice were macroscopically 

examined for tumour formation and tumour size was recorded. Representative images showing 

A-D properdin deficient C57BL/6 mice, E-H wildtype C57BL/6 mice. The arrows indicate the 

melanotic tumours in the subcutis after exteriorisation of the abdominal skin, leaving the 

peritoneal cavity intact. The surface of the tumours was shiny. Tumours were circumscript/nodular 

(A and D), lobulated (B, C, E and G), show signs of hemorrhagia (F and H). No vascularisation 

was seen under gross examination.  

A B C D 

E F H G 
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Mice were sacrificed and dissected. Tumours were removed and visually 

checked for infiltration of tumour and vessel formation around the site of injection. 

 Tumour size determination by caliper. 

Tumour volume measurement by the use of external calipers is a standard 

method used in cancer studies. Calipers were used to measure baseline tumour 

width and length (in mm3). The following formula was used to calculate tumour 

volume:  

Tumour volume (mm3) = (1/2) x (A) x (B)2. 

In which A refers to the long axis of the tumour and B refers to the short axis of 

the tumour in millimetres (Xu et al., 2013); (Kretzer et al., 2012); (Sumiyoshi et 

al., 2014); (He et al., 2013). 

The results generated by the subcutaneous tumour model showed no difference 

in tumour size between the wildtype and the properdin deficient mice, however, 

there was large variation in wildtype tumour bearing mice as shown in Figure 33.  
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Figure 33: Tumour size of subcutaneous tumours.  

Wildtype and properdin deficient C57BL/6  male mice were injected subcutaneously with 1.6x105 

cell of B16F10. After 14 days the mice were sacrificed and tumour size was measured by calipers. 

Values are expressed as mean ± SEM from two independent experiments. 

 

The results presented here showed no difference in tumour size between 

genotypes. Due to ethical reasons to avoid animal suffering, animal license 

restricts that mice should be culled when tumours reach 1cm at maximum 
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(usually after 13-14 days of tumour challenge). Hence, it is not known whether 

leaving tumour to grow any larger would result in difference between genotypes. 

It is possible that this method for tumour size measurement may generate 

measurement with an error value which increases with tumour volume. One 

reason for this inaccuracy is the assumption that all tumours have the same 

shape. Jensen and colleagues have reported that tumour size measured by 

external calipers did not correlate well with true tumour size (Jensen et al., 2008).  

 

 Tumour weights in Wildtype and properdin deficient mice  

As mentioned previously, tumour weight was recorded as an additional 

parameter to evaluate any difference between genotypes. Similar to tumour size 

by calipers, measurement of tumour weight showed no difference between the 

genotypes as demonstrated in Figure 34.  
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Figure 34: Tumour weight of subcutaneous tumours. 

Properdin deficient and wildtype C57BL/6 male mice were injected subcutaneously with 1.6 x105 

cell of B16F10. After 14 days the mice were sacrificed and tumour mass was measured using 

calipers. Values are expressed as mean ± SEM. Statistical analysis did not show any significance 

between the groups.  

As for Figure 34, there again is large variation among tumour bearing PWT 

compared to PKO, when analysing tumour weights. There is no statistical 

difference between the genotypes. 
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  Bioluminescence imaging (BLI) of luciferase expressing tumour 

masses 

Analysis of physical dimensions of tumour stressed the need to employ a more 

accurate method for tumour size measurement. A number of imaging techniques 

for monitoring tumour progression and metastasis have recently become 

available. Of those techniques, bioluminescence imaging has demonstrated an 

ability to detect microscopic tumours with high accuracy (Puaux et al., 2011). BLI 

is a sensitive non-invasive imaging technique which enables monitoring of the 

tumour burden and progression in the animal body in a timely manner without the 

need to sacrifice the animal. Tumour growth can be quantified by counting the 

number of photons emitted from the animals (O'Neill et al., 2010). This method 

reduces the number of animals used in each experiment, as each animal serves 

as its own control over the period of the experiment. However, it has recently 

been recognised that tracking across longer intervals (weeks) provides a more 

accurate measure of tumour growth and development (Dr M.Kelly, personal 

communication).  

This experiment aimed to demonstrate that BLI could be used to estimate and 

monitor tumour growth in our model of mouse melanoma. The results of the pilot 

BLI experiment represented by Figure 35 demonstrated that light emission could 

be detected from the regions of interest, which confirms that BLI was able to 

detect melanomic tumours. The bioluminescent signal is represented in a colour 

scale with yellow the most intense signal and purple the weakest signal.Figure 

35 shows that the optimal imaging time is about 35 minutes.  
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Figure 35: monitoring of tumour growth in a subcutaneous syngeneic mouse model by 

bioluminescence imaging.  

B16-F10-Luc cells were injected subcutaneously into C57 BL\6  male mice (𝑛 = 3) for PWT and 

PKO. (a) BLI of animals imaged after 8 days from injection. (b) A representative quantification of 

bioluminescence intensity as total flux (photons/second). 

 

Based on the results of this experiment and recommendations from the 

manufacturing company, the protocol was modified by using subcutaneous 

injection of luciferin instead of intraperitoneal injection. Subsequently, this 

modification led to another modification of the animal licence.   

A 

B 
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Figure 36: Bioluminescent signal in wildtype and properdin deficient tumour bearing 
mice. 

 

A-Standardisation of quantitative analysis of the luciferase signal (Avg Radiance [p/s/cm²/sr])/ 

weight according to genotype at day 12. B-quantitative analysis of the luciferase signal (Avg 

Radiance [p/s/cm²/sr]) according to genotype on day 8 and 12.tumour development following 

subcutaneous injection of 1.6x105 -B16F10 cells was monitored in vivo by measuring the 

bioluminescence emitted by melanoma cells 5 minutes after the injection of 150μg/kg luciferin. 

Light emission was measured at day 8 and 12 (10 minutes), after cell injection (n=17 male mice). 

The photon counts and pictures illustrating tumour progression in a representative mouse are 

shown. 

 

The results in Figure 36 and Figure 37 show the average of photon emissions at 

day 8 and 12 as an indicator of tumour size. Average radiance signal at day 8 

showed no significant difference between genotypes. In contrast, the average 

radiance signal seems to decrease in the wildtype at 12 days post injection. It is 

possible that tumours in wildtype mice exhibited necrotic areas subsequently 

leading to a decrease in bioluminescent signal at later stage.  
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Figure 37: Longitudinal monitoring of tumour growth by bioluminescence imaging. 

 

B16F10-Luc cells were injected subcutaneously into wildtype and properdin deficient male mice. 

BLI of a representative animal imaged weekly for 8 days. (b) Average radiance signal in wildtype 

and properdin deficient tumour bearing mice at day 8 and 12 post tumour implantation for all 17 

animals. 
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  Description of the model and justification (3R 

consideration). 

Murine tumour models have been an essential tool in cancer research. Different 

numbers of B16F10 cells were injected in the four subcutaneous experiments 

which were done, the reason for this was to establish which dose manages to 

catch the reaction of the immune system before entering the escape phase. The 

duration of each experiment was carefully selected after searching the literature 

(Eberting et al., 2004, Baird et al., 2013, Takeda et al., 2011, Lv et al., 2009). 

This study has employed this model to investigate the immune response of the 

organism to the development of tumourous growth. In particular, the role of part 

of the innate immune response in attracting cells to tumour or altering their 

abundance in system circulation. Calipers have been traditionally used to monitor 

tumour growth through direct measurement. However, recent promising 

approaches have utilised non-invasive imaging for assessing tumour burden in 

host animals. This study has used an imaging technique using luciferase-

modified tumour cells to achieve refinement and reduction. Bioimaging reduces 

the number of mice used and offers the best combination of sensitivity and 

accuracy because luciferase-modified tumour cells allow highly sensitive 

monitoring of tumour growth in vivo. Moreover, using lower numbers of injected 

tumour cells means smaller tumour size in mice, tumour growth monitoring over 

a longer period of time, and less distress to mice. A further way to refine the use 

of experimental animals is to advance the analyses of data generated from in 

vivo experimentation. Freezing containers are available to generate a maximum 

number of analyses per experimental animal. These containers provide the 

opportunity for more efficient freezing of cells and material obtained at the end of 

the 14-day experimental duration and thus contribute to refine and reduce 

experimentation. The principle of the 3Rs (replacement, refinement and 

reduction) is an important concept which governs or reduce the use of animals 

for the purpose of research and testing. Originally proposed by Professor William 

Russell and Rex Burch, the aim is to improve animal welfare and limit the use of 

animals in research where appropriate. These principles aim firstly to replace the 

use of animals in research, when the use of animals is unavoidable, the second 

aim, selects scientific technologies which limit actual or potential pain leading to 
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improved animal welfare. Lastly, this principle encourages the improvement of 

experimental design, statistical analysis and use of techniques such as imaging 

which will eventually lead to the use of fewer animals. Application of these 

principles has been an important priority in this study but also a limitation when 

trying to compare data with the literature.  

 Specifics of the tumour model in properdin deficient mice   

Syngeneic tumours are tumours that arise after implantation of a tumour cell line 

into mice, where both recipient mice and cell line are from the same genetic 

background. This type of tumour model uses immune competent hosts and 

ensures intra-species interactions between cancer cells and their 

microenvironment, while other models such as xenogeneic model require the use 

of immune compromised mice, which limits the assessment of host immune 

response (Pearson and Pouliot, 2000). Syngeneic tumours have made use of the 

widely available cell lines which represent different tumour types. One of the 

available tumour cell lines is the well-established and widely used B16 melanoma 

cell line. The B16 melanoma cell line is a tumour of spontaneous origin in 

C57BL/6 mice. This cell line has been quite popular because it can be implanted 

in the skin and monitored using non-imaging techniques. One of the 

distinguishing features of B16 melanoma is the ability to produce a black pigment 

(melanin). This feature is broadly utilised to study metastases in syngeneic 

C57BL/6 mice due to the ability of B16F10 to produce pulmonary tumour nodules 

which can be macroscopically counted on the surface of the lungs. B16F10 is 

also characterised by low expression of MHC-I which appears to be a feature of 

normal C57BL/6 mouse melanocytes that is retained after transformation to 

melanoma (Li et al., 1998).  

Subcutaneous implantation of B16F10 will result in a palpable tumour in about 5 

to 10 days.  The tumours grow to 1 × 1 × 1–cm in size after about 14 to 21 days.  

If allowed to grow larger, the tumours usually become necrotic in the center and 

begin to ulcerate. Hence, it is recommended that mice are sacrificed before it 

reaches this stage. Typical dose for tumour implantation is 1-5 × 105 cells/mouse. 

A consistent injection technique is vital for subcutaneous tumour implantation, as 

any difference in site/depth of injection may result in variation.  Prior to injection, 

the fur on the area of interest was shaved to facilitate monitoring of injection and 
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tumour. Upon injection, each mouse should show a clear visible bleb. The 

absence of a clear bleb after injection may indicate delay in tumour growth or 

absence of tumour. After tumour implantation, mice should be monitored daily for 

the appearance of visible nodule. Notably, monitoring tumours may be difficult as 

tumours growing subcutaneously may appear larger due to attachment of 

B16F10 cells to the skin. In addition, growing tumours take different shapes, such 

as nodular and flat. 

In my study tumour, spleen and bone marrow were collected for further analysis. 

Bone marrow is a key lymphoid organ which plays an important role in the body’s 

immune response. Bone marrow contains a number of immune cells such as T-

cells, CD11c+ dendritic cells, B cells, myeloid derived cells and NK cells. It has 

been shown that bone marrow can serve as a site of primary immune response.  

Immune regulation in bone marrow microenvironment is achieved as a result of 

cell to cell contact and through the action of cytokines and other soluble factors. 

Elucidating the factors contributing to immune regulation in the bone 

microenvironment is an important element to gain further insights into the host 

immunity during disease, including cancer (Zhao et al., 2012).  

Of the immune cells in the bone marrow are the myeloid derived cells which 

include myeloid progenitors, immature cells and macrophages. During 

pathological conditions, such as tumours, immature myeloid cells generated in 

the bone marrow proliferate into myeloid-derived suppressor cells (MDSCs). 

These cells are capable of producing immune suppressive factors such as 

arginase-1, iNOS or TGF-β (Condamine and Gabrilovich, 2011). 

Besides the conventional role of spleen in filtering blood born microbes and 

antigens, mouse spleens exhibits both immune and hematopoietic functions. 

Animal models have reported splenic hematopoiesis in a number of diseases 

including atherosclerosis, cancer and myocardial infarction, suggesting that 

hematopoietic stem and progenitor cells may accumulate in spleens of diseased 

animals. These cells proliferate and produce progeny locally in a process which 

is skewed toward myelopoiesis rather than erythropoiesis and lymphopoiesis. 

Furthermore, research has shown that the resulting myeloid progenitors are 

capable of in vitro proliferation similar to their bone marrow counterparts (Bronte 

and Pittet, 2013).  
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Cortez-Retamozo and co-workers have reported recruitment of tumour 

associated macrophages (TAM) and tumour associated neutrophils (TAN) 

progenitors from spleen to tumour tissue, highlighting the importance of spleen 

as an extramedullary site supplying tumours with TAM and TAN (Cortez-

Retamozo et al., 2012). 

 Histology of melanoma tumour in PWT and PKO. 

Histological examination using different antibodies and stains was carried out to 

study the distinctive features of melanoma tumour in PWT and PKO mice.  

 Immunohistochemical staining of tumour 

Different melanomic tumours may exhibit different panels of angiogenic factors. 

To assess the level of angiogenesis, tumour sections were stained for with CD31, 

VEGF (data not shown)  and Von Willebrand Factor (VWF). The endothelial cell 

marker, CD31 was used to determine the blood vessel lumen area and blood 

vessel density in tumour sections of B16F10. Paraffin sections were stained with 

monoclonal rat-antimouse platelet endothelial cell adhesion molecule-1(CD31 

purchased from BD PharMingen (San Diego, CA). This antibody was found to 

give results only with frozen sections, thus paraffin embedded sections were not 

suitable. For VWF staining, Anti-Von Willebrand Factor (ab6994 Abcam) sheep 

polyclonal antibody was used. The control (mouse kidney section) gave positive 

results, however tumour sections stained with this antibody gave inconsistent 

results (see appendix). Previously, this antibody worked well with mouse tissue 

but the manufacturing company (Abcam) has lately reported that recent batches 

seem to generate inconsistent results in mice. VEGF immunohistochemistry of 

tumour paraffin sections was performed using polycloncal rabbit anti-VEGF 

(biorbyt) mouse Antibody and anti-rabbit/mouse IgG (DAKO). For unknown 

reasons, VEGF expression using this antibody was not detected in our tumour 

tissue.  

  Hematoxylin and eosin stain staining  

For decades, Hematoxylin and eosin (H&E) stains have been used to distinguish 

various tissue types and the morphologic changes during disease such as 

cancer. This stain has the ability to display a broad range of cytoplasmic, nuclear, 

and extracellular matrix features (Fischer et al., 2008). H&E staining was 

performed on tumour tissue sections from PWT and PKO mice and the results 
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are presented in Figure 38. No apparent difference was found between the 

genotypes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Tumour sections from both genotypes were examined by H&E staining. 

Wildtype and Properdin deficient C57BL/6 male mice were injected subcutaneously with 4×105 

cell/100μl of B16F10 cell suspension. Fourteen days after injection, tumour mass was isolated 

from mice and fixed. Tumour tissue was sectioned and examined by H&E staining. 

Representative images of PWT (A, B and C) and PKO (D, E, F) mice. Area of necrosis (Black 

arrows), blood vessels (red arrows) and fat vacuoles (yellow arrows) are indicated. Compact 

tumour mass can also be seen. All images were taken at 10x magnification. 

 

 Martius yellow staining  

Martius yellow (C10H6N2O5) is sometimes used in staining due to its ability to stain 

red blood cells yellow. Due to the dependence of tumour growth and metastasis 

on angiogenesis, Martius yellow staining was carried out to identify red blood 

cells in tumour tissue to indicate the presence of blood vessels formed due to 
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angiogenesis. Tumour tissue from both genotypes were stained with Martius 

yellow and the results are presented in Figure 39. The results revealed rather 

quickly growing tumours considering the new formation of vessels and reaching 

the end point at 14 days.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39:Martius yellow staining of tumour tissue from wildtype and properdin deficient 
mice. 
Four wildtype and four Properdin deficient C57BL/6 mice were injected subcutaneously with 4 

×105 cell/100μl of B16F10 cell suspension. After 14 days, the mice were sacrificed and dissected 

for collection of tumour tissue. Tissue section from both genotypes were stained with Martuis 

yellow to stain erythrocytes (yellow), in addition to Celestine blue-haemalum to stain nuclei 

(black), Alcian green to stain connective tissue(blue) and brilliant crystal scarlet to stain fibrin 

(red). Black arrows refer to red blood cells inductive of blood vessels, red arrows indicate necrosis. 

There are areas of compact tumour tissue and others that are necrotic. Lymphatic infiltration was 

seen. 
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 Apoptotic cells in mouse melanoma 

Detection of apoptotic cells was carried out on tumour tissue sections from 

wildtype and properdin deficient mice using a commercially available kit based 

on a mixed molecular biological-histochemical system that allows sensitive and 

specific staining of very high concentrations of 3'-OH ends that are localised in 

apoptotic bodies. This experiment was done to investigate the degree of 

apoptosis in tumour sections from each genotype as the results of 

bioluminescence imaging in tumour bearing mice (which will be presented later) 

showed a decrease in the signal in wildtype tumour bearing mice at 12 days time 

point, possibly indicating that wildtype mice undergoes apoptosis earlier than 

their properdin deficient counterparts. Investigations into apoptotic cells in tumour 

tissue were inconclusive due to the uneven distribution of apoptotic cells as some 

regions of the tumour tissue had intense accumulation of apoptotic cells while 

other regions showed the absence of apoptotic cells as shown in Figure 40. 
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Figure 40: Apoptotic cells in tumour sections from both genotypes were examined. 

 

PWT and PKO mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell 

suspension. Fourteen days after injection, tumour mass was isolated from mice and fixed. Tumour 

tissue was sectioned and staining using ApopTag peroxidase kit to detect apoptotic cells.  

Representative images of PWT (A and B) and PKO (C and D) mice. Red colour indicates 

apoptotic cells. E, control tissue (kidney) as negative. All images were taken at 20x magnification, 

while negative control under light microscope (40X). 
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 Intravenous syngeneic tumour implantation 

Experimental metastasis is one of the widely used models to study cancer. This 

model of metastasis involves the injection of tumour cells directly into the 

circulatory system of mice. Of the commonly used sites for experimental 

metastasis is intravenous injection into the lateral tail vein of mice, which 

subsequently results in lung metastasis. Direct implantation of tumour cells was 

first found to be influenced by the fact that clonal variant differs in their metastatic 

potential. To avoid possible variation in the metastatic ability, scientists managed 

to develop cell lines with higher metastatic ability. B16F10 is one of the most 

characterised models capable of resulting in experimental metastasis. One of the 

advantages of experimental metastasis is the short duration, as metastasis is 

usually rapid (10-14 days). Furthermore, scientists can control the type and 

number of cells introduced (Khanna and Hunter, 2005). 

The fact that B16F10 is pigmented (due to the production of melanin) makes it a 

widely used cell line to study the metastasis in the lungs, by counting the number 

of black pigmented colonies after injecting the mice with these cells(Burghoff et 

al., 2014). It has been reported that these malignant cells migrate from the tumour 

through its blood vessels and attach to the vessel wall of the affected organ. Then 

they migrate to the parenchyma leading to the formation of new tumours (Geiger 

and Peeper, 2009). 

 Histology of melanoma in lung Schmorl's  stain 

Lung tissue sections from tumour bearing wildtype and properdin deficient mice 

were stained with Schmorl's stain. This stain was used to stain the melanin 

produced by B16F10 as an indication of the extent of pigmentation in the tissue. 

Microscopic examination of stained lung tissue sections showed more intense 

and abundant melanin pigment in tumour cells from wildtype mice than those 

seen in properdin deficient mice  

The difference in numbers of tumour cells between wildtype and properdin 

deficient mice was investigated by calculating the percentage of tumour cells in 

lung sections on Schmorl’s stained slides. This was done by microscopically 

counting the number of 1mm2 fields which show tumour cells in a total area of 

100 mm2 and calculating the percentage in each genotype as shown in Figure 

42. The results show that tumour bearing wildtype mice have a tendency to higher 
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percentage of tumour cells in a given area when compared with properdin 

deficient tumour bearing mice. 

 

 

 

 

 

 

 
Figure 41: lung tissue sections stained with Schmorl's stain. 

(magnification 40X oil immersion, picture was taken using iPhone camera with Magnify TM 

adaptor) A: lung of healthy mouse (control). Alveoli and parenchymal interalveolar spaces can be 

seen; B&C: lung tissue from PWT mice showing tight accumulation of tumour cells with abundant 

melanin pigment and marked cellular infiltration of interalveolar spaces, D&E: lung tissue from 

properdin deficient mice showing tumour cells with some melanin pigment.  
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Figure 42: Percent of tumour cells in lung tissue sections from tumour bearing wildtype 

and properdin deficient mice. 

Lung tissue sections from tumour bearing wildtype and properdin deficient mice were stained with 

Schmorl's stain, then an area of 100 mm2 was examined microscopically and the number of 1mm 

fields showing tumour cells as visualised by Schmorl's stain was counted manually. The Percent 

of positive fields in each genotype was calculated. The percentage of positive cells expressed as 

Means± SEM  in the PWT and PKO were 43 ±7.89 and 13 ±2.17 repectively, while  the percentage 

of negative cells in the PWT and PKO was 57 ±7.8 and 84.75 ±1.8 respectively. 

Intravenous instillation of tumour cells was not very successful. Only out of the16 

injected mice, only 4 received the full dose due to technical reasons (tail veins 

hard to visualise in black mice). Realising that this model does not truly capture 

a metastatic growth, rather seeding of a bolus of tumour cells into the first 

capillary network after intravenous application (lungs), this model was abandoned 

in favour of the more successful subcutaneous. Injection in the flank (refinement, 

reduction). 

 Intravenous Injection of mice with B16F10 

Subsequently, this experiment was repeated twice with different numbers (dose) 

of melanoma cells. There were technical difficulties to apply full dose (volume) 

via the lateral tail veins. Intravenous models of tumour implantation may suffer 

from several limitations, such as the difficulty in estimating if injection of cells was 

done properly, as variation may occur due to mis-injection of some of the cells. 

In addition, the black tail of C57BL6 mice makes it difficult to locate the lateral tail 
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vein. Hence, it was difficult to assess if the same number of cells was delivered 

to all mice. The injection dose in the two intravenous experiments ranged from 3-

4x105 cell/100µl. In these two experiments lung weight were measured as shown 

in Figure 43. The results showed that wildtype tumour bearing mice had greater 

lung weight as compared to properdin deficient mice. Lung weights of healthy 

control mice were the same between the two genotypes. 
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Figure 43: Total Lungs weight in PWT and PKO mice after intravenous injection of 

melanoma cells.  

4 × 105 B16F10 cells were injected into the tail vein of 7 WT and 7 properdin deficient mice. Lungs 

of mice were removed after 10 days and weight was recorded in grams. The data are presented 

as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 

0.05). 

Pigmented colonies were seen on the lungs as an indication of metastasis (as 

seen in Figure 5). Notably, the extent of pigmentation on the lungs of wildtype 

mice was more than that seen in properdin deficient mice. 

 Level of C5a in Intravenous syngeneic tumour PKO and PWT mice 

Components of the complement system have been shown to play important roles 

in the response to tumours. One of those complement components is 

complement anaphylatoxin C5a. This complement component is a potent 

chemoattractant that activates and contributes in recruitment of 

immunosuppressive cells to primary tumour sites. Furthermore, C5a was found 
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to be a major player in immunosuppression, thereby facilitating metastasis 

(Vadrevu et al., 2014). Thus, the level of C5a was estimated in tumour bearing 

mice from wildtype and properdin mice as shown in Figure 44. The readings of 

the assayed samples were higher than that of the standards. Thus, the results of 

this experiment were expressed as optical density readings rather than 

concentration. The results showed that wildtype tumour bearing mice gave the 

highest OD reading indicating that C5a concentration was higher in this genotype. 

The reasons for this elevation, which presumably arises from complement 

activation, is not clear. 
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Figure 44: ELISA reading for C5a in tumour bearing mice. 
 

Wildtype and Properdin deficient C57BL/6 mice were intravenously injected with 3X105 cell/100μl 

of B16F10 cell suspension in tail vein. After 14 days, the mice were sacrificed and sera was 

collected for C5a quantification by ELISA. Lungs were macroscopically examined for pigmented 

colonies. PWT showed more intense pigmentation and also larger lung weight than PKO. The 

dotted line represents the cutoff of the standard curve.  

 Analysis of gene expression in mouse melanoma of wildtype and 

properdin deficient mice   

Results presented in this chapter showed the abundance of CD45+CD11b+Gr-1+ 

MDSCs was lower in properdin deficient compared to wildtype mice in tumour 

(4.5.9). Furthermore, CD25+CD4+FOXP3 + Treg cell was lower in spleen of 
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properdin deficient compared to Wildtype mice. The cytokines transforming 

growth factor beta (TGF-β1) and IL-10 are associated with Treg production and 

are critical to immune homeostasis in vivo (Chen et al., 2009, Tsuji-Takayama et 

al., 2008).  

FOXP3  transcription factor is the key driver of regulatory T cell differentiation and 

immunosuppressive function. In addition, FOXP3  has been reported to be 

expressed in many tumours, including melanoma. FOXP3  has also been 

suggested to facilitate tumourigenesis by enabling tumour cells to evade anti-

tumour immunity (Niu et al., 2011). This has been demonstrated in pancreatic 

carcinoma and melanoma cell lines, where FOXP3  expression inhibits T cell 

proliferation in co-culture systems. TGF-β functions as an autocrine and 

paracrine factor that drives many cellular processes including tumour growth, 

invasion, escape from immune surveillance, angiogenesis and metastasis (Perrot 

et al., 2013).  

It has been well documented that various cytokines, chemokines, and growth 

factors, including IL-1β, IL-6, IL-10, GM-CSF, VEGF, and TGF-β, are needed to 

drive MDSC migration into tumour lesions, and to keep their suppressive 

phenotype in tumour-bearing hosts (Gabrilovich and Nagaraj, 2009, Gabrilovich 

et al., 2012, Baniyash, 2006). Therefore, gene expression for IL-10, IL-17, 

FOXP3 , Crry (complement-receptor 1–related gene/protein y), TGF-β and VEGF 

in tumour of wildtype and properdin deficient mice was investigated. Crry is one 

of many surface regulators of complement activation which protect self-cells from 

the deleterious effects of cell-bound complement fragments. Murine Crry has the 

ability to inhibit the activation of C3 and protects self-tissues from complement-

mediated damage (Molina, 2002). 

The result represented by Figure 45 showed that wildtype mice had more FOXP3  

and TGF-β mRNA (normalized to the housekeeping gene expression) compared 

to properdin deficient mice. Surprisingly, mRNA IL-10 expression showed no 

significant difference between the genotypes. While gene expression for IL-17, 

Crry and VEGF was similar between wildtype and properdin deficient mice. 

These results possibly indicate that the absence of properdin leads to less 

immune suppression in melanoma mouse model or different cell populations are 

recruited. 
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Figure 45: Analysis of mRNA expression in tumours of wildtype and properdin-deficient 
mice. 
  
Wildtype (n=3) and properdin-deficient (n=3) mice were injected subcutaneously with 1.6×105 

cell/100μl of B16F10 cell suspension. After 14 days the mice were sacrificed and dissected for 

collection of tumours. Total RNA was isolated from tumours and qPCR was conducted for gene 

expression of IL-10, IL-17, FOXP3 , Crry, TGF-β and VEGF to GAPDH, mRNA for GAPDH was 

stable, each set up in duplicate. The data are presented as means ±SEM. Statistical analyses 

were performed using one-tailed Mann-Whitney 𝑈 test (significances with brackets). * 

Significantly different from the control group, p<0.05. 

 Protein macroarray for Tumour lysates. 

Histological stains revealed a heterogeneous picture which did not relate to a 

certain genotype. Immunohistochemical analysis was attempted (CD86, CD88, 

VEGF, VWF and CD31),but did not prove successful as mentioned in 4.4.1. 

Therefore, to allow an efficient screen for relevant markers, tumours from three 

WT and three KO were pooled, lysate were prepared and antibody presenting 

membranes were hybridised. In this way, the presence and abundance of 18 

chemokines could be interrogated at once. 

Mouse Cytokine Array allows detection and measurement of a number of 

cytokines simultaneously. It involves the use of carefully selected capture 

antibodies which have been spotted on nitrocellulose membranes.  

The Proteome ProfilerTM Array was used for determination of the relative levels 

of selected mouse cytokines and chemokines (18 in total) in tumour lysates from 

both wildtype and properdin deficient mice in an attempt to explore any difference 

between genotypes. The results represented by Figure 46 showed that this 

approach managed to identify 6 out of the 18 selected cytokines and chemokines. 
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The result showed that wildtype tumour bearing mice had higher levels of TIMP-

1 (metallopeptidase inhibitor 1), IL-13, IL-1ra (Interleukin 1 Receptor Antagonist), 

JE CCL2 (Monocyte chemotactic protein-1) and MIP-1a/CCL3 (Macrophage 

Inflammatory Proteins 1a).  CCL3 may be effective to enhance tumour immunity 

by attracting immature DCs to dying tumour cells (Mukaida et al., 2014). TIMP-1 

has been shown to inhibit tumour-induced angiogenesis in experimental systems 

(Wojtowicz-Praga et al., 1997). Statistical analysis revealed that PWT tumour 

bearing mice had a significantly higher level of TIMP-1, CCL2 and CCL3 when 

compared to PKo mice which possibily could be linked to more cell recruitment. 
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Figure 46: The Mouse Cytokine Array detects multiple analytes in tumour lysates of wildtype 
and deficient mice.  
 
A- Wildtype and properdin deficient Mice were injected subcutaneously with 1.6 X105 B16F10 
cell/100µl for 14 days. Tissues were excised and prepared as described in the Sample Collection 
and Storage section. 300μg of lysate was run on each array. CXCL13 ,C5/C5a,G-CSF, GM-CSF, 
CCL1, Exotoxin ,CCL11,sICAM-1, IFN-γ,IL-1α, IL-1β, IL-1F2, IL-2,IL-3,IL-4, IL-6, IL-7, IL-10, IL-
13,IL-12 p70, IL-16,IL-17,IL-23, IL-27,CXCL11, CXCL1, M-CSF, CCL12,CXCL9, CCL3, CCL4, 
CXCL2, CCL5, CXCL12, CCL17, TNF-α, TREM-1 were undetected  in these samples .Figure 
shows the 6 identified cytokines by the array. Data shown. B-array members are from a five 
minute exposure to X-ray film.The data are presented as means ±SEM. Statistical analysis was 
performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 Level of CCL2 in sera of Wildtype and properdin deficient tumour 

bearing mice  

Other than its chemotactic function, CCL2 has recently been shown to be 

involved in tumour progression and metastasis (Li et al., 2013a). The previous 

results of protein microarray for tumour lysates demonstrated a significant 

difference in the level of CCL2 between PWT and PKO mice. To further confirm 

this difference, the level of CCL2 was measured in sera of PWT and PKO tumour 

bearing mice. Serum levels of CCL2 as measured by ELISA also showed that 

PWT tumour bearing mice had a significantly higher level when compared to its 

PKO counterparts (Figure 47). This difference was only seen after 14 days of 

tumour implantation. Although there was no significant difference after 7 days of 

tumour implantation, but there was also a trend of PWT having more CCL2. In 

contrast, measurement of CCL2 in sera of naïve mice revealed that PKO had a 

significantly higher levels of this chemokine which probably indicate more M2 

macrophages in PKO mice. This result indicates CCL2 is a M2 marker for 14 

day’s tumour growth. 
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Figure 47: Levels of CCL2 in sera of naïve and tumour bearing mice from both genotypes.  

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days, the mice were sacrificed and sera were collected for CCL2 measurement by ELISA. The 

data are presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-

Whitney 𝑈 test. * (p < 0.05). 
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 Analysis of tumour microenvironment by flow cytometry  

The previously seen vascularisation in tumour, tendency towards greater tumour 

mass and high level of C5a reported in the PWT led to further investigations into 

various components of the tumour microenvironment (TME). There is an 

increasing body of evidence which has recognised the importance of studying the 

various components of TME as a means to further understand factors which 

promote tumour progression. Hence, part of this thesis was dedicated to studying 

some components of TME in both PWT and PKO mice. 

 T-regulatory (CD25+CD4+FOXP3+) cells in Tumour of PWT and PKO 

mice. 

One of the major players in the TME is T-regulatory lymphocytes (T-regs). 

Furthermore, T-regs have been reported to be one of the major obstacles which 

ultimately result in failure of anti-tumour immunotherapy (Zou, 2006). Earlier 

studies defined T-regs as CD4+CD25+ lymphocytes. Nevertheless, subsequent 

reports found that they also express the forkhead/winged helix family 

transcription factor FOXP3 . Thus, these markers were used to investigate the 

percentage of T-regs in tumours of PWT and PKO mice and the results are shown 

in Figure 48. Flow cytometry analysis of T-regulatory (CD25+CD4+FOXP3 +) 

cells in tumour showed no difference between genotypes. However, FOXP3  

mRNA was high in PWT compared to PKO in tumour as mentioned previously 

(4.5.4). FACS analysis was done using three markers; CD25, CD4 and FOXP3 . 

The gating was done on CD25+ cells, and the percent of populations of T-regs 

were calculated using Flow Jo software (see appendix). 
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Figure 48: Percentage of T-regs in tumour of PWT and PKO mice. 
 

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days the mice were sacrificed and dissected for collection of tumour tissue. Tumour suspension 

from both genotypes were stained with three markers (CD25+, CD4+ and FOXP3 +) to distinguish 

T-reg. Then FACS was done and percentage of T-regs was obtained. The gating was on CD25, 

and the other two markers were used to calculate of total T-regs in tumour. The data are 

presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 

test. * (p < 0.05). 

 Percentage of MDSCs cells in Tumour of PKO and PWT mice. 

Tumour cells recruit myeloid derived suppressor cells (MDSC) and generate an 

immunosuppressive environment. Accumulation of MDSC have been linked to 

tumour growth.  Thus, the frequency of MDSC was estimated in tumour tissue 

from both genotypes by flow cytometry analysis. 

FACS analysis was done using three markers; CD45, Gr-1 and CD11b. The 

gating was done on CD45+ cells, and the percent of populations of MDSC were 

calculated using flow jo software. Calculation of total number of MDSC in tumour 

showed that the highest percent of MDSC among CD45+ was found in properdin 

wildtype mice. Interestingly, in both genotypes percentage of MSDCs in tumour 

correlated with tumour weight (see appendix). 
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Figure 49: MDSC populations in tumour of wildtype and properdin deficient mice. 

 

A) Flow cytometry analysis of Gr-1 and CD11b cells after gating on CD45+cells in MDSCs from 

tumour, wildtype and properdin deficient mice. Numbers in the plots indicate the percent of gated 

cells. CD45+Gr-1+CD11b+ represent percentage of MDSC. B) Populations of MDSCs in tumour 

of wildtype and properdin deficient mice. Mice were injected subcutaneously with 1.6×105 

cell/100μl of B16F10 cell suspension. After 14 days the mice were sacrificed and dissected for 

collection of tumour tissue. Tumour suspension from both genotypes were stained with three 

markers (CD11b, Gr1 and CD45) to distinguish MDSC. Then FACS was done and percentage of 

MDSCs was obtained. The gating was on CD45, and the other two markers were used to calculate 

of total MDSC in tumour. The data are presented as means ±SEM. Statistical analysis was 

performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 Percentage of CD45+IL-10 and CD45+TGF-β cells in tumour of 

wildtype and Properdin deficient mice by flow cytometry 

MDSCs can suppress anti-tumour immunity indirectly. Like M2 TAMs, MDSCs 

generate the cytokines IL-10 and TGF-β that can suppress antitumour TILs, 

generate T-regs in the tumour, and convert DCs into a regulatory 

phenotype.(Yang et al., 2006). MDSCs can also recruit T-regs to tumours in a 

TGF-β–independent pathway (Serafini et al., 2008). 

Therefore, FACS for TGF-β and IL-10 positive cells in tumours of wildtype and 

properdin deficient mice was done. The strategy used for analysis of IL-10, TGF-

β and IL-10 in tumour was the same as in that in Figure 50A. 

FACS analysis showed that tumour of PWT had a significantly higher percentage 

of TGF-β+ cells when compared to Properdin deficient mice, which is consistent 

with the result obtained by gene expression. However, IL-10 result showed no 

difference between the genotypes (as shown in Figure 50C) indicating that 

tumour cell analysis is more revealing for impaired immune reactant mobilisation 

in properdin deficient mice. 
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Figure 50: Strategy of FACS analysis of TGF-β+ cell in tumour. 

A) Representative flow cytometry analysis of percentage TGF-β cells. After gating on CD45+cells 

in spleen. i- the gating on main population of tumour, ii- gating on CD45+ cells only, iii-gating on 

TGF-β cells. B) Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell 

suspension. After 14 days the mice were sacrificed and dissected for collection of tumour. Tumour 

suspension from both genotypes were stained with two markers (CD45+IL-10, CD45+TGF-β. Then 

FACS was done and percentage of TGF-β were obtained. The data are presented as means 

±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 

 Complement activation in tumour bearing deficient mice. 

Elements of the complement cascade contain some of the most powerful 

proinflammatory molecules, such as the anaphylatoxins C3a and C5a. The 

continuous activation and consumption of complement proteins in chronic 

inflammatory states such as cancer have long been recognised. Furthermore, 

complement proteins are direct and indirect players in angiogenesis which has 

been linked with tumour aggressiveness. Work by Markiewski and co-workers 
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has challenged the conventional anticancer role of complement in tumour growth 

and presented data demonstrating that components of the complement system 

may actually assist tumour growth. Their work has provided evidence that tumour 

cells may exploit complement components to generate an immunosuppressive 

environment, thereby providing a growth advantage (Markiewski et al., 2008). 

Given the important role of complement in tumour progression, this part of the 

thesis was dedicated to quantification of some complement components in 

tumour bearing mice. 

 Quantification of C5a in tumour lysates of tumour bearing wildtype 

and Properdin deficient mice. 

C5a is one of complement effectors which has a capability to promote tumour 

growth (Markiewski et al., 2008). The level of this potent pro-inflammatory 

mediator was quantified using a commercially available mouse C5a ELISA kit. 

The results presented in Figure 51 showed that, as before for the i.v. 

model,(4.5.2), PWT tumour bearing mice had a significantly higher level of C5a 

when compared to PKO mice.  
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Figure 51: Level of C5a in tumour lysate of PWT and PKO mice. 

 

Wildtype and Properdin deficient C57BL/6 mice were injected subcutaneously with 4×105 

cell/100μl of B16F10 cell suspension. After 14 days, the mice were sacrificed and tumours were 

collected and prepared for C5a quantification by ELISA. The data are presented as means ±SEM. 

Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 Measurement of complement components C3 in sera of PWT and 

PKO tumour bearing mice. 

The activation of complement system is one of the most important features 

characterising the host’s immune response to tumours. C3 is a central molecule 

in the complement cascade and quantification of this molecule would provide 

further insights into the level of complement activation in cancer. Measurement 

of C3 in sera of tumour bearing mice revealed that PWT has a significantly higher 

level when compared to PKO (Figure 52). Levels of C3 in sera of tumour bearing 

mice were higher than that of naïve mice (Figure 52), however it did not reach 

statistical difference. It is not known whether this increase in C3 was a result of 

total C3 or due to an increase in the anaphylatoxin C3a, as the antibody used 

was one that reacts with all fragments of C3.  
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Figure 52: Level of C3 in sera of PWT and PKO tumour bearing mice. 

 

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days, the mice were sacrificed and sera was collected for C3 measurement by ELISA. The data 

are presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 

𝑈 test. * (p < 0.05). 
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 C5a and C5b-9 in sera of PWT compared to PKO tumour bearing mice 

after 14 days of subcutaneous injection of B16F10.    

The previous results revealed that C5a was higher in tumour lysates of PWT 

mice. The next step was to investigate if this anaphylatoxin was also increased 

in sera of tumour bearing mice. Quantification of C5a in sera of naïve and tumour 

bearing mice revealed that tumour bearing mice from both genotypes had a 

significant increase in C5a as shown in Figure 53. In addition, PWT tumour 

bearing mice had an increased serum level of C5a when compared to PKO. 

Interestingly, naïve mice showed no difference between genotypes in serum level 

of C5a. Notably, repeated measurements of C5a in sera of naïve mice 

consistently showed that PWT mice tended to have increased levels of C5a, 

however, this never reached statistical significance. The increased level of C5a 

in tumour bearing mice as compared with naïve mice raised the question whether 

this increase was a consequence of complement activation. It is well known that 

all three complement pathways involve cleavage of the central component C3 

and the subsequent formation of C3a and C5a, in addition to the formation of the 

membrane attack complex C5b-9. Thus, levels of C5b-9 (MAC complex) as an 

indication of complement activation was investigated by ELISA as shown in 

Figure 53. The results demonstrated that PWT tumour bearing had a significantly 

higher level of serum C5b-9 when compared to its PKO counterparts. 

Surprisingly, no significant difference was found in serum level of C5b-9 between 

naïve and tumour bearing mice despite the difference seen in the level of C5a. 

Generation of C5a in the absence of C3 has previously been described. In the 

absence of C3, thrombin acts as a C5 convertase and generating C5 (Huber-

Lang et al., 2006). These observations raised the question whether B16F10 can 

produce thrombin. Kirszberg and co-workers reported that B16F10 melanoma 

cells generate thrombin by promoting assembly of the prothrombinase complex 

(Kirszberg et al., 2005). Production of prothrombin by B16F10 was later 

confirmed in our lab by Western blotting (band is about 190 KDa). This was 

carried by subjecting B16F10 cell lysate to rat anti- Mouse prothrombin 

monoclonal antibody (Haematologies Technologies) as primary antibody and 

Goat anti-Rat IgG- HRP (anti- prothrombin) as secondary antibody. Human 

plasma containing 5Mm (EDTA) was used as a positive control. 
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Figure 53:  Level of C5a and C5b-9 in sera of tumour bearing mice. 
 

Wildtype and properdin deficient C57BL/6 mice were injected subcutaneously with 1.6×105 

cell/100μl of B16F10 cell suspension. After 14 days the mice were sacrificed and sera was 

collected for C5a and C5b-9 measurement by ELISA. The results showed a pattern of C5a and 

C5b-9 elevation for wildtype compared to properdin deficient tumour bearing mice. Tumour weight 

measurement showed an increase in PWT compared to properdin deficient mice. This indicates 

that high C5a coincides with limited tumour growth in Properdin WT. 
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 Lectin pathway C9 activity in PWT and PKO tumour bearing mice 

The previous results for C5a and C5b-9 showed high levels in sera of PWT 

tumour bearing mice as compared to PKO which could either be due to 

complement activation or other pathways. To confirm whether it was due to 

complement activation or not, ELISA for lectin pathway C9 activation was done 

on sera from tumour bearing mice. LP was chosen due to low immunogenicity of 

B16F10 which excludes classical pathway activation. The results represented by 

Figure 54 showed low C9 activity in PWT tumour bearing mice indicating more 

complement consumption, which is in line with the previous results for C5a and 

C5b-9. In naïve mice, no significant difference in C9 activity was detected 

between genotypes.  
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Figure 54: Determination of Lectin pathway functional complement activities at the level 

of C9 formation in sera of PWT n=5 and PKO n=6 tumour bearing mice. 

 

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days, the mice were sacrificed and sera was collected for LP measurement by ELISA. 20% heat 

inactivated serum (HIS), (serum heated at 56°C for 30 minutes). Normal mouse serum (NMS) 

was obtained commercialy for assessment. The absorbance was measured at 450 nm .The data 

are presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 

𝑈 test. * (p < 0.05).  
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 Analysis of C5aR+Gr-1 cells  

 C5aR+Gr-1+ Cells: Gating strategy 

Gr-1 is a myeloid differentiation antigen expressed on granulocytes and 

macrophages. Recently, it has been suggested that C5a and C5aR play an 

important role to tumour metastasis. C5a/C5aR signaling contribute to the 

recruitment and generation of immunosuppressive cells and thereby create an 

environment favoring tumour metastasis (Vadrevu et al., 2014). C5a is an 

anaphylatoxin which works after binding to the high affinity C5a receptor (CD88). 

Expression of C5aR was found in eripheral blood leukocytes (neutrophils, 

eosinophils, monocytes and macrophages). Furthermore, recent studies have 

demonstrated that C5aR expression can also be found in liver and lung cells 

(Haviland et al., 1995). 

Studies on the role of C5a in tumour growth have concluded that C5a 

concentration plays an important role in determining tumour progression (Gunn 

et al., 2012). The percentage of C5aR+Gr-1+ Cells was investigated by flow 

cytometry analysis of BM and splenocytes. FACS analysis was done using two 

markers; Gr-1 and C5aR. The percent of populations of C5aR+Gr-1+ Cells were 

calculated in spleen and BM of PWT and PKO naïve and tumour bearing mice 

using Flow Jo software as shown in 4.7-A.  
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Figure 55 : C5aR+GR-1 populations in tumour bearing and naïve of wildtype and properdin 

deficient mice.  

Flow cytometry analysis of Gr-1 FITC and C5aR APC cells in Spleen and BM from tumour bearing 

and naïve mice. A, B and C represent BM, where  A: BM main population, B: unstain cell C:double 

positive cells C5aR+Gr-1+. D, E and F represent spleen where D: spleen main population E: 

control cells (unstain) for spleen and F:double positive cells C5aR+Gr-1+.   

  Percentage of C5aR+Gr-1+ cells in PWT compared to PKO tumour 

bearing mice in spleen 

The aim of the current experiment was to study the expression of C5aR in spleen 

and the results are presented Figure 56. The results demonstrated that PKO 

tumour bearing mice have a significantly higher level of C5aR+Gr-1+ in 

splenocytes when compared to PWT counterparts. Similarly, PKO naïve mice 

showed higher levels of C5aR+Gr-1+ Cells than PWT naïve mice. Compared to 

naïve mice, expression of C5aR+Gr-1+ Cells was decreased in tumour bearing 

mice. 
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Figure 56: Percentage of C5aR+GR-1+ Cells in tumour bearing and naïve mice of PWT and 

PKO mice.  

 

Populations of C5aR+Gr-1 cells in spleen of wildtype and properdin deficient mice. Mice were 

injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 days the 

mice were sacrificed and dissected for collection of spleen. Spleen suspension from both 

genotypes were stained with two markers (Gr-1 FITC and C5aR APC). Then FACS was done 

and percentage of Gr-1+C5aR was obtained.The data are presented as means ±SEM. Statistical 

analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 Percentage of C5aR+Gr-1+ cells in BM of PWT and PKO tumour 

bearing and naïve mice 

In addition to BM, the percentage of C5aR+Gr-1+ cells were also investigated in 

spleen of PWT compared to PKO tumour bearing mice. Percentage of C5aR+Gr-

1+ cells was significantly decreased in BM of PWT tumour bearing mice when 

compared to PKO as shown in Figure 57. Nevertheless, in naïve mice no 

significant difference in the percentage of C5aR+Gr-1+ cells was found between 

genotypes.  
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Figure 57: Percentage of C5aR+Gr-1+ cells PWT compared to PKO tumour bearing mice in 

BM.  

 

Percentage of C5aR+Gr-1+ Cells in tumour bearing and naïve mice of PWT and PKO mice. 

Populations of C5aR+Gr-1 cells in BM of wildtype and properdin deficient mice. Mice were injected 

subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 days the mice were 

sacrificed and dissected for collection of BM. BM suspension from both genotypes were stained 

with two markers (Gr-1 and C5aR). Then FACS was done and percentage of Gr-1+C5aR was 

obtained. The data are presented as means ±SEM. Statistical analysis was performed by one-

tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 C5aR was downregulated on J774 1hr post C5a addition 

The previous results showed that increased serum concentration of C5a 

coincided with decreased expression of C5aR in PWT tumour bearing mice in 

spleen and BM. To investigate the underlying reason for the aforementioned 

results, an in vitro experiment was set up which measures the expression of 

C5aR post exogenous addition of C5a. Previous reports have managed to 

demonstrate binding of exogenously added C5a with C5aR expressing cells. The 

macrophage-like cell line J774 has previously been reported to express classical 

types of the C5a and C3a chemokine receptors (Fan and McCloskey, 1994). 

Thus, J774 cells were in vitro stimulated by adding recombinant mouse C5a. 

Subsequently, FACs analysis was used to measure the expression of C5aR 

(CD88) after 1, 2, 3 and 5 hours of C5a addition. The results demonstrated ( 

Figure 58) that expression of C5aR decreased after 1 hour of C5a addition when 

compared to control. Nevertheless, this decrease was not noticed after 2, 3 or 5 

hours. Recently, van den Berg and co-workers reported that stimulation of 

macrophages with C5a resulted in downregulation of C5aR on these cells (van 

den Berg et al., 2014). Previously, it has been shown that macrophages tend to 

take up peptides within 1 hour and this probably explains downregulation of the 

receptor after 1 hour (Ehrenreich and Cohn, 1968).  
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Figure 58: Expression of C5aR on J774 cells post C5a addition.  

J774 cells were incubated with100nM of recombinant mouse C5a (R&D) for 1, 2, 3 and 5 hours. 

In addition, J774 was also incubated with medium only as a control.  After each time point cells 

were collected and expression of C5aR (CD88) was analysed by flow cytometry after staining 

with mouse anti C5aR APC.  
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  Strategy for identifying MDSCs in Spleen of wildtype, 

properdin deficient tumour bearing mice and naïve mice. 

MDSCs were identified in spleen of PWT and PKO tumour bearing and naïve 

mice using the same strategy mentioned in 4.5.9. Unlike in tumour suspension, 

the percentage of CD45+ cells was about 90% in spleen as shown in Figure 59a.  

Animal models of disease have demonstrated that splenic haematopoiesis 

happens in a number of diseases including cancer.  Interestingly, two scenarios 

have been put forward regarding the nature of these cells. The first postulates 

that cells accumulated in spleen are distinct from their BM counterparts. On the 

other hand, the second scenario postulates that the splenic niche is similar to that 

of BM and thus produce cells that are similar to their BM counterparts (Bronte 

and Pittet, 2013). Recent studies have reported the accumulation of immature 

MDSCs in spleens of tumour bearing mice (Gabrilovich et al., 2012). Investigating 

the expansion of MDSCs in the spleen has been the goal of several cancer 

research studies. In order to study the expansion of MDSCs in spleen of PWT 

and PKO tumour bearing and naïve mice, FACS analysis using CD45+Gr-

1+CD11b+ as markers for MDSCs was performed. The results showed higher 

percentage of MDSCs (CD45+Gr-1+CD11b+) in spleen of PWT when compared 

to PKO tumour bearing mice as shown in Figure 59b. In spleen of naïve mice, no 

significant difference was found between PWT and PKO in naïve mice.  
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Figure 59:  MDSC populations in spleen of wildtype and properdin deficient tumour bearing 
and naïve mice. 
  

A-Flow cytometry analysis of Gr-1and CD11b cells after gating on CD45+cells in MDSCs from 

spleen. Numbers in the plots indicate the percent of gated cells. CD45+Gr-1+CD11b+ represent 

percentage of MDSC. i- the gating on main population of spenocytes, ii- unstained cells (control), 

iii- gating on CD45+ cells only, iv- gating on CD45+Gr-1+CD11b+ cells representing population 

of MDSCs.  

B- Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 

14 days the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 

both genotypes were stained with three markers (CD11b, Gr1 and CD45) to distinguish MDSC. 

Then FACS was done and percentage of MDSCs was obtained. The gating was on CD45, and 

the other two markers were used to calculate of total MDSC in spleen. The data are presented 

as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 

0.05). 
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   Analysis of Splenocytic T-regulatory cells in wildtype, 

properdin deficient tumour bearing and naïve mice. 

Other than MDSCs, T-regs represent one of the major immunosuppressive cells 

in tumour bearing hosts. These cells down regulate the function of immune cells 

via cell to cell contact and secretion of soluble factors. Increased accumulation 

of T-regs in tumour microenvironment has been linked with unfavourable 

prognosis (Fujimura et al., 2012a).  Recently, it has been found that depletion of 

T-regs leads to downregulation of the immunosuppressive molecule B7-H1 on 

MDSCs, which coincided with reduced tumour growth. This finding suggest that 

there is a cross talk between T-regs and MDSCs. Therefore in addition to 

MDSCs, the percentage of T-regs in spleen of in PWT and PKO tumour bearing 

and naïve mice was investigated. The strategy used for analysis of T-regs in 

spleen was the same as in that in T-regulatory (CD25+CD4+FOXP3+) cells in 

Tumour of PWT and PKO mice. 4.5.8). 

FACS analysis showed that spleens of PWT tumour bearing had a significantly 

higher percentage of T-regs when compared to PKO mice. In contrast, spleen of 

PKO naïve mice had a significantly higher percentage when compared to its 

percentage in PWT counterparts as shown in Figure 60a  
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Figure 60: T-regs populations in spleen of PWT and PKO tumour-bearing and naïve mice. 
 

A-Three markers were used to distinguish T-regulatory CD25, CD4 and FOXP3 . Then FACS was 

done and percentage of T-regs and phenotypes were calculated. (A) Splenocytes were gated. 

(B)The gating was on CD4+ cells FITC. Then were used to calculate double positive (C) as 

percentage of total T-regulatory cells in Spleen. 

B- Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 

14 days, the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 

both genotypes were stained with three markers (CD4, CD25 and FOXP3 ) to distinguish T-regs. 

Then FACS was done and percentage of T-regs was obtained. The data are presented as means 

±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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  Strategy for identifying the percentage of CD45+IL-10, 

CD45+TGF-β and CD45+IL-17 positive Splenic cells of 

tumour bearing wildtype and Properdin deficient mice by 

flow cytometry. 

A previous study indicated that IL-10 could induce tumour growth in B16-

melanoma model by stimulation of tumour-cell proliferation, angiogenesis and 

immunosuppression (Garcia-Hernandez et al., 2002).  

It has been found at tumour sites of mouse melanoma model that IL-10 

expression induces subsequent generation of CD4+ T-regulatory cells and 

systemic collapse of anti-B16 melanoma immunity (Seo et al., 2001). 

Transforming growth factor beta (TGF-beta) has sweeping inhibitory effects on 

the immune system, negatively affecting many immune cell types and functions 

(Gorelik and Flavell, 2002, Letterio, 2000). TGF-β is another key 

immunoregulatory cytokine frequently overexpressed in tumour 

microenvironment. Tumours reorient the differentiation of myeloid cells into 

alternatively activated macrophages that express increased levels of TGF-β, IL-

10, VEGF and promote MDSC accumulation. VEGF production was recently 

identified as a key factor in the iNOS-dependent induction of CD11b+Gr+ MDSC 

in murine melanoma (Jayaraman et al., 2012, Murdoch et al., 2008). 

IL-17 acts as a bridge between adaptive and innate immunity through the potent 

induction of a gene expression program typical of the inflammatory response, 

presenting a unique position in the immune response process (Kolls and Linden, 

2004).  IL-17 is produced by diverse T cell subsets, including CD4+ T cells, CD8+ 

Tcells, γδ T cells, and neutrophils (Dong, 2006). 

IL-17R blockade inhibits B16 tumour growth and increases T cell migration while 

it reduces infiltration of myeloid-derived suppressor cells (MDSCs) and γδ cells 

at a late time point (Li et al., 2014).  

The strategy used for analysis of IL-10, TGF-β and IL-17 postive cells in spleen 

is illustrated in Figure 61A. FACS analysis showed that spleen of properdin 

deficient tumour bearing had a significantly higher percentage of IL-10 and TGF-

β positive cells when compared to wildtype mice. However, FACS IL-17 cells 

results showed no difference between the genotypes as shown in Figure 61. 
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Figure 61: Strategy for FACS analysis of IL-10+, TGF-β and IL-17 cell in spleen. 

A-Representative flow cytometry analysis of percentage IL-10 cells. After gating on CD45+cells 

in spleen. a- the gating on main population of splenocytes, b- gating on CD45+ cells only, C-

unstained cells (control), D-gating on IL-10+ cells. B-Mice were injected subcutaneously with 

1.6×105 cell/100μl of B16F10 cell suspension. After 14 days the mice were sacrificed and 

dissected for collection of spleen. Spleen suspension from both genotypes were stained with two 

markers (CD45+IL-10, CD45+TGF-β and CD45+IL-17). Then FACS was done and percentage of 

IL-10 (B), TGF-β (C) and IL-17 (D) were obtained. The data are presented as means ±SEM. 

Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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  Percentage of cytotoxic T cells (CD45+CD3+CD8+) in spleen 

of PWT compared to PKO tumour bearing mice. 

Previous results for TGF-Beta in 4.1.24 showed high levels of TGF-Beta in 

wildtype compared to properdin deficient mice in tumour and spleen. Thomas and 

Massague have demonstrated that TGF-β acts on cytotoxic T lymphocytes 

(CTLs) to specifically inhibit the expression of five cytolytic gene products 

(Thomas and Massague, 2005). In this chapter the percentage of Regulatory T 

in spleen was investigated and the result showed wildtype have more Regulatory 

T cells compared to properdin deficient mice. According to Mempel and 

colleagues,Treg cells can reversibly blunt T cell responses by selectively 

modulating a terminal effector function of primed CD8+ T cells.(Mempel et al., 

2006).Therefore, the percentage of T-cytotoxic in spleen of PWT and PKO 

tumour bearing and naïve mice was investigated. The strategy used for analysis 

of T-cytotoxic in spleen is shown in Figure 62. 

FACS analysis showed that spleen of properdin deficient tumour bearing mice 

had a significantly higher percentage of T-cytotoxic cells when compared to 

wildtype tumour bearing mice. In addition, fewer CD8+ T cells spleens of tumour 

bearing mice of both genotypes than naïve counterparts as shown in Figure 

62.However, a significant small numerical difference may conflict a biological 

significance in the tumour immune response. The aforementioned data show 

depression of T-cytotoxic cells in tumour bearing mice, possibility indicating the 

effect of another influential element such as C5a and T-regs which were high in 

tumour bearing mice. Alternative explanation for the depression of T-cytotoxic in 

tumour bearing mice is the possibility of migration of cells as from spleen, into 

tumour site. In addition, technical reasons influencing the viability of cells may 

account for the low numbers of T-cells in tumour bearing mice.  
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Figure 62:T-cytotoxic populations in spleen of wildtype and properdin deficient mice. 

 

A- Flow cytometry analysis of CD45+CD3+CD8+ cells after gating on CD45+cells from in spleen 

from wildtype and properdin deficient mice. Numbers in the plots indicate the percent of gated 

cells. CD45+CD3+CD8+ represent percentage of T-cytotoxic after subcutaneous injection of 1.6 

X105 cells of B16F10. B- Populations of T-cytotoxic in tumour of wildtype and properdin deficient 

mice. Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 

14 days the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 

both genotypes were stained with three markers (CD45, CD3 and CD8) to distinguish T-cytotoxic. 

Then FACS was done and percentage of T-cytotoxic cells was obtained. The gating was on CD45, 

and the other two markers were used to calculate of total T-cytotoxic cells in spleen. The data are 

presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 

test. * (p < 0.05). 
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 Strategy of identifying Gamma delta T cells (γδ T cells) in 

Spleen of wildtype, properdin deficient tumour bearing mice 

and naïve mice. 

γδ T cells are T cells that express a unique T-cell receptor (TCR) composed of 

one γ-chain and one δ-chain. γδ T cells are of low abundance in the body, are 

found in the mucosa and in skin. They are involved in the initiation and 

propagation of immune responses (Silva-Santos et al., 2015). 

These cells may be involved in both establishing and regulating the inflammatory 

response. Moreover, γδ T cells and αβ T cells are clearly distinct in their antigen 

recognition and activation requirements as well as in the development of their 

antigen-specific repertoire and effector functions. These aspects allow γδ T cells 

to occupy unique temporal and functional niches in host immune defense (Chien 

et al., 2014). Moreover, γδ T cells were also protective against in the widely used 

B16-F0 melanoma transplantable model (Gao et al., 2003, Lanca et al., 

2013).However, a recent study showed that IL-7 could trigger the expansion of 

γδ T cells, and IL-7/IL-7R promotes lymphangiogenesis in cancer at later time 

point (He et al., 2010).  

Therefore, the percentage of γδ T cells in spleen of in PWT and PKO tumour 

bearing and naïve mice was investigated. The strategy used for analysis of γδ T 

cells in spleen is illustrated in Figure 63A. 

In order to study of γδ T cells in spleen of PWT and PKO tumour bearing and 

naïve mice, FACs analysis using CD45+CD3+TCR γδ as markers for γδ T cells 

was performed. Although the results show higher percentage of γδ T cells 

(CD45+CD3+TCR γδ) in spleen of PWT and PKO naïve mice compared to tumour 

bearing mice (as shown in Figure 63B), no significant difference was found 

between PWT and PKO mice indicating that these cells are of less importance in 

our melanoma mouse model.  
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Figure 63: γδ T cells populations in spleen of wildtype and properdin deficient mice. 

A)Flow cytometry analysis of CD45+CD3+ γδ TCR+ cells after gating on CD45+cells in spleen of 

wildtype and properdin deficient mice. Numbers in the plots indicate the percent of gated cells. 

CD45+CD3+ γδ TCR+ represent percentage of γδ T cells after subcutaneous injection of 1.6 X105 

cells of B16F10. B) Populations of γδ T in tumour of wildtype and properdin deficient mice. Mice 

were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 days 

the mice were sacrificed and dissected for collection of spleen. The data are presented as means 

±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 

  Strategy for identifying MDSCs in BM of wildtype, properdin 

deficient tumour bearing mice and naïve mice.  

In order to identify clear population of MDSCs in BM, cells were stained with 

CD45, Gr-1 and CD11b. CD45+ cells were gated first followed by CD45+Gr-1+ 

cells. Percentage of MDSCs in PWT and PKO tumour bearing mice were then 

calculated.  

C
D

3
 P

er
C

P
-C

y
5

-5
 

TCR  FITC 

A 

n
a iv

e  P
W

T
 n

=
6

 n
a iv

e  P
K

O
 n

=
4

T
u

. b
e a r i

n
g

 P
w

t 
n

=
8  

T
u

. b
e a r i

n
g

 P
K

o
 n

=
9

0

2

4

6

%
 o

f



 T
 c

e
ll

s
 i

n
 s

p
le

e
n

* *  P = 0 .0 0 9 3

* *  P = 0 .0 0 3 7

B 



Chapter Four                                                                                           Results 

183 
 

 

 

 

 

 

 

 

 

 

 

Figure 64: Repesentive dots plot to identify MDSCs in BM. 

 Populations of MDSCs in bone marrow of PWT and PKO tumour bearing mice and naïve mice. 

Three markers were used to distinguish MDSC CD11b, Gr1 and CD45. Then FACS was done 

and % of MDSC and phenotypes were calculated. (A) Bone marrow population was gated. (B)The 

gating was on CD45+ APC (C) Gr-1 FITC and CD11b PE were used  to calculate double positive  

as percentage of total MDSC in bone marrow.  

  FACS analysis of M-MDSCs and PMN-MDSCs Cells in BM of 

wildtype, properdin deficient and tumour bearing mice and 

naïve mice. 

The process of myelopoiesis is disrupted in cancer resulting in increase of 

immature and activated myeloid cells such as MDSCs. MDSCs are negative 

regulators of the immune response and are thought to have a role in tumour 

metastasis and angiogenesis. In addition, they have a role in regulating the 

immune response in a variety of conditions such as autoimmune disease and 

chronic infectious diseases (Youn et al., 2013). Two groups of MDSCs have been 

identified, the first with monocytic morphology known as M-MDSCs and the 

second with polymorphonuclear morphology known as PMN-MDSCs. Both 

groups are identified by the expression of both Gr-1 and CD11b markers. M-

MDSCs are thought to have low Gr-1 expression and are highly immune 

suppressive (Figure 65). On the other hand, PMN-MDSCs are thought to have 

high expression of Gr-1 with moderate immunosuppressive ability (Youn et al., 

2013). 
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Figure 65: FACS analysis of identified PMN-MDSCs and M-MDSCs in BM. 

Populations of PMN-MDSCs and M-MDSCs in bone marrow of PWT and PKO tumour bearing 

mice and naïve mice. Three markers were used to distinguish MDSC CD11b, Gr1 and CD45. 

Then FACS was done and % of MDSC and phenotypes were calculated. A) Bone marrow 

population was gated. (B)The gating was on CD45+ APC (C) Gr-1 FITC and CD11b PE were 

used to calculate double positive as percentage of total MDSC in bone marrow. Then, two 

subgroups were identified. 

  Percentage of MDSCs (CD45+Gr-1+CD11b+) cells in BM of 

PWT compared to PKO tumour bearing mice. 

Calculation of percentage of MDSCs in bone marrow of tumour bearing mice 

showed no difference in the total percent of MDSC for all the tested genotypes. 

However, both genotypes had higher percentage of MDSCs in tumour bearing 

mice when compared to naïve mice as shown in Figure 66a. Assessment of the 

accumulation of M-MDCS and PMN-MDSCs was done according the phenotypic 

criteria of M-MDSCs as Gr-1 low, CD11b+CD45+ and of PMN-MDSC as Gr-1Hi, 

CD11b+CD45+ (Youn et al., 2013). Depending on the previous criteria, the 

percentage of PMN-MDSCs was calculated and the results showed no difference 

between tumour bearing and naïve mice. In addition, no difference was found 

between genotypes within each group of tumour bearing and naïve mice as 

shown in Figure 66b. As for the percentage of M-MDSC in BM, a significant 

increase was seen in PWT tumour bearing mice when compared to their PKO 

counterparts Figure 66C). Nevertheless, the percentage of M-MDSCs in BM of 

naïve mice, showed no significant difference between genotypes. It was expected 

that properdin deficient mice would have more immunosuppressive population as 

it has been previously published that this genotype has macrophage population 

PMN-MDSCs  

M-MDSCs 

A C B 
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skewed relatively more to M2 phenotype compared to its congenic control 

(Dupont et al., 2014).  
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Figure 66:  Percentage of MDSCs in BM from PWT and PKO tumour bearing, and naïve 
mice. 
 

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days the mice were sacrificed and dissected for collection of BM. BM cells from tumour bearing 

and naïve mice were stained with a mixture of CD11b, CD45 and Gr-1 Abs. then FACS analysis 

was done and percentage of total and sub populations of MDSCs were calculated. A-total 

percentage of MDSCs in BM B-percentage of PMN-MDSCs in BM. C- Percentage of M-MDSCs 

in BM. The data are presented as means ±SEM. Statistical analysis was performed by one-tailed 

Mann-Whitney 𝑈 test. * (p < 0.05). 
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  Percentage of CD206 +F4/80+ in spleen of PWT and PKO 

tumour bearing mice.   

It is well documented that M2 macrophages has the ability to promote tumour 

growth and metastasis, in part by secreting a wide range of proangiogenic factors 

and growth factors. Moreover, M2 tumour associated macrophages are thought 

to enhance tumour growth and metastasis by suppressing the activity of CD8+ T 

cells (Melancon et al., 2012). Surface markers CD206 and F4/80 were used to 

investigate the percentage of M2 macrophages in spleen. Comparison between 

PWT and PKO tumour bearing mice showed that PWT had a significantly higher 

percentage of splenic M2 macrophages characterised by the markers CD206 and 

F4/80 (Figure 67). Nevertheless in naïve mice, the percentage of splenic M2 

macrophages were similar in both genotypes.  
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Figure 67:  Percentage of CD206 +F4/80+ cells in spleen of PWT and PKO tumour bearing 
and naïve mice. 
 

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 

both genotypes were stained with F4/80 FITC and CD206 APC. The data are presented as means 

±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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  Surface expression of CD80, MHC-II and CD86 of splenic 

dendritic cells  

CD80, CD86 and MHCII are some of the surface markers that characterise 

antigen presenting cells. These up-regulate the molecules necessary for their role 

within the adaptive immune response. Antibodies specific for these molecules 

can be used to characterise the extent of maturation of dendritic cells. In addition, 

these molecules may participate in the antitumour immune response because 

several studies have shown that induction of CD80 and/or CD86 expressions on 

tumour cells promotes antitumour immunity (Rudy et al., 1997, McCarthy et al., 

2000, Douin-Echinard et al., 2000, Johnson et al., 2003). 

Generally, tumour cells do not express CD80 or CD86 costimulatory molecules 

except for some lymphomas, leukemias, or carcinoma cell lines. However, some 

melanoma cell lines, spontaneously or treated with IFN-γ moderately express 

CD80 and/or CD86 costimulatory molecules (Bernsen et al., 2003). 

It has also been shown that induction of costimulatory molecule expression on 

tumour cells promotes antitumour immunity and the antigenicity of the melanoma 

cells varies with the level of their expression (Driessens et al., 2009, Douin-

Echinard et al., 2000). 

To study the surface expression of dendritic cells (in spleen) from wildtype mice 

compared to properdin-deficient mice after tumour melanoma implantation, an 

approach of double staining with the dendritic cell marker CD11c+ was taken. The 

expression was measured by flow cytometry. The analysis was done on cells that 

were double positive for CD11c+CD80+, CD11c+CD86+ and CD11c+MHC class 

II+ with the double positive quadrant determined by the isotype control profile. 

The level of expression of CD80+, CD86+ and MHC class II was calculated using 

the median fluorescence intensity and comparing them to their relevant individual 

isotype controls (Figure 68).  

The percentages of dendritic cells positive for MHC-II+ and CD80+ in spleen of 

wildtype naïve were higher than in properdin-deficient naïve mice (Figure 68 

panels A and B). However, Figure 68A shows the levels of surface markers CD80 

was higher in properdin-deficient compared with wildtype in tumour bearing mice. 

The percentages of positive CD86 in both genotypes were comparable in tumour 

bearing and naïve mice cells, but after tumour melanoma implantation the 
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percentages were higher in dendritic cells from properdin-deficient compared to 

dendritic cells from wildtype, although the percentages of MHC-II in tumour 

bearing mice showed no difference in either genotype. (Figure 68.C)  

These data emphasize that immune dysfunction in properdin deficient tumour 

bearing compared to wildtype mice, particularly the recruitment of more immune 

suppressor cells (MDSCs) and T-reg may be lead to downregulation of 

costimulatory molecules, and occurs early in tumour progression (Tirapu et al., 

2006). 
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Figure 68: Flow cytometric analysis of CD80, CD86 and MHC-II surface expression on 
CD11c+ cells in splenic of naïve and tumour bearing mice. 
  
Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 
days, the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 
both CD11c+ genotypes were stained with markers (CD80, CD86 and MHC-II). Flow cytometry 
histogram of the MFI value of CD80 (A) and CD86 (B) and MHC-II (C). The population were gated 
by the size for and FITC for CD80 in density plot (The histograms show the data for 10,000 gated 
events from each sample) after the FITC/PE plot is gated then present in the histograms. Results 
are expressed mean using MFI (mean fluorescence intensity) value. The data are presented as 
means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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  Strategy for identifying of percentage B220+CD19+CD80 

Splenic cell of tumour bearing wildtype and Properdin 

deficient mice by flow cytometry. 

Animal models of melanoma have demonstrated the involvement of CD4+T cells, 

CD8+T cells and B cells mounting a response against cancer (Ramirez-Montagut 

et al., 2003).  CD80 (B7.1), expressed on macrophages, activated B cells, and 

some B lymphomas, has been shown to deliver a costimulatory signal to T cells 

through binding to its natural ligand CD28 constitutively expressed by most naïve 

CD4+ T cells (Sahoo et al., 2002, Lim et al., 2012).  

In order investigate the expression of CD80 on activated B-cells in spleen in 

wildtype and properdin deficient tumour bearing mice, FACS was used to 

analysed cell surface expression of CD80 in B-cells.  

Splenocytes from wildtype and properdin-deficient mice were prepared as 

described in Material and Methods. Cells were stained for B-cells with PE-B220 

and PE-Cy-7–CD19 (B-cell markers). The strategy used for analysis of 

B220+CD19+CD80 spleen was the same as in that in Figure 69 A. 

The results showed slightly higher percentage of activated B-cells 

(B220+CD19+CD80+) in spleen of PWT when compared to PKO tumour bearing 

mice as shown in Table 14,however statistical analysis did not show any 

significant difference between the genotypes.  
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Figure 69: Flow cytometry analysis of CD80+ expression on B-cells in spleen of tumour 
bearing mice.  
Flow cytometry analysis after gating on double positive cells of B220+CD19+cells from spleen in 

wildtype and properdin deficient mice. Numbers in the plots indicate the percent of gated cells. 

B220+CD19+CD80+, after subcutaneous injection of 1.6 X105 cells of B16F10. Spleen suspension 

from both genotypes were stained with three markers (B220, CD19 and CD80) to distinguish 

activated B-cells. Then FACS was done and percentage of B-cells was obtained. The gating was 

on CD45, and the other two markers were used to calculate of total t-cytotoxic in spleen. The data 

are presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 

𝑈 test. * (p < 0.05). 

 

Table 14: B220+CD19+CD80+ positive cells in spleen of tumour bearing mice.  

WT     
 

6.574 ± 2.15 n=7   

KO     2.554 ±0.5844 n=8 

 

  Flow cytometric analysis of CD16/CD32 surface expression 

in splenic cells 

FcγRs are a family of membrane glycoproteins expressed on hematopoietic cells 

(Ravetch and Bolland, 2001).In dendritic cells, but not in other cell types, FcγR-

mediated internalization very efficiently targets antigen for a unique dendritic cell–

specific antigen transport pathway resulting in delivery to the cytosol. Once in the 

cytosol, internalized antigens are degraded by the proteasome. The resulting 

peptides are translocated into the lumen and loaded on MHC class I molecules 

(Ravetch and Bolland, 2001). These results suggested that antigen-specific 

humoral immune responses may promote the generation of specific cytotoxic T 

lymphocytes (CTLs).(Baker et al., 2014) 
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Dendritic cells were used as a model system for the control of immune activation 

to further study the role of properdin in activation of immune cells through FcγRs 

This experiment focused on expression of FcγR in dendritic cells to investigate 

any differences between wildtype and properdin-deficient mice cells. FACS was 

used to analysed cell surface expression of FcγR in dendritic cells.  

Splenocytes from wildtype and properdin-deficient mice were prepared as 

described in Materials and Methods. Cells were stained markers with PE- rat anti-

mouse CD11c (dendritic cell marker) and FITC rat anti-mouse CD16/CD32 

(FcγIII/II receptor) and were analysed by FACS. CD16/CD32 is an antibody that 

recognises both FcγRIII and FcγRII. 

This was done for wildtype and properdin-deficient naïve mice for isotypes as 

background control and for positive expression dendritic-cells for 

CD16/CD32.The result showed high percentage of dendritic (CD11c+CD16/32) 

in wildtype compared to properdin deficient mice as shown in Figure 70. 

However, there was no chance to investigate the expression of these markers in 

tumour bearing mice.  

 

 

 

 

 

 

 

 

 

 

 

Figure 70: Flow cytometric analysis of dendritic (CD11c+CD16/32) expression in spleens 
of wildtype and properdin deficient naïve mice. 
Mice were sacrificed and dissected for collection of spleen. Spleen suspension from both 

genotypes were stained with markers (CD11c PE+CD16/32 FITC). The data are presented as 

means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 Discussion & Conclusion  

 Discussion 

The aim of the animal model used in this chapter was to set up a model of 

syngeneic tumour growth, then define the role of properdin in tumour growth and 

composition of the tumour microenvironment (TME). In vivo experiments were 

set up to induce tumour implantation using properdin deficient mice and their 

wildtype control. This was done through two models: the first model was 

syngeneic subcutaneous tumour model to study tumour growth, while the second 

was syngeneic intravenous tumour model to study tumour metastasis. In these 

models 100µl of B16F10 (containing 1X105- 4X105 cell) were injected through 

two routes. The first is subcutaneous into the flank as described by Baird and 

colleagues, and the second is intravenous via the tail vein as previously 

described (Eberting et al., 2004, Baird et al., 2013, Takeda et al., 2011, Lv et al., 

2009). 

It is well documented that subcutaneous injection of B16F10 into C57/BL6 mice 

leads to the development of progressive solid tumours. This cell line has also 

been utilised to study lung metastasis (Almendros et al., 2013). Additionally, 

B16F10 are pigmented (due to the production of melanin) and this criterion is 

documented to be used in assessing the extent of lung metastasis by counting 

the number of black pigmented colonies which appear on the lung. For the 

subcutaneous model, a suspension of B16F10 was injected in the right flank as 

injections in the flank are considered to cause the least distress to mice and are 

orthotopic. Tumour implantation in research animals is considered one of the 

critically important experimental procedures which necessities careful 

assessment of the effect of tumour on the animals. Therefore, mice were carefully 

monitored daily until the mice reached the endpoint specified in the animal 

licence. Mice usually reached the endpoint within 7-14 days, after which the mice 

were sacrificed, macroscopically examined for tumour formation, and tumour 

tissue and spleens were collected for analysis. Tumour size (volume) was 

measured by calipers. Calipers had been traditionally used to measure tumour 

size; however measurement of tumour size by this method may often be affected 

by errors resulting from variable tumour shape, subcutaneous fat layer and skin, 

difference in compressibility of the tumour and subjectivity of the investigator 
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(Jensen et al., 2008). Furthermore, this method is generally based on volumetric 

measurement of tumour mass, which does not take into account oedema 

formation and necrosis. Measurement of tumour size by calipers from a number 

of independent subcutaneous tumour implantations showed no significant 

difference between PWT and PKO mice. Similarly, measurement of tumour 

weight did not show a difference between genotypes. The results obtained from 

this study showed that the subcutaneous tumour model was successful; however 

there is a need to develop a more accurate method to measure tumour volume. 

A number of imaging techniques for monitoring tumour progression and 

metastasis have recently become available. Of those techniques, 

bioluminescence imaging has demonstrated an ability to detect microscopic 

tumours with high accuracy (Puaux et al., 2011). 

Bioluminescent approaches for measuring tumour growth depend on the use of 

tumour cell lines which have been transfected with a luciferase gene of the firefly 

Photinus pyralis. In the presence of ATP, luciferase converts luciferin into the 

light-emitting product oxyluciferin. Subsequent bioluminescence measurements 

give an indication of tumour growth in the animal. Thus, BLI is a sensitive non-

invasive imaging technique which enables monitoring of the tumour burden and 

progression in the animal body in a timely manner without the need to sacrifice 

the animal. Tumour growth can be quantified by counting the number of photons 

emitted from the animals (O'Neill et al., 2010). This method reduces the number 

of animals used in each experiment as each animal serves as its own control 

over the period of the experiment. Luciferase- expressing B16F10 was injected 

subcutaneously into PWT and PKO mice, followed by administration of the 

substrate, luciferin. At the indicated time points, tumour growth was measured by 

counting the number of photons emitted from the animals. The results of the pilot 

BLI experiment demonstrated that light emission could be detected from the 

regions of interest which confirms that BLI was able to detect melanomic tumours. 

Following the pilot experiment, another subcutaneous injection was carried out 

using B16F10-luc, and the photon emission was carried out at day 8 and 12 of 

tumour implantation. The bioluminescence result showed no significant 

difference between the genotypes.  

The B16F10 mouse model of melanoma was chosen for this project because it 

is widely used in many cancer studies to investigate some aspects of tumour lung 
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metastasis via the lateral tail veins (Intravenous injection) (Nguyen et al., 2007, 

Gautam et al., 2002) In addition, The fact that B16F10 is pigmented (due to the 

production of melanin) makes it a widely used cell line to study the metastasis in 

the lungs, by counting the number of black pigmented colonies after injecting the 

mice with these cells (Burghoff et al., 2014). However, it has been reported that 

these malignant cells migrate from the tumour through its blood vessels and 

attach to the vessel wall of the affected organ. Then they migrate to the 

parenchyma leading to the formation of new tumours (Geiger and Peeper, 2009). 

Furthermore, there were technical difficulties to apply full dose (volume) via the 

lateral tail veins. Intravenous models of tumour implantation may suffer from 

several limitations, such as the difficulty in estimating if injection of cells was done 

properly, as variation may occur due to mis-injection of some of the cells. In 

addition, the black tail of C57BL6 mice makes it difficult to locate the lateral tail 

vein. Hence, it was difficult to assess if the same number of cells was delivered 

to all mice for these reasons this model was abandoned. 

4.21.1.1 Cellular immune response in syngeneic tumour melanoma 

To gain insights into the role of properdin in cell-mediated responses during 

syngeneic mouse melanoma, this project investigated phenotypic changes in 

differentiated cells from properdin-deficient and wildtype mice in tumour, spleen 

and bone marrow. 

One of the most fundamental mechanisms employed by malignant tumours to 

suppress the immune response to tumour antigens is dysfunctional myelopoiesis 

and the recruitment of myelomonocytic cells to the tumour site and peripheral 

lymphoid organs such as spleen (Sica and Bronte, 2007, Chanmee et al., 2014). 

MDSCs have been recognised as critical mediators of tumour progression in 

numerous solid tumours through their inhibition of tumour-specific immune 

responses (Serafini et al., 2006). These cells, identified by the co-expression of 

Gr-1 and CD11b as well as CD45 in mice (Movahedi et al., 2008, Youn et al., 

2008), are the immature counterparts of myeloid-derived antigen-presenting 

cells. MDSCs are able to suppress antitumour T cell-mediated responses and 

tumour cytotoxicity in tumour bearing mice (Monu and Frey, 2012).  

One of the major host factors contributing to the generation of an 

immunosuppressive microenvironment is an increase in the number of myeloid-
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derived suppressor cells (MDSCs). Characterised by CD11b+Gr-1+, MDSCs are 

an important population of innate regulatory cells mainly comprising monocytic 

MDSCs (M-MDSCs) and granulocytic MDSCs (G-MDSCs). The percentage of 

MDSCs was investigated in tumour tissue, bone marrow and spleen of wildtype 

and properdin deficient tumour bearing mice. MDSC within tumour showed that 

the highest percent of MDSC was found in properdin wildtype mice. Similarly, in 

spleen, the highest percentage of MDSCs was in PWT when compared to PKO 

tumour bearing mice. However, In BM of naïve mice, no significant difference was 

found between PWT and PKO. These findings indicated that properdin may 

contribute to the accumulation of MDSCs in spleen, as well as to the migration of 

these cells into tumours. Similar findings were obtained by Markiewski et al., 2008 

who found that the percentage of total MDSCs isolated from tumours of wildtype 

mice was higher than the percentage of these cells in tumour tissue from C5aR-

deficient mice. The peripheral localisation of myeloid cells in the tumours of 

properdin deficient mice might also suggest that the chemotactic activity of C5a 

contributes to the migration of these cells throughout the tumour tissue. 

Markiewski and co-workers reached a conclusion that the existence of C5a 

receptors on the cell surface of MDSCs enables direct binding of C5a which 

subsequently results in stimulation of MDSCs.  

In measuring the ratio of M-MDSC in BM, M-MDSC was significantly higher in 

BM from PWT tumour bearing mice than in BM of PKO mice. Nevertheless, 

properdin deficient mice were expected to have a more immunosuppressive 

population, as it has been previously published that this genotype has more M2 

macrophage population (Dupont et al., 2014). Similarly, comparison between 

PWT C57BL/6 with C5a expressing tumours and those without C5a expressing 

tumours showed higher frequency of CD11b+ MDSC in mice with C5a expressing 

tumour (Gunn et al., 2012).  

Using a syngeneic model of melanoma developed in C57BL/6 WT and C1q-

deficient (C1qa-/-) mice, Bulla et al. detected slower tumour growth in C1q-

deficient (C1q-/-) mice as compared to their wildtype counterparts. However, they 

failed to detect higher frequency of MDSC in wildtype mice (Bulla et al., 2016). 

Their finding that wildtype and C1q-/- mice had similar frequency of MDSC may 

be attributed to the high number of B16/F10 (2X106) used for tumour implantation 

(Bulla et al., 2016) which was almost 10 times higher than the number used in 
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this project. Similarly, Nunez-Cruz and co-workers found no difference in the 

frequency of tumour-infiltrating macrophages, B cells, and MDSCs between with 

mice partial deficiency in C3 and their wildtype controls using a model of 

spontaneous ovarian cancer (Nunez-Cruz et al., 2012). This apparent 

contradiction in frequency of MDSC could be attributed to different models and 

experimental settings used by different research groups. The increase in number 

of MDSCs in tumour bearing mice was also reported by others. The level of 

MDSCs expansion in various tumour models are thought to be influenced by the 

nature of tumour derived factors, which explains the often contradictory results 

reported in various studies (Youn et al., 2008).  

In addition to MDSCs, T-regs are another population of cells which contribute to 

the generation of an immunosuppressive microenvironment. Accumulation of 

both T-regs and MDSCs in tumour microenvironment represents a major hurdle 

for antitumour immune responses (Weiss et al., 2014). In addition to their 

immunosuppressive role, recent studies have demonstrated that T regs may also 

play a role in promoting angiogenic reprogramming of the tumour 

microenvironment (Facciabene et al., 2011). Investigation into the percentage of 

T-regs in spleen of tumour bearing mice revealed that PWT tumour bearing had 

a significantly higher percentage of T-regs when compared to PKO mice. 

Nevertheless, spleens of PKO naïve mice had a significantly higher percentage 

when compared to its percentage in PWT counterparts. This result is consistent 

with others, who have concluded that progressing mouse tumours can be linked 

with enhanced T-regs activity (Weiss et al., 2014, Mempel et al., 2006, 

Holmgaard et al., 2015). Unexpectedly, investigations into the percentage of T-

regs within tumour tissue showed comparable levels in both genotypes. One 

reason for the inability of our experimental settings to show a difference between 

genotypes is that we were restricted with tumour size and thus the latest time 

point did not exceed 12-14 days. Thus, it could not be ruled out that leaving the 

tumour to grow more than 2 weeks might show in a difference in percentage of 

T-regs within tumour tissue. Recent studies have highlighted the existence of a 

cross talk between T-regs and MDSCs during melanoma growth (Fujimura et al., 

2012a). In addition to their immunosuppressive ability, T-regs modified the 

phenotype of tumour infiltrating MDSCs to express inhibitory B7-H molecules and 

to produce IL-10 (Fujimura et al., 2012b).  
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4.21.1.2 Role of properdin in cellular immune response in syngeneic 

tumour melanoma 

TGF- β is one of the cytokines that are critical to immune homeostasis in vivo and 

has been linked with T-regs and MDSC production. TGF-β has the ability to 

negatively affect a number of immune cell types and thereby exert an immense 

inhibitory effects on the immune system, (Gorelik and Flavell, 2002, Letterio, 

2000). PWT mice had a significantly higher level of TGF- β, both in spleen and 

within tumour when compared to PKO mice.  

Recently, Liu and co-workers demonstrated that TGF-β was the main tumour- 

derived factor responsible for the upregulation of microRNA-494 in MDSC. 

Expression of microRNA-494  enhances CXCR4-mediated MDSC chemotaxis 

and alters the intrinsic apoptotic/survival signal and thus contributes to the 

accumulation of MDSCs in tumour tissues and facilitates tumour cell invasion and 

metastasis  (Liu et al., 2012). Increased expression and activation of TGF-β by 

tumour cells stimulates extracellular matrix deposition and chemoattraction of 

fibroblasts, promoting tumour growth and angiogenesis (Roberts et al., 1986, 

Zheng et al., 1997, Derynck et al., 2001). TGF-β expression by melanoma cells 

can modify the surrounding stroma with increased production and deposition of 

extracellular matrix proteins, which favour increased metastatic spread and 

survival (Berking et al., 2001). TGF-β is an ubiquitous cytokine with paradoxical 

functions in melanoma tumour progression (Medrano, 2003).  

Tumour associated macrophage infiltration and angiogenesis have been 

associated with expression of CCL2 and VEGF (Valkovic et al., 2002). CCL2 has 

been implicated in promoting tumour proliferation, migration, invasion and 

survival. Furthermore, CCL2 enhances the recruitment of macrophages and 

cytotoxic T lymphocytes, thereby this chemokine is one of the main mediators of 

interactions between tumour and host cells. In addition to other stromal cells, 

tumour cells are suggested to be the main source of CCL2 in tumour 

microenvironment (Zhao et al., 2013). The extent of CCL2 expression determines 

whether this cytokine reduces or promotes melanoma tumour growth (Knight et 

al., 2013). Protein macroarray results revealed that PKO tumour bearing mice 

had significantly lower levels of TIMP-1, IL-13, CCL2 and CCL3 when compared 

to their wildtype counterparts, a possible indicator of less cell recruitment. 

Moreover, serum levels of CCL2 (measured by ELISA) showed that PKO tumour 
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bearing mice had a significantly lower level when compared to its PWT 

counterparts at 14 of tumour implantation but not at 7 days. Notably, after 7 days 

of tumour implantation there was a trend of PKO having less CCL2 but this did 

not reach statistical significance. In contrast to its level in tumour bearing mice, 

measurement of CCL2 in sera of naïve mice revealed that PKO had a significantly 

higher level of this chemokine. It has been demonstrated that CCL2 is involved 

in recruitment of a number of immunosuppressive cells including MDSCs. 

Moreover, CCL2 has been directly linked with the generation of 

immunosuppressive Treg cells. Thus the low level of both MDSCs and T-regs 

seen in PKO tumour bearing mice may be a consequence of the decrease in 

CCL2. It would be reasonable to suggest that MDSCs and T-regs migrate in 

response to CCL2 in the tumour microenvironment. Similar assumptions were 

made be Zhao and colleagues who linked recruitment of MDSCs via CCL2/CCR2 

with the development of colorectal cancer liver metastasis (Zhao et al., 2013). 

In tumour microenvironment, both host stromal cells and tumour cells secrete a 

number of factors. Among those is the complement activation product C5a.  

Cellular immune response in tumour melanoma can also be affected by the level 

of this potent chemoattractant. C5a influences haemostasis and has the ability to 

recruit immune cells such as monocytes, neutrophils and MDSCs, and thus is a 

factor which can contribute to disease pathogenesis (Ricklin et al., 2010). C5a in 

tumour microenvironment leads to recruitment of MDSCs into tumour tissue, 

thereby suppressing cytotoxic CD8+ T cells (Markiewski et al., 2008). Given the 

ability this complement activation product in the cellular response in tumour 

microenvironment, C5a level was investigated in tumour tissue and in sera of 

PWT and PKO mice. Compared to PWT tumour bearing mice, PKO tumour 

bearing mice had a significantly lower level of C5a within tumour tissue. Similarly, 

measurement of C5a level in serum showed that PKO tumour bearing mice had 

a significantly lower level as compared to their PWT counterparts. On the other 

hand, naïve mice showed no difference between genotypes in serum level of 

C5a. Although repeated measurements consistently showed that naïve PWT 

mice seem to have increased serum levels of C5a, however this never reached 

statistical significance.  

The high level of C5a seen in tumour bearing mice may possibly be due to 

increased complement activation. As all three complement pathways lead to 
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cleavage of C3 and the generation of C3a, C5a and ultimately the membrane 

attack complex C5b-9, level of the aforementioned complex was investigated as 

an indicator of complement activation. As with C5a, C5b-9 was significantly lower 

in PKO tumour bearing mice when compared to PWT.  Despite the difference in 

the level of C5a between naïve and tumour bearing mice, the results showed no 

difference in serum level of C5b-9. Published data have revealed the existence   

of a complex crosstalk between the complement and the coagulation systems, 

whereby thrombin can directly cleave C3 and C5 respectively and lead to the 

generation of more chemoattractant C5a (Markiewski et al., 2007, Rittirsch et al., 

2008). Moreover in the absence of C3, thrombin can function as a C5 convertase 

leading to the generation of C5a (Amara et al., 2008). 

B16F10 were reported as a potential source of thrombin, raising the possibility 

that high levels of C5a in tumour bearing mice was due to its production from 

melanomic cells. Subsequently, our lab managed to generate results which 

confirmed the production of prothrombin by B16F10.  

Complement activation and complement products have been found to have an 

important role in determining the extent of tumour growth. In particular, it was 

found that C5a can promote tumour growth by inhibition of CD8+ T–cells 

response. The suppression of CD8+ was accompanied by an increase in the 

number of myeloid derived suppressor cells in the tumour microenvironment 

which subsequently produces reactive oxygen species (ROS) and reactive 

nitrogen species (Markiewski et al., 2008). In addition, C5a may create a 

favourable environment for lung cancer cells growth and progression which may 

be linked to the induction of angiogenesis and immunosuppression (Corrales et 

al., 2012). Investigations into the level of T-cytotoxic cells revealed that spleen of 

PKO tumour bearing mice had a significantly lower percentage of T-cytotoxic 

cells as compared to PWT tumour bearing mice. Furthermore, spleen of 

PWT/PKO tumour bearing mice had a significantly lower percentage when 

compared to its percentage in PWT/PKO naïve counterpart’s possibly indicating 

depression of T-cytotoxic cells in tumour bearing mice. Migration of the cells away 

from tumour site might be the reason for depression of T-cytotoxic cells in tumour 

bearing mice. Furthermore, binding of C5a with C5aR on MDSCs promotes their 

migration and augments their production of immunosuppressive molecules such 

as reactive oxygen species and reactive nitrogen species, leading to a decrease 
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in cytotoxic CD8+ T cells. Thus CD8+ T-cell suppression can be a consequence 

of high C5a levels. 

It is important to note that many parameters were investigated in spleens only but 

not in tumour tissue due to the small size of tumours which ultimately results in 

insufficient number of cells. Therefore, the priority was to use single cell 

suspensions from tumour tissue to investigate for MDSCs and T-regs. Spleen is 

an important extramedullary site and tumour associated macrophage precursors 

are localised in this organ, subsequently relocating to the tumour stroma. 

Furthermore, removal of spleen leads to decrease in the accumulation of tumour 

associated macrophages and less tumour growth (tumour-associated 

macrophages (Cortez-Retamozo et al., 2012). Between optimisation of 

experiment with different dose of injection and carrying out the actual experiment, 

150-200 mice have been used in this study.  

 

  Conclusions 

Despite the low immunogenicity of B16F10 tumour cells, apoptotic B16F10 

tumour cells have been found to induce a strong immune response in the tumour-

bearing mice (Dou et al., 2007, Banchereau and Steinman, 1998). 

Tumour growth in properdin and wildtype mice was evaluated by three different 

methods: Tumour size by calipers, tumour weight and bioluminescence from a 

number of independent subcutaneous tumour implantations showed no 

significant difference between PWT and PKO mice. However, there was a 

tendency toward smaller tumours in properdin deficient mice. 

MDSCs, C5a, CCL2, TGF-β+ cells and FOXP3+ cells were significantly less in 

tumour of properdin deficient mice compared to wildtype. 

In spleen, MDSCs, regulatory T cells, M2 macrophage(CD206+F4/80+) and TGF-

β were decreased significantly in properdin deficient compared with wildtype mice 

(control) after subcutaneous injection with B16F10 cells, indicating that properdin 

may contribute to the accumulation of MDSCs in spleen, as well as to the 

migration of these cells into tumours. MDSCs play a fundamental role in 

regulating the antitumour immune response (Vatner and Formenti, 2015). 

Notably, expression of CD86 on dendritic cells was very faint which could either 

be due to relatively low expression of this marker on Dendritic cells under our 
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experimental conditions or due to the use of FITC fluorochrome in staining. This 

limitation stresses the need for further experiments to confirm these results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 71: Tumour induces more MDSC and T –regs (up to naïve) also C5a, TGF and 
CCL2 in PWT. 
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 Analysis of tumour burden in LDLR-

/-PWT and LDLR-/- PKO mice. 
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 Results 

 Tumour size and weight in LDLDR+/+(PWT/PKO) and LDLR-/- 

Comparison in melanoma tumour growth was done between LDLR+/+ and LDLR-

/- mice to investigate the effect of hypercholesteremia and the role of properdin 

on tumour growth (tumour weight and size). In addition,  melanoma tumour 

growth between LDLDR+/+(PWT/PKO) and LDLR-/- mice was investigated. Data 

from more than four independent experiments performed using the same 

procedures were combined and statistical analysis was done. Tumour growth  

was expected to be more in LDLR-/- as they have more M2 macrophages 

compared to wildtype however no difference was seen at this time point. 
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Figure 72: Tumour weight and Size in LDLR-/- (PWT/PKO) and LDLR-/- mice on C57BL/6 
background. 
 

Sex and age matched mice (male& female) were injected subcutaneously in the flank with 100μl 
(1.6x105cells) of freshly prepared B16F10 cell suspension. After 14 days, mice were culled and 
dissected. Their flanks were macroscopically examined for tumour formation, tumour size was 
measured using carbon dial calipers (upto150mm) and tumours were weighed. Tumour was not 
invasive and there was no evidence of melanotic lymph nodes and necrosis. The data are 
presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 
test. * (p < 0.05). Statistical analyses were performed using two-way ANOVA with Tukey's multiple 
comparisons test. 
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 Percentage of CD206+F4/80+ in spleen of LDLR-/-PWT and LDLR-/-PKO 

tumour bearing mice. 

As mentioned previously, M2 macrophages have been associated with promoting 

tumour growth and metastasis via suppressing the activity of CD8+ T cells 

(Melancon et al., 2012). Surface markers CD206 and F4/80 were used to 

investigate the percentage of M2 macrophages in spleen (Jablonski et al., 2015, 

Roszer, 2015). Comparison between LDLR-/-PWT and LDLR-/-PKO tumour bearing 

mice showed that LDLR-/-PKO had a significantly higher percentage of splenic M2 

macrophages characterised by the markers CD206 and F4/80 (Figure 73). In 

addition, tumour bearing mice have more M2 macrophages than naïve mice. 

Nevertheless, in naïve mice, the percentage of splenic M2 macrophages was 

similar in both genotypes. Based on the markers CD206 and F4/80, the results 

previously reported in chapter 3 reveal that PWT/PKO group of naïve mice have 

lower percentage of splenic M2 macrophages than their counterparts in LDLR-/- 

background. Because of the significant differences in M2 phenotype abundance, 

LDLR-/- mice were pursued further in this model.  

n
a

iv
e

 L
D

L
R
- /

- P
W

t n
=

4

n
a

iv
e

 L
D

L
R
- /

- P
k o

 n
=

4

T
U

 L
D

L
R
- /

- P
W

T n
=

5

T
U

 L
D

L
R
- /

- P
K

o n
=

7

0

1

2

3

4

5

6

%
 o

f 
C

D
2

0
6

+
F

4
/8

0
+

 i
n

 s
p

le
e

n ***

* *  P = 0 .0 0 9 5

*  P = 0 .0 1 5 9

 

 

Figure 73: Percentage of CD206 +F4/80+ cells in spleen of LDLR-/-PWT and LDLR-/-PKO 
tumour bearing and naïve mice. 
 
Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 
days the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 
both genotypes was stained. The data are presented as means ±SEM. Statistical analysis was 
performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 Percentage of CD11b+CD205+ in of LDLR-/-PWT and LDLR-/-PKO tumour 

bearing mice. 

Due to its abundant expression in dendritic cells, CD205+ is used as a marker for 

a subset of dendritic cells (DCs)(Yamazaki et al., 2008). This receptor is reported 

to direct captured antigens from the extracellular space to specialised antigen 

processing compartments. Mouse splenic dendritic cell subsets marked by the 

presence of CD205 can induce T-helper 1 response. Thus, the percentage of 

CD11b+CD205+ cells was quantified in spleen of LDLR-/-PWT and LDLR-/-PKO 

tumour bearing mice and naïve mice as an indicator of Th1 inducing subset of 

DC. The result showed that spleen of LDLR-/-PWT/ LDLR-/-PKO tumour bearing 

mice had a significantly higher percentage when compared to its percentage in 

LDLR-/-PWT/ LDLR-/-PKO naïve counterparts, a sign of immune activation in tumour 

bearing mice. (Figure 74). However, no difference was seen in either naïve or 

tumour bearing mice between PWT and PKO genotypes.  
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Figure 74: Percentage of CD205+CD11b+ cells in spleen of LDLR-/-PWT and LDLR-/-PKO 

tumour bearing and naïve mice. 

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 

both genotypes were stained. The data are presented as means ±SEM. Statistical analysis was 

performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 Analysis of tumour burden in LDLR-/-PWT and LDLR-/- PKO 

5.1.4.1 Tumour weight 

In order to investigate any difference in tumour weight LDLR-/-PWT and LDLR-/-

PKO mice, data from three independent experiments performed using the same 

procedures were combined and statistical analysis was done. The results showed 

no statistical difference in tumour weight between wildtype and properdin 

deficient mice. 
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Figure 75: Tumour weight in PWT and PKO LDLR-/- mice on C57BL/6 background. 

Sex and age matched mice (male & female) were injected subcutaneously in the flank with 100μl 

(1.6x105cells) of freshly prepared B16F10 cell suspension. After 14 days, mice were culled and 

dissected. Their flanks were macroscopically examined for tumour formation, tumour size was 

measured using carbon dial calipers (upto150mm) and tumours were weighed. Tumour was not 

invasive and there was no evidence of melanotic lymph nodes and necrosis. The data are 

presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 

test. * (p < 0.05). 
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Notably, this project used male and female mice in tumour implantation 

experiments; however the results of tumour weight from these experiments 

showed contradictory results between genotypes. Hence, an experiment was 

carried out on males only in an attempt to exclude any variation. However, the 

results showed that male mice from both genotypes had no difference in tumour 

weight (data not shown).  

5.1.4.2 Tumour size  

Tumour size was measured by calipers after each subcutaneous tumour 

implantation experiment. Data collected from two independent experiments 

showed that male, wildtype mice tend to have a slightly larger tumour size. 

However, both wildtype and properdin deficient female mice had similar tumour 

size as shown by Figure 76. 
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Figure 76: size of subcutaneous tumours of LDLR-/-PKO and LDLR-/-PWT.  
C57BL/6 mice ( female)  were injected subcutaneously with 1.6x105 cell of B16F10. After 14 days 

the mice were sacrificed and tumour size was measured by calipers. Values are expressed as 

mean ± SEM from two independent experiments. The data are presented as means ±SEM. 

Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 

 FACS analysis of tumour microenvironment in LDLR-/-PWT and LDLR-

/-PKO. 
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Studying the level of some immunological parameters will help to gain better 

understanding of the interaction between tumour cells and the immune system. 

The data generated from these studies will eventually aid in developing better 

knowledge of the tumour microenvironment. Implanting tumour in both LDLR-/-

PWT and LDLR-/-PKO mice will aid in understanding the role that properdin might 

play in the tumour microenvironment. Hence the aim of this experiment was to 

compare between tumour bearing wildtype and properdin deficient mice with 

regards to % CD45+, % CD4+, CD8+, % Treg, %IL-10+ and % TGF-B+cells in 

tumour as key descriptors of tumour development and immune cell infiltration. It 

has been shown that regulatory T cells (T-regs) have the ability to inhibit self -

reactive cells resulting in protecting the host from autoimmune disorders. 

Moreover, T-regs also have the ability to suppress antitumour immune 

responses. Some studies have reported that T-regs increase in the tumour 

microenvironment. It is thought that the suppressive ability of T-regs is attributed 

to inhibition of IL-2. Both human and murine T-regs have the capability of 

producing transforming growth factor (TGF-B) and interleukin-10 (IL-10) (Plitas 

and Rudensky, 2016).  

Complement and complement activation products have been found to have an 

important role in determining the extent of tumour growth. In particular, it was 

found that C5a can promote tumour growth by inhibition of CD8+ T–cells 

response. The suppression of CD8+ was accompanied by an increase in the 

number of MDSCs in the tumour microenvironment which subsequently produces 

reactive oxygen species and reactive nitrogen species (Markiewski et al., 2008). 

In addition, C5a create a favourable environment for lung cancer cells growth and 

progression which may be linked to the induction of angiogenesis and 

immunosuppression (Corrales et al., 2012). It is well documented that M2 

macrophages have the ability to promote tumour growth and metastasis, in part 

by secreting a wide range of proangiogenic factors and growth factors. Moreover, 

M2 tumour associated macrophages are thought to enhance tumour growth and 

metastasis by suppressing the activity of CD8+ T cells (Melancon et al., 2012).   

Previous data has shown that tumour bearing wildtype LDLR-/- mice tend to have 

larger tumour size and higher percentage of MDSCs when compared with 

properdin deficient tumour bearing mice. 
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Analysis of the tumour microenvironment revealed that the average percentage 

of CD8+ cells was lower in the wildtype group when compared to the properdin 

deficient group (12.49 ± 1.66 and 23.11 ± 9.19 respectively) as shown in Table 

15. On the other hand, the percentage of CD45+cells was higher (2.34± 0.43) in 

wildtype mice when compared with properdin deficient mice (1.48±0.14). The 

average percentage of TGF-β positive cells was higher (0.963±0.23) in properdin 

deficient mice compared to 0.52± 0.23 in wildtype mice as illustrated by Table 15.  

In order to gain better understanding of the tumour microenvironment in both 

genotypes, individual mice from each genotype with similar tumour weight were 

compared with each other. For example mice with tumour weight of 0.11g 

(represented by number 5341 in wildtype mice and number 5334 in the properdin 

deficient mice). For this tumour weight, the wildtype had lower percentage of 

CD45+ cells (0.33) when compared to the properdin deficient mouse which had 

1.02%. Moreover, the percentage of CD8+ cells, T-regs (CD45+, FOXP3 + and 

CD4+) and TGF-β+cell was lower (17.2, 0.61 and 0.67 respectively) in wildtype 

mouse when compared to 26.1, 1.03 and 1.37 respectively in the properdin 

deficient mouse. Another pair that was compared together was mice with tumour 

weight ranging from 0.006 and 0.009g represented by mouse number 5340 in the 

wildtype group and mouse number 5336 in the properdin deficient group. The 

percentage of CD45+ and CD4+ cells showed that there was no difference 

between the wildtype and the properdin deficient mice. The wildtype mice had 

higher (13.3) percentage of CD8+ and lower (4.98) percentage of T-regs when 

compared with properdin deficient mice which had 7.46 and 12.7% respectively. 

Comparison between mouse number 5347 (in the wildtype group) and mouse 

number 5332 (in the properdin deficient group) which had tumour weight of 0.02g 

showed that both had similar CD45+ percentage. On the other hand, the wildtype 

mouse had lower percentage of CD4+, CD8+ and T-regs (0.58, 14.3 and 1.3 

respectively) when compared to the properdin deficient mouse which had 1.24% 

of CD4+ cells, 23.8% of CD8+ cells and 2.31% of T-regs as shown in Table 15. 

The aforementioned data shows that the small weight of tumour observed in 

properdin deficient mice was accompanied by higher percentage of T-regs which 

could mean that T-regs tend to be higher at early stages of tumour formation. Cell 

migration does not appear to be impaired in the absence of properdin.  



Chapter Five                                                                                               Results 

211 
 

It has been reported that IL-17 secreting Th cells (Th17) play a role in promoting 

inflammation and are responsible for immunopathology in both cancer and 

several autoimmune disorders. The results of various murine tumour model 

studies have suggested that Th17 cells may be associated with tumour initiation 

(Kawakami et al., 2009;Wang et al., 2009;Wu et al., 2009b).  
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Table 15: Percentage of CD45+, CD4+, CD8+, T-reg (CD45+, CD4+, FOXP3+), CD45+IL-10+ and CD45+TGF-B+ cells in melanoma tumour suspension after 14 
days of B6F10 implantation in LDLR-/-PWT and LDLR-/-PKO (by FACS). 
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 Percentage of MDSCs in bone marrow, spleen and tumour of LDLR-/-

PWT and LDLR-/-PKO 

The process of myelopoiesis is altered in cancer resulting in increase of immature 

and activated myeloid cells such as Myeloid Derived Suppressor Cells (MDSCs). 

MDSCs are negative regulators of the immune response and have a role in 

tumour metastasis and angiogenesis. In addition, they have a role in regulating 

the immune response in a variety of conditions such as autoimmune disease and 

chronic infectious diseases (Youn et al., 2013).  

MDSCs are a heterogeneous group of cells consisting of both myeloid 

progenitors and immature myeloid cells. Immature myeloid cells are produced in 

the bone marrow, where they differentiate into macrophages, dendritic cells or 

mature granulocytes. However, certain pathological conditions such as cancer 

and autoimmune disease, lead to an increase of these cells. These immature 

myeloid cells tend to possess an immunosuppressive activity and are generally 

known as MDSCs (Kusmartsev et al., 2004). It has been shown that in healthy 

mice, 20-30% of cells in bone marrow and 2-4% of cells in spleen are MDSCs 

(Almand et al., 2001). 

 In cancer, MDSCs accumulate in peripheral lymphoid organs and eventually 

migrate to tumour site, where they possess immunosuppressive properties. 

There have been some indications that MDSCs might even play a role in the 

expansion of T regs (Gabrilovich and Nagaraj, 2009). Two groups of MDSC have 

been identified, the first with monocytic characteristics known as M-MDSCs and 

the second with polymorphonuclear characteristics Known as PMN-MDSCs. 

While both groups are identified by the expression of both Gr-1 and CD11b 

markers, M-MDSCs are thought to have low Gr-1 expression and are highly 

immune suppressive. PMN-MDSCs have high expression of Gr-1 with a 

moderate immunosuppressive ability, hence the aims of this experiment to 

investigate the percentage of MDSCs in bone marrow, spleen and tumour in both 

genotypes as well as in naïve mice as a control. In order to investigate the role 

of properdin in tumour growth, C57BL/6 mice (LDLR-/-PWT and LDLR-/-PKO sex 

and age matched) were injected subcutaneously in the flank with 1.6x105 B16F10 

cells suspension. After 14 days the mice were culled and dissected and were 

macroscopically examined for tumour formation. Bone marrow derived cells and 

splenocytes were prepared from tumour bearing mice. FACS analysis was done 
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using three markers; CD45, Gr-1 and CD11b. Assessment of the accumulation 

of M-MDCS and PMN-MDSCs was done according to the phenotypic criteria of 

M-MDSCs as Gr-1 low, CD11b+CD45+ and of PMN-MDSC as Gr-1 Hi, 

CD11b+CD45+ (Youn et al., 2013). The results showed that there was no 

difference in the total percentage of MDSCs in bone marrow of tumour bearing 

and naïve mice (data not shown) for both tested genotypes as shown in  

Figure 77. Additionally, there was no apparent difference in numbers of the PMN-

MDSC and M-MDSC populations of MDSCs (Data not shown). However, 

assessment of expansion of MDSC subset in bone marrow showed that wildtype 

tumour bearing mice had more M-MDSC than KO tumour bearing mice. In 

addition, of LDLR-/-PWT mice had the highest percentage of M-MDSCs population 

(up to 18.4±4.5%) which are reported to be highly suppressive. It was expected 

that this genotype would have more immunosuppressive population as it has 

been previously published that this genotype has more M2 macrophage 

population. Table 16 shows that LDLR-/-PWT seem to have more MDSCs (14.70 

±3.120) than LDLR-/-PKO (9.270±1.747) in tumour microenvironment though this 

does not reach statistical significance (for 5 mice in each group). But there was 

no obvious relation to tumour size.  

FACS analysis showed that spleen of properdin deficient tumour bearing mice 

had a significantly lower percentage of MDSCs when compared to wildtype 

tumour bearing mice. However, spleen of of LDLR-/-PWT/LDLR-/-PKO tumour 

bearing mice had a significantly lower percentage when compared to its 

percentage in LDLR-/-PWT/LDLR-/-PKO naïve counterparts as shown in Figure 77. 

Analysis of percentage of MDSCs in tumour showed no significant difference 

between the genotypes. Although not significant, LDLR-/-PWT tumour bearing 

mice had a tendency to higher percentage of MDSCs compared to LDLR-/-PKo. 
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Table 16: Percentage of MDSC (CD45+Gr-1+CD11b+) cells in mouse melanoma tumour.  
After 14 days of B16F10 implantation in LDLR-/-PWT and LDLR-/-PKo (by FACS). 
Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 
days the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 
both genotypes were stained with three markers (CD11b+Gr1 and CD45) to distinguish MDSC. 
Then FACS was done and percentage of MDSCs was obtained. The gating was on CD45, and 
the other two markers were used to calculate of total MDSC in spleen.  
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Figure 77: MDSC populations in spleen and BM of LDLR-/-PWT/LDLR-/-PKO tumour bearing 

and naïve mice.  

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 

both genotypes were stained with three markers (CD11b, Gr1 and CD45) to distinguish MDSC. 

Then FACS was done and percentage of MDSCs was obtained. The gating was on CD45, and 

the other two markers were used to calculate of total MDSC in spleen. The data are presented 

as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 

0.05). 

 Percentage of T-regulatory cells (CD25+CD4+FOXP3 +) in spleen of 

LDLR-/-PWT and LDLR-/-PKO tumour bearing and naïve mice. 

FACS analysis showed that spleen of LDLR-/-PWT/ LDLR-/-PKO tumour bearing 

mice had a significantly higher percentage of T-regs when compared to its 

percentage in LDLR-/-PWT/ LDLR-/-PKO naïve counterparts as shown in Figure 78. 

However, there was no difference between of LDLR-/-PWT compared to LDLR-/-

PKO tumour bearing mice.  
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Figure 78: T-regs populations in spleen of LDLR-/-PWT/LDLR-/-PKO tumour-bearing and naïve 

mice.  

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 

both genotypes was stained with three markers (CD4, CD25 and FOXP3 ) to distinguish T-regs. 

Then FACS was done and percentage of T-regs was obtained.The data are presented as means 

±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 

 Percentage of NK cells (NKP46+CD3+CD45+) in spleen. 

Natural killer (NK) cells play critical roles in host immunity against cancer. In 

animal studies, they have been shown to play an important role in the control of 

tumour growth and metastasis and to provide innate immunity against infection 

with certain viruses. Following activation, NK cells release cytokines and 

chemokines that induce inflammatory responses; modulate monocyte, dendritic 

cells, and granulocyte growth and differentiation; and influence subsequent 

adaptive immune responses. In order to investigate the percentage of NK cells in 

spleen of LDLR-/-PWT and LDLR-/-PKO mice. FACS analysis was done using 

NKP46+CD45 and the result showed that spleens of LDLR-/-PWT/ LDLR-/-PKO 

tumour bearing mice had a significantly lower percentage of NK cells when 

compared to its percentage in LDLR-/-PWT/ LDLR-/-PKO naïve counterparts, as 

shown in Figure 79 B. However, there was no difference between the percentage 

of NK cells in LDLR-/-PWT compared to LDLR-/-PKO tumour bearing mice. Similar 
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results were obtained for NKT cells (CD45+CD3+NKP46+) in both genotypes, 

however LDLR-/-PWT tumour bearing mice showed no difference compared to 

naïve mice.  

In conclusion, both NK and NKT cells seem to decrease in tumour bearing mice. 

This decrease may possibly be due to the action of the immune suppressive cells, 

MDSCs and T-regs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 79: NK and TNK cells populations in spleen of LDLR-/-PWT/LDLR-/-PKO mice. 
A) Flow cytometry analysis of CD45+CD3+ NKP46+ cells after gating on CD45+cells in spleen of 

LDLR-/-PWT/LDLR-/-PKO mice. Numbers in the plots indicate the percent of gated cells. 

CD45+CD3+NKP46+ represent percentage of NKT cells and CD45+CD3-NKP46+ represent 

percentage of NK cells, after subcutaneous injection of 1.6 X105 cells of B16F10. B) Populations 

of NK cells. C) Populations of NKT in tumour of wildtype and properdin deficient mice. Mice were 

injected subcutaneously with 1.6×10 cell/100μl of B16F10 cell suspension. After 14 days the mice 

were sacrificed and dissected for collection of spleen. The data are presented as means ±SEM. 

Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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  Percentage of cytotoxic T cells (CD45+CD3+CD8+) in spleen of LDLR-

/- PWT compared to LDLR-/-PKO tumour bearing mice. 

In this chapter, the percentage of M2 macrophages (F4/80+CD206+) in spleen 

was investigated, and the result showed more M2 cells in LDLR-/-PKO compared 

to LDLR-/-PWT mice, T-reg cells can reversibly blunt T cell responses by 

selectively modulating a terminal effector function of primed CD8+ T cells(Mempel 

et al., 2006).Therefore, the percentage of cytotoxic T cells in spleen of LDLR-/-

PWT and LDLR-/-PKO tumour bearing and naïve mice was investigated. The result 

showed that tumour bearing mice from both genotypes had similar percentage of 

cytotoxic T cells in spleens.  

Furthermore, FACS analysis showed that spleens of LDLR-/-PWT/LDLR-/-PKO 

tumour bearing mice had a significantly lower percentage of cytotoxic T cells 

when compared to its percentage in LDLR-/-PWT/LDLR-/-PKO naïve counterparts 

as shown in Figure 80. However, a significant numerical difference may not be of 

biological significance in tumour immune response. The aforementioned data 

show depression of cytotoxic T cells in tumour bearing mice, possibility indicating 

the effect of another influential element such as C5a and T-regs which were high 

in tumour bearing mice. An alternative explanation for the depression of cytotoxic 

Tcells in tumour bearing mice is the possibility of migration of cells away from 

spleen site.  

 



Chapter Five                                                                                               Results 

220 
 

n
a
iv

e
 L

D
L

R
-/

-P
W

T  n
=

5

n
a
iv

e
 L

D
L

R
-/

-P
K

O  n
=

3

T
u

 L
D

L
R

-/
-P

W
T  n

=
4

T
u

 L
D

L
R

-/
-P

K
O  n

=
5

0

5

1 0

1 5

2 0

%
 o

f 
C

y
to

to
x

ic
 T

-c
e

ll
s

 (
C

D
4

5
+

C
D

3
+

C
D

8
+

)

*  P = 0 .0 0 4 2 *  P =  0 .0 1 0 5

n s

 

 
Figure 80: Cytotoxic T cell populations in spleens of LDLR-/-PWT and LDLR-/-PKO mice. 

 

Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days, the mice were sacrificed and dissected for collection of spleen. Spleen suspension from 

both genotypes were stained with three markers (CD45, CD3 and CD8) to distinguish cytotoxic T 

cells. Then FACS was done, and percentage of cytotoxic T cells was obtained. The gating was 

on CD45. The data are presented as means ±SEM. Statistical analysis was performed by one-

tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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  T-regulatory cells (CD25+CD4+FOXP3+) in spleen of LDLR-/-PWT and 

LDLR-/-PKO mice. 

FACS analysis showed that spleens of LDLR-/-PWT/ LDLR-/-PKO tumour bearing 

mice had a significantly higher percentage of regulatory T cells when compared 

to its percentage in LDLR-/-PWT/ LDLR-/-PKO naïve counterparts as shown in 

Figure 81. However, there was no difference between the genotypes. 
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Figure 81: T-regs populations in spleen of LDLR-/-PWT and LDLR-/-PKO tumour-bearing and 
naïve mice. 
Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days the mice were sacrificed and dissected for collection of spleens. Spleen suspension from 

both genotypes were stained with three markers (CD4, CD25 and FOXP3 ) to distinguish T-regs 

cells. The data are presented as means ±SEM. Statistical analysis was performed by one-tailed 

Mann-Whitney 𝑈 test. * (p < 0.05). 

 

 

 

 

  Measurement of complement component C3 in sera of LDLR-/-PWT 

and LDLR-/-PKO tumour bearing mice. 

C3, the central molecule in the complement cascade, was quantified in sera of 

LDLR-/-PWT and LDLR-/-PKO tumour bearing mice. Recent findings by Markiewski 
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and colleagues have presented results indicating that complement C3 activation 

can give a tumour growth advantage (Markiewski et al., 2008). Measurement of 

C3 in sera of tumour bearing mice revealed that LDLR-/-PWT has a significantly 

higher level when compared to LDLR-/-PKO (Figure 82). Notably, the ELISA kit 

used was one capable of detecting both fragments of C3. Thus, there is a 

possibility that increased C3 level may arise from increase in total C3 and 

anaphylatoxin C3a. 

n
a
iv

e
l 
L

D
L

R
-/

-P
W

T n
=

3

n
a
iv

e
 L

D
L

R
-/

-P
K

O n
=

3

T
u

 L
D

L
R

-/
-P

W
T n

=
7

T
u

 L
D

L
R

-/
-P

K
O n

=
5

0 .0

0 .5

1 .0

1 .5

C
o

n
c

. 
C

3
 m

g
/m

l * *  P = 0 .0 0 4 3

 

Figure 82: Level of C3 in sera of LDLR-/-PWT and LDLR-/-PKO tumour bearing mice. 
Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days, the mice were sacrificed and sera was collected for C3 measurement by ELISA. The data 

are presented as means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 

𝑈 test. * (p < 0.05).  

  Investigation into the extent of complement mediated activation in 

melanoma of LDLR-/-PWT and LDLR-/-PKO mice using Western blot.  

The increased serum level of C3 in LDLR-/-PWT tumour bearing mice reported in 

5.1.11, prompted further investigation into C3 reactive products in tumour lysate 

from both genotypes. The effect of properdin on complement C3 activation in 

melanoma after subcutaneous injection of mice from LDLR-/-PWT and LDLR-/-PKO 

with 1.6×105 cell/100μl of B16F10 cell suspension for 14 days was addressed in 

this experiment. The aim of this experiment was to study the activation of 

complement in mouse tumour lysate from LDLR-/-PWT and LDLR-/-PKO mice. C3 
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cleavage products in tumour lysate was detected by western blot.  C3 fragments, 

iC3b (68 KDa) and C3dg (41 KDa) in tumour lysate were separated by size and 

are reactive with Goat anti-C3 antibody. The results represented by Figure 83 

revealed that tumour lysates from LDLR-/-PWT mice had more abundant iC3b and 

C3dg as compared to LDLR-/-PKO mice. Nevertheless, this difference was not 

obvious in all LDLR-/-PWT samples. This finding may possibly indicate more 

cleavage of C3 in tumour of in LDLR-/-PWT. 
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Figure 83: Western blot analysis of C3 reactive products in tumour lysate of LDLR-/-PWT 
,LDLR-/-PKO and serum as a control.  
 A- Western Blot with anti-Beta Actin Loading Monoclonal Antibody [BA3R] (MA5-15739),  

Western blot analysis of Beta-Actin was performed by loading 20ug of tumour cell lysate per well 

onto a SDS-PAGE gel. Proteins were transferred to a PVDF membrane and blocked with 5% 

non-fat milk in TBST for 1 hour at room temperature. The membrane was probed with a Beta-

Actin monoclonal antibody (Product # MA5-15739) at a dilution of 1:1000 overnight at 4°C, 

washed in TBST, and probed with an HRP-conjugated goat anti-mouse IgG secondary at a 

dilution of 1:4,000 for 1 hour at room temperature. Chemiluminescent detection was performed 

using ECL substrate. B- Western blot analysis of C3 reactive products on LDLR-/-PWT and LDLR-

/-PKO tumour lysate. Membrane was probed with Goat anti-C3 (biorbyt) at a dilution of 1:5000 

overnight at 4°C, and developed with Donkey anti-goat -HRP (Santa Cruz Biotechnology). Films 

were exposed for 50 seconds.  
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  C5a and C5b-9 in sera of LDLR-/-PWT and LDLR-/-PKO naïve and 

tumour bearing mice.  

As mentioned in Chapter 4, C5a is an inflammatory peptide with a broad spectrum 

of functions and chemotactic activity for neutrophils, monocytes, macrophages 

and MDSCs. The level of C5a was measured in sera of naïve and tumour bearing 

mice due to the importance of this anaphylatoxin in the activation of a number of 

cellular responses involved in tumour growth and progression (Vadrevu et al., 

2014). The results showed that LDLR-/-PWT/LDLR-/-PKO tumour bearing mice from 

both genotypes had a significant increase in C5a, as shown in Figure 84 

compared with naïve mice. Nevertheless, neither naïve or tumour bearing mice 

showed a difference between genotypes in serum level of C5a. An increase in 

complement activation may possibly be behind the difference in the level of C5a 

in tumour bearing mice when compared with naïve mice, thus the level of C5b-9 

(MAC complex) as an indication of complement activation was investigated by 

ELISA. As with C5a level in serum, tumour bearing mice from both genotypes 

had higher serum levels of C5b-9 when compared with naïve mice (Figure 84). 
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Figure 84: Level of C5a and C5b-9 in tumour bearing and naïve LDLR-/-PWT and LDLR-/-PKO 
C57BL/6 mice 
Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 

days the mice were sacrificed and sera was collected for C5a and C5b-9 measurement by ELISA. 

The results showed a pattern of C5a elevation for properdin wildtype compared to wildtype mice. 

The data are presented as means ±SEM. Statistical analysis was performed by t student test. * 

(p < 0.05). 
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 Analysis of C5aR in Bone marrow and spleen of tumour bearing and 

naïve mice (LDLR-/- PWT and LDLR-/-PKO) 

The previous results had shown that the level of C5a was higher in sera of tumour 

bearing LDLR-/-PWT/LDLR-/-PKo mice when compared with naïve mice. 

Nevertheless, no significant difference was found between the two genotypes. To 

investigate a hypothesised feedback response between cleaved C5a and 

relatively decreased C5aR expression in LDLR-/-PWT compared to LDLR-/-PKO, the 

percentage of C5a receptor and Gr1+ cells in BM and spleen of tumour bearing 

mice from both genotypes was investigated. Measurement of the concentration 

of C5aR in BM revealed that LDLR-/-PWT tumour bearing mice had a significantly 

lower percentage of C5aR positive cells when compared to their LDLR-/-PKO 

counterparts (Figure 85). Similarly, LDLR-/-PWT tumour bearing mice had lower 

concentration of C5aR in spleen when compared to their LDLR-/-PKO counterparts. 

However, in both genotypes no significant difference was detected between 

tumour bearing and naïve mice possibly indicating that elevation of C5a in sera 

of LDLR-/-PWT tumour bearing mice lead to downregulation of C5aR.  
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Figure 85: Percentage of C5aR+GR-1 Cells in tumour bearing and naïve LDLR-/-PWT and 
LDLR-/-PKO mice. 
Populations of C5aR+Gr-1 cells in BM and spleen of LDLR-/-PWT and LDLR-/-PKO mice. Mice were 
injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 days the 
mice were sacrificed and dissected for collection of BM and spleen. BM and spleen suspension 
from both genotypes were stained with two markers (Gr-1 FITC and C5aR APC). Then FACS 
was done and percentage of Gr-1+C5aR was obtained. The data are presented as means ±SEM. 
Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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  Histological analysis of tumours from LDLR-/-PWT and LDLR-/-PKO 

mice. 

H&E staining was performed on tumour tissue sections from LDLR-/-PWT and 

LDLR-/-PKO mice and the results are presented in Figure 38. No apparent 

difference was found between the genotypes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 86: Tumour sections from LDLR-/-PWT and LDLR-/-PKO were examined by H&E 
staining. 
LDLR-/- Wildtype and LDLR-/- Properdin deficient C57BL/6 mice were injected subcutaneously 

with 4×105 cell/100μl of B16F10 cell suspension. Fourteen days after injection, tumour mass was 

isolated from mice and fixed. Tumour tissue was sectioned and examined by H&E staining. 

Representative images of PWT (A, B and C) and PKO (D, E, F) mice. Area of necrosis (Black 

arrows), blood vessels (red arrows) and fat vacuoles (yellow arrows) are indicated. Compact 

tumours mass can also be seen. All images were taken at 20x magnification 
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  Discussion & Conclusion  

Published studies reported that tumour from high-cholesterol 

(hypercholesterolemic) mice had higher microvessel density, linking 

hypercholesterolemia with induction of angiogenesis and more tumour growth in 

vivo (Pelton et al., 2014). Accumulation of cholesterol and other lipids have been 

previously described in solid tumours. Furthermore, tumourgenesis was found to 

be enhanced by cholesterol, cholesterol oxidation products (Oxysterols) and 

cholesterol precursor (mevalonate) (Llaverias et al., 2011). Based on the 

aforementioned findings, it was postulated that LDLR-/- mice would be prone to 

larger tumours and more metastasis than PWT/PKO group. To our knowledge, 

no previous study has investigated the effect of knocking out the LDL receptor 

combined with complement deficiency on tumour growth and tumour 

microenvironment. Analysis of tumour weight and tumour size in tumour bearing 

LDLR-/-PWT and LDLR-/-PKO mice showed no significant difference between 

genotypes. Investigations into macrophage content and phenotype has been 

carried out in several cancer studies due to their crucial role in the immune 

response. In melanomas, the macrophage contents ranges from 0 to 30%. 

Melanoma cells interact with macrophages via the release of soluble factors 

which either prevent or promote tumour growth. In early stages of neoplastic 

transformation, tumour cells are subjected to non-specific killing by 

macrophages. Furthermore, macrophages act as antigen presenting cells for T-

lymphocytes which subsequently produce macrophage activating cytokines 

(Hussein, 2006). Tumour associated macrophages and related subset of M2 

(alternatively-activated) macrophages enhance tumour cell proliferation. With 

regards to Tumour associated macrophages, several studies have have 

presented findings showing that tumour-associated macrophages (TAMs) exhibit 

predominantly the anti-inflammatory M2 phenotype. During cancer, M2 

macrophages assist tumour growth via production of a number of growth factors 

and proangiogenic cytokines (Okwan-Duodu et al., 2013). In aggressive 

melanomas, the presence of increased number of M2 macrophages is an 

indication of host response against the tumours (Hussein, 2006). Due to their 

proangiogenic and tumour-promoting potential, M2 macrophages 

(F4/80+CD206+) have been investigated in this chapter in spleen of tumour 
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bearing and naïve mice from both genotypes. In naïve mice, results for 

CD206+F4/80+ cells showed that LDLR-/- group of mice had higher percentage of 

cells when compared to PWT/PKO group, a possible indicator that LDLR-/- group 

of mice have more M2 macrophages. Similar observations were also reported in 

tumour bearing mice. In addition, the level of C5a in serum was slightly higher in 

LDLR-/-PKO mice than LDLR+/+PKO. These findings also raise the possibility 

whether LDLR-/-PWT/LDLR-/-PKO group of tumour bearing mice had more tumour 

size and weight that their PWT/PKO counterparts. Analysis of tumour weight and 

tumour size in tumour bearing LDLR-/-PWT and LDLR-/-PKO mice found no 

significant difference between genotypes. This finding was the results of three 

independent experiments after 14 days of B16F10 injection. The reason for 

choosing 14 days time point has been previously outlined (see Chapter 4). 

Although no difference was found at 14 days timepoint we cannot rule out the 

possibility of finding a difference in tumour size/weight if the mice would have 

been left for longer.  

FACS analysis of tumour microenvironment in LDLR-/-PWT and LDLR-/-PKO was 

carried out via implanting tumours in both wildtype and properdin deficient mice, 

in order to understand the role that properdin plays in shaping tumour 

microenvironment. The following markers were investigated %CD45+, % CD4+, 

CD8+, %Tregs, %IL-10 and %TGF-B cells as key descriptors of tumour 

development and immune cell infiltration. The results showed no clear difference 

between genotypes at this time point. Investigations into the percentage of 

MDSCs in BM, spleen and tumour tissue revealed higher percentage in spleen 

of tumour bearing mice when compared to naïve mice. Nevertheless, no 

significant difference was found between genotypes. In BM, no difference was 

found in percentage of MDSCs between genotypes. Estimation of subpopulations 

of MDSCs showed no difference in either Mo-MDSCs or PM-MDSCs (data not 

shown). Although the percentage of MDSCs in tumour tissue was higher in LDLR-

/-PWT than LDLR-/-PKO, however this did not reach statistical significance. Myeloid-

derived suppressor cells (MDSCs) are a heterogeneous population of cells which 

suppress the immune response during cancer and several other diseases. 

MDSCs supress T-cells by increasing the expression of immune suppressive 

factors. Furthermore, MDSCs can enhance de novo development of FOXP3 , 

resulting in increased levels of regulatory T cells (Tregs) which efficiently 
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suppress effector T cells. Several studies have reported the expression of FOXP3  

in a number of solid human tumours including melanoma. Miranda-Hernández 

and co-workers have studied the expression of FOXP3  in B16F10 melanoma 

cells in vitro and detected expression of this marker on B16F10 cells in culture 

and in the intratumoral B16F10 cells (Miranda-Hernandez et al., 2013). However, 

analysis of FOXP3  expression in our B16F10 cells in vitro by qPCR and FACs 

did not detect expression of this marker in our clone of B16F10 (see data in 

appendix). In addition, no significant difference was seen in expression of FOXP3  

in tumour tissue between genotypes. Similarly, no difference was found in level 

of T-regs in spleen between genotypes. Nevertheless, in both genotypes, spleen 

of tumour bearing mice had significantly higher levels of T-regs when compared 

to naïve mice. This difference between naïve and tumour bearing mice probably 

reflects the difference also reported in the level of MDSC in spleen, as MDSCs 

can modulate the de novo development and induction of Treg cells (Lindau et al., 

2013). The percentage of NK cells as recognised by NKP46+CD3+CD45+ markers 

was significantly lower in spleens of tumour bearing mice when compared to 

naïve mice from both genotypes. This result was expected as previous reports 

have indicated that NK cells from spleen were significantly impaired in tumour-

bearing mice. Additionally, it was shown that down-regulation of NK cell function 

is inversely correlated with the marked increase of MDSC in liver and spleen (Li 

et al., 2009). 

Complement activation is a cornerstone of innate immunity and may ultimately 

contribute in shaping the cellular immune response. LDLR-/-PWT tumour bearing 

mice had a significantly higher level of C3 in serum when compared to LDLR-/-

PKO. Surprisingly, similar serum levels of C3 were found in naïve and tumour 

bearing mice from both genotypes. Western blot results for iC3b and C3dg in 

tumour lysates showed more abundance of both fragments in LDLR-/-PWT. 

Although levels of C5a and C5b-9 were higher in serum of tumour bearing mice 

as compared to naïve mice no significant difference was found between 

genotypes. Interestingly, ELISA for lectin pathway performed by another PhD 

student in our lab showed that LDLR-/-PKO had significant reduction of this 

pathway. However, a significant numerical difference may not be of biological 

significance in immune response. The aforementioned data suggest that there 

more complement activation in LDLR-/-PWT , which contrasts the finding of more 
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M2 macrophages in LDLR-/-PKO reported in the beginning of this chapter. LDLR-

/- mouse model combined with complement-deficient mouse lines has been 

previously used to give a broader understanding of the role that complement 

plays in disease such as atheromatous lesions. A model of murine 

atherosclerosis using LDLR-/- Properdin knockout (LDLR-/-PKO) and LDLR-/-PWT 

mice found that properdin plays a beneficial role in the development and 

progression of early atherosclerotic lesions. Interestingly, Complement C3 levels 

were increased in LDLR-/-PKO mice regardless of diet type or gender (Steiner et 

al., 2014).  

In conclusion, the data did not show a significant impact of properdin on tumour 

growth in LDLR-/-mice. 
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 Introduction  

Pancreatic cancer is the fourth most common cancer with an incidence of 8 per 

100,000 (Raimondi et al., 2009). Pancreatic cancer has the worst prognosis of all 

solid organ tumours, with a median survival of 12 weeks and a 5-year survival of 

2-3% (Macmillan Cancer, December2014). The poor prognosis for pancreatic 

cancer is mainly due to late diagnosis of the disease, with the majority of patients 

presenting with locally advanced or distant metastases. Only 10% of patients with 

pancreatic cancers are suitable for curative surgical resection (Arshad et al., 

2011).  

Omega-3 (n-3) fatty acids are a group of fatty acids with the first double bond 

three carbons from the methyl end. The human body is unable to desaturate the 

n-3, hence are essential fatty acids (EFA); they must be consumed with the diet 

(Arshad et al., 2011). These polyunsaturated fatty acids are found in cold water 

fish mainly as eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA). 

Extensive research has unveiled its role in augmenting cancer therapy and anti-

inflammatory properties. Specific to pancreatic cancer, numerous in-vivo and in-

vitro studies show a reduction in pro-inflammatory eicosanoids such as 

prostaglandin E2 (PGE2) via inhibition of the COX pathway and Interleukin-6 

(Hardman, 2002, Larsson et al., 2004, Runau et al., 2015). 

Fish Oils in Pancreatic Cancers: Preclinical Studies 

EPA and DHA  acids found in cold water fish were shown to have the ability to 

inhibit the growth of human pancreatic adenocarcinoma cell lines in a dose 

dependant manner (Falconer et al., 1994, Ravichandran et al., 2000). Apoptosis 

was induced in these cells in a dose-dependent manner (Lai et al., 1996, 

Merendino et al., 2003, Zhang et al., 2007), as well as inhibition of  proliferation 

in gemcitabine-resistant cell lines irrespective of the level of gemcitabine 

resistance (Hering et al., 2007). It has been predicted that the therapeutic effect 

include induction of apoptosis in cancer cell lines via alteration at the cell-cycle 

level, intracellular glutathione depletion (Dekoj et al., 2007), and inhibition of NF-

κB (Hardman, 2002). Angiogenesis is the growth of new blood vessels, which 

must occur for cancers to grow. ω-3 fatty acids induce their effect via suppression 

of  vascular (Yang et al., 1998, Tsuji et al., 2003) endothelial growth factor–

stimulated cell proliferation, migration, and tube formation during angiogenesis. 
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They have also been shown to induce the reduction of the  levels of platelet-

derived growth factors from vascular endothelial cells. Inhibition of  vascular 

smooth muscle proliferation (Fox and DiCorleto, 1988, Terano et al., 1996) have 

also been reported as a result of ω-3 fatty acids.  Furthermore, ω-3 fatty acids 

been shown to reduce the production of proinflammatory eicosanoids, such as 

prostaglandin E2, which promotes cell proliferation and tumour angiogenesis via 

inhibition of the COX pathway. The COX pathway is also partly regulated by NF-

κB, which is inhibited by ω-3 fatty acids. Another factor of interest is the effect of 

ω-3 fatty acids on peroxisome proliferator-activated receptors (PPARs). These 

are ligand-activated transcription factors that are implicated in the regulation of 

lipid metabolism and homeostasis, but they have also been found to be involved 

in cell proliferation, differentiation, and inflammatory responses. PPARγ has been 

shown to be upregulated by EPA and PPARδ by DHA: this has both 

antiproliferative and proapoptotic effects, as shown in in vitro and in vivo studies 

(Larsson et al., 2004). 

Complement is a hierarchically arranged system of zymogens which is activated 

as part of the innate inflammatory response on the surface of pathogens (via 

pattern recognition molecules MBL, mannan binding lectin, or Ficolins), histones, 

DNA, annexins and immune complexes (via the multimeric classical pathway 

recognition molecule C1q). Apart from its pro-inflammatory and clearance 

function, complement activation also has a role in triglyceride synthesis. Ongoing 

complement activation is strengthened in the presence of properdin, the only 

positive regulator of the system and controlled by soluble and membrane bound 

down-regulators. An inflammatory increase in complement activation exerts a 

modulatory role for adaptive immunity (via opsonisation using C3b and B cell 

activation using C3dg) and, via split products such as C5a, is involved in shaping 

cell phenotypes (Barber et al., 2001).  

Previous work has shown that properdin significantly contributes to the 

expression of a pro-inflammatory, M1-type, macrophage phenotype(Dupont et 

al., 2014). The production site for complement components is primarily the liver 

but also leukocytes and endothelial cells. Complement has recently been 

identified as a potentially targetable modulator of tumour growth, though 

approaches vary in treating parenchymatous tumours vs leukaemias (Rutkowski 

et al., 2010, Dupont et al., 2014, Stover, 2010, Kolev et al., 2014, Pio et al., 2013).  
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Properdin stabilised complement activity has been measured in patients with 

cancers but since the avenue of commercially available properdin ELISA kits, 

levels have not been studied and related to prognosis (Lokhatiuk et al., 1974).  

 It has previously been shown that restoration of the Mannose Binding Lectin 

complement activity is associated with improved outcome in patients with 

advanced unresectable pancreatic adenocarcinoma treated with gemcitabine 

and intravenous n-3 fatty acids (Arshad et al., 2014). The aim of this chapter was 

to investigate properdin levels as a viable marker of prognosis and efficacy of 

treatment correlating this to clinical outcomes in a similar cohort of patients. 

 Results  

There were 29 patients in the gemcitabine and n-3 fatty acid group (labelled G## 

in appendix) and 5 patients in the gemcitabine only group (Labelled C## in 

appendix). Serial properdin levels as well as the demographics of the two groups 

are listed in the appendix. Mean age is 66.0 years old and the male:female ratio 

is 23:11. In the healthy control group, there were 30 volunteers representing a 

normal Dutch ethnic group (16 male:14 female) and mean age 55.3 years old.  

To be able to objectively measure disease response, only patients who survived 

to 8 weeks of treatment to have a CT scan according to the RECIST criteria were 

selected for subsequent analysis (Patients C01, 02, 03, 06 were removed). As 

death is the end point for overall survival, two patients (G44 and C04) were 

subsequently removed from survival analysis on Kaplan-Meier tests. Details  

describing the patient cohort is shown in the appendix. 

Test for normality was performed on the data set for properdin levels: on the 

D'Agostino and Pearson omnibus normality test, p value >0.05, suggesting a 

normal distribution, hence parametric tests were used for analysis. 
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Figure 87: Properdin levels of pancreatic adenocarcinoma patients and healthy Dutch 
Controls at week 0 (Baseline) 

At baseline (Week 0, prior to any intervention), patients with unresectable 

pancreatic adenocarcinoma had a significantly higher value of properdin 

compared to healthy volunteers as shown in Figure 87. 

Comparing the group receiving intravenous n-3 fatty acid and without, there was 

no significant difference in properdin levels in serial measurements on Pearson 

correlation tests (as shown in Figure 88). Subsequent analysis of serial properdin 

levels comparing sex, tumour load, neutrophil count, CA19-9 and albumin levels 

also yielded no statistical significant differences or correlations (see appendix). 
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Figure 88: Serial measurement of properdin levels between n-3 Fatty Acid vs Control Arm 
(Pancreatic Adenocarcinoma & Gemcitabine only). No significant difference statistically, 
though only 5 patient in the control arm of which only 1 (C04) treated to 16 weeks. 
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Serial properdin levels were investigated in comparing the groups according to 

response to treatment (Partial Response (PR), Stable disease (SD) and 

Progressive Disease (PD) with complete follow up (i.e. once an outcome of death 

has been achieved). There was a visible and significant difference (p=0.038) in 

baseline properdin levels between the worst Progressive Disease group and the 

Partial Response and Stable Disease group (as shown in Figure 89). However, 

on Pearson’s correlation, there was no significant difference between the groups 

on serial measurement over time. 
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Figure 89: Serial Properdin Measurement in Partial Response (PD), Stable Disease (SD) 
and Progressive Disease (PR). 

Based on the difference in the baseline measurement, the arithmetic midpoint 

properdin value between Progressive Disease versus Partial Response + Stable 

Disease was calculated to be 38.17 µg/ml. This also correlated to a standard 

error of the mean (SEM) value of 2.8 times less than the mean of the Progressive 

Disease group. (Mean = 45.93, SEM 2.68). This was used as the mean cut off to 

illustrate two groups with baseline Low (<38.17 µg/ml) and High (>38.17 µg/ml) 

properdin levels.  

 

On subsequent Kaplan-Meier analysis using the Gehan-Breslow-Wilcoxon Test, 

there was a significant difference in both Overall Survival (OS) and Progression 

Free Survival (PFS) between the mean cut off Low and High properdin groups. 

On overall survival, the median survival in the Low properdin group is 7.60 
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months versus 4.90 months for the High properdin group (p=0.0003). For 

Progression, Free Survival, the median time to progression was 5.50 months in 

the Low properdin group compared to 2.60 months in the High properdin group 

(p=0.0007). These are illustrated in Figure 90 and Figure 91. 
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Figure 90:  Kaplan-Meier Curve - Overall Survival: High and Low Properdin Group. 
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Figure 91: Kaplan-Meier Curve - Progression Free Survival: High and Low Properdin 
Group. 
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 Level of properdin in healthy individuals  

The level of properdin in healthy groups was measured in Iraqi individuals 

resident in  Leicester (n=7) and compared to levels obtained for Dutch individuals 

(n=30), and the results showed a high level of properdin in the Iraqi group. This 

may possibly be linked to genetic factors. The context of variation in complement 

component levels due ethnic differences have been reported by others. Previous 

studies have shown that some genetic components may influence the levels of 

serum complement C3 and C4 in healthy subjects (Yang et al., 2012). Similar 

observations were also noted by others who reported that serum C3 and C5b-9 

components were elevated in healthy South Asian subjects compared with their 

healthy Caucasian counterparts.  These studies  contribute to the understanding 

of genetic components that affect individual level of complement variation 

(Somani et al., 2012, Somani et al., 2006, Siezenga et al., 2009).  
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Figure 92: Level of properdin in Iraqi healthy group and Dutch group.  
Serum properdin levels were measured by ELISA. The data are presented as means ±SEM. 

Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test. * (p < 0.05). 
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 Level of ITG/CD11b in Pancreatic Adenocarcinoma patients 

A previous MSc student working on analysing the link between survival of cancer 

patients and complement component genes found a link between ITG/CD11b 

and malignant melanoma (I. Alhabib, 2015 University of Leicester, MSc 

Bioinformatics). This gene encodes the integrin alpha M chain. Integrins are 

heterodimeric integral membrane proteins composed of an alpha chain and a 

beta chain. The I-domain containing alpha integrin combines with the beta 2 chain 

(ITGB2) to form a leukocyte-specific integrin referred to as macrophage receptor 

1 (Mac-1), or inactivated-C3b (iC3b) receptor 3 (CR3). The alpha M beta 2 

integrin is important in the adherence of neutrophils and monocytes to stimulated 

endothelium and in the phagocytosis of complement coated particles. Multiple 

transcript variants encoding different isoforms have been found for this gene. The 

aim of the present experiment was to investigate the level of this protein in 

advanced Pancreatic Adenocarcinoma patients and healthy subjects. The results 

represented by figure 92 showed significantly higher levels of this protein in 

serum of advanced Pancreatic Adenocarcinoma patients receiving gemcitabine 

chemotherapy than healthy controls. Furthermore, pancreatic carcinoma patients 

receiving fish oil in addition to gemcitabine chemotherapy had significantly lower 

levels of ITG/CD11b when compared with pancreatic carcinoma patients 

receiving gemcitabine chemotherapy only. To determine whether this is an effect 

specific for cancer, samples from a sepsis trial (Stover et al., 2015) were tested 

as well and found to follow the same pattern: elevation in sepsis (“NIS” on 

admission, day 1), lower levels on recovery and lowest levels in matched controls 

(“VNIS”). The result showed ITG/CD11b is not a specific marker for only cancer 

but also for acute inflammation. Increased levels of ITG/CD11b in both  advanced 

Pancreatic Adenocarcinoma patients and sepsis patients implies that this protein 

is not specific for cancer. 
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Figure 93: ITG/CD11b levels in patients with advanced Pancreatic Adenocarcinoma 
patient, septicaemia patients and healthy control group 
 
levels of ITG/CD11b were measured in serum of patients with advanced Pancreatic 

Adenocarcinoma treated with Gemcitabine only, advanced pancreatic adenocarcinoma treated 

with weekly fatty acids intravenous infusion plus gemcitabine chemotherapy, septicaemia patients 

and healthy control group. The data are presented as means ±SEM. Statistical analysis was 

performed by Student t-test. * (p < 0.05). 

 Discussion  

To the best of my knowledge, this is the first study aimed at describing the 

relationship of a raised properdin level with clinical outcome in pancreatic 

adenocarcinoma. The results presented in this chapter have linked higher 

properdin levels with poorer outcome in terms of progression free survival and 

overall survival in patients with pancreatic adenocarcinoma. 

It is well established that there is a link between cancers and inflammation, as 

first proposed by Rudolf Virchow (Grivennikov et al., 2010). Various studies have 

found activation of the complement system in solid tumours and raised 

complement activity in the sera of patients with neoplastic disease. Properdin up-

regulates the alternative pathway of the innate immune response by stabilising 
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the C3bBb complex  which ultimately activates the central C3 component which 

leads to activation of the complement system (Kouser et al., 2013). A link 

between properdin and malignant tumours was first expressed in 1958, though 

the method of measuring properdin has developed since then (Rottino et al., 

1958). More recently, an association of raised expression of properdin levels in 

mice lung tumour models have been identified using proteomic methods 

(Chatterji and Borlak, 2009). This is in keeping with these findings that patients 

with pancreatic adenocarcinoma have a raised baseline properdin level 

compared to a healthy control population. It would be reasonable to postulate that 

the presence of pancreatic adenocarcinoma leads to an anti-inflammatory 

response which leads to an increase in the alternative pathway and raised 

plasma properdin levels. An alternate hypothesis is the direct stimulation by 

pancreatic adenocarcinoma cell lines on the alternative pathway may lead to 

increased properdin levels. 

Properdin is a soluble glycoprotein found in plasma. It is mainly synthesised in 

the liver though another primary extrahepatic source of properdin are from 

neutrophils (Kouser et al., 2013). The results of this chapter shows no significant 

correlation between properdin levels and serum levels of albumin (a marker of 

liver biosynthesis) and neutrophils taken at the same time point in pancreatic 

adenocarcinoma patients who receive both gemcitabine and intravenous n-3 fatty 

acids (see the appendix). This suggests that properdin may be an independent 

marker for pancreatic adenocarcinoma. 

Tumour load is derived by the totalling up of measurable disease on CT scan 

based on the RECIST 1.1 criteria. (Adding up the size of the primary pancreatic 

adenocarcinoma tumour and any additional metastatic disease, i.e. liver, lung or 

lymph node metastases.) No significant correlation between serial 

measurements of properdin and overall tumour load were found. Previous studies 

have already proven that larger pancreatic tumour size is associated with lower 

survival and poorer prognosis (Agarwal et al., 2008). However, in the present 

cohort, all the patients have stage IV unresectable pancreatic adenocarcinoma 

receiving palliative gemcitabine chemotherapy with or without intravenous n-3 

fatty acid. This negates the hypothesis that the size of the tumour affects 

prognosis, as all the patients in this cohort have terminal disease. However, it 

may be worth correlating properdin levels with pancreatic adenocarcinoma 
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tumour size in different disease stage as a future study to identify any potential 

correlation between the two. 

Based on the best outcome following at least one RECIST measurement 

(completed 8 weeks of treatment), a difference was seen at baseline properdin 

measurements between the worse performing group (Progressive Disease) and 

better performing groups (Partial Response and Stable Disease). It was decided 

to combine the Partial Response and Stable Disease group together, as 

eventually all the patients will succumb and show signs of progressive disease. 

The severity and poor overall prognosis of the disease also meant the best 

statistical test for survival was the Gehan-Breslow-Wilcoxon Test , as this placed 

more emphasis on looking at survival/progression at early time points. Using the 

midpoint baseline properdin level between Progressive Disease and Partial 

Response/Stable Disease, patients were subdivided to High and Low properdin 

groups. On Kaplan—Meier analysis, it was shown that a high properdin level at 

baseline is associated with shorter overall survival and quicker progression of 

pancreatic adenocarcinoma. This may reflect the fact that the higher properdin 

load is a consequence of a heavier disease burden, which leads to the poorer 

outcome and survival. The fact that no correlation of properdin with tumour size 

(albeit all the patients have stage IV unresectable pancreatic adenocarcinoma 

which may negate the effect of the tumour load) were shown or that properdin 

shows any association with albumin and neutrophil count suggest that properdin 

may be useful as a new independent marker of diagnosis and surrogate marker 

of disease severity. 

One limitation of the study is that the cohort of healthy controls was from a 

previous study of healthy Dutch volunteers. The patient cohort was not matched 

in terms of age or ethnicity to the pancreatic adenocarcinoma group of patients, 

but were not known to have any serious underlying malignancy. The 

measurement of properdin was consequently done in a different lab, but the same 

ELISA kit was used and similarly plasma properdin was measured, which would 

have been comparable to this study. 

In conclusion, the results of this chapter suggests that Properdin may be used as 

a novel independent marker in this cohort of advanced unresectable pancreatic 

adenocarcinoma compared to a normal healthy population. Furthermore, higher 

properdin levels may possibly be associated with poorer outcome and survival in 
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this debilitating condition, hence properdin may potentially be applicable as a 

surrogate marker of severity as well as efficacy to treatment, in this cohort 

receiving palliative gemcitabine and intravenous n-3 fatty acid. This warrants 

further clinical trials looking specifically at properdin as a potential marker of 

diagnosis as well as a marker for prognosis. Measurement of properdin in two 

healthy control groups  has shown higher levels of this complement protein  in 

the Iraqi healthy group was higher which suggest that genetic factors arising from  

ethnic difference is the propable cause. Increased levels of ITG/CD11b in 

advanced Pancreatic Adenocarcinoma patients as well as sepsis patients implies 

that this protein is not specific for cancer. 
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 Conclusion 

Cancer remains a leading cause of death worldwide, claiming the lives of more 

than 8 million people each year. In 2012, malignant melanoma of skin increased 

to 1.5% of cancer cases in adults (Ferlay et al., 2012). Skin melanomas are 

tumours arising from skin melanocytes present in hair follicles, interfollicular 

epidermal and dermal layers. Malignant melanoma can be highly aggressive 

when they metastasise to distant organs (Kuzu et al., 2015). In vivo murine 

melanoma models have been widely used to broaden scientists understanding of 

tumour biology, as these models offer the ability to simulate natural tumour 

progression, from proliferation to invasion and metastasis. Cancer cells exist as 

diverse entities and the crosstalk between cancer cells and the surrounding 

microenvironment is a major determinant in the outcome of malignancy. Mice 

possess a functional immune system enabling murine models such as syngeneic 

transplantation models to evaluate immunotherapies.  In addition, data generated 

from these models help to gain better understanding of the interaction between 

the immune system and tumour microenvironment (TME). As such, information 

gained via these models may possibly lead to the development of novel immune 

modulators (Kuzu et al., 2015).  

Traditionally, researchers have considered the complement system as an integral 

part of the body’s immune surveillance against tumour cells. Nevertheless, a 

growing body of evidence has accumulated during the past decade to challenge 

this conventional view and support the association of some complement 

components with tumour progression. A syngeneic mouse model in which 

C57BL/6 mice were subcutaneously injected with the cervical cancer cell line TC-

1, showed that C3 cleavage products were deposited in the tumour vasculature 

of the mice, in contrast with little C3 deposition in the benign tissue surrounding 

the tumour (Nabizadeh et al., 2016). Furthermore, C3 deficient mice had 

significantly smaller tumours when compared to the wildtype (Nabizadeh et al., 

2016). Blockade of C5aR in tumour bearing wildtype mice resulted in retardation 

of tumour growth in those mice, which supports that C5a promotes tumour growth 

(Markiewski et al., 2008). Subsequently, Corrales and colleagues used a mouse 

syngeneic lung cancer model to show that C5a promotes tumour growth. 

Treatment of mice with C5aR antagonist resulted in less microvessel formation 
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and decrease in the level of angiogenic factor bFGf (basic fibroblast growth 

factor), as well as decrease in granulocytic MDSCs. These results provide further 

evidence that C5a creates a favorable environment for cancer cells growth and 

progression, which may be linked to the induction of angiogenesis and 

immunosuppression (Corrales et al., 2012). Another study reported that over 

activation of the infiltrating cells due to high concentration of C5a may result in 

suppression of antitumour T cells, while low concentration of C5a can lead to a 

powerful antitumour immune response (Gunn et al., 2012). Nunez-Cruz and 

colleagues showed that complement activation plays a critical role in the 

formation of ovarian tumours. In their study, transgenic mice C57BL/6 TgMISIIR-

Tag that can develop spontaneous epithelial ovarian cancer were crossed with 

two lines of mice with genetic complement deficiencies C3 (B6.129S4-

C3tm1Crr/J) (B6.129S4-C3tm1Crr/J) or C5aR (C5ar1tm1Cge/J). The resulting 

transgenes with deficiency in either C3 or C5aR either developed no ovarian 

tumours or a small and poorly vascularized tumour which implies that 

complement activation plays a critical role in the formation of ovarian tumours. 

The composition of tumour infiltration leucocytes was studied and the results 

showed no difference in tumour infiltrating leukocytes between the mice that had 

partial deficiency in C3 and the wildtype except in CD8+ (which was increased in 

mice with partial C3 deficiency) and CD4+ T cells (which was decreased in mice 

with partial C3 deficiency). This study concluded that activation of complement 

plays a major role in oncogene driven carcinogenesis (Nunez-Cruz et al., 2012).  

All of the aforementioned findings strongly suggest that complement proteins may 

promote angiogenesis and participate in tumour cell invasion and migration, 

thereby promoting malignancy. In line with this hypothesis, this thesis used a 

murine syngeneic melanoma model to study the role of the complement protein 

properdin in tumour growth and cell recruitment. Both in vitro and in vivo 

investigations were carried out using the B16F10 cell line.  

 Phenotypic Skewing of Macrophages after culturing with B16F10 

conditioned medium 

Research on inflammation in cancer led to the identification of components of the 

immune system   that can be both beneficial and deleterious for patient prognosis. 

Among those components are the macrophages, which are a heterogeneous 

group of cells that can display both tumour suppressing (M1 macrophages) and 
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tumour promoting functions (M2 macrophages). One of the aims of this thesis 

was to investigate whether in vitro tumour secreted factors could preferentially 

active macrophage phenotypes. B16F10, a well characterised subline of 

C57BL/6J melanoma was used as a tumour cell line to generate conditioned 

medium. Bone marrow derived macrophages from properdin-deficient and 

wildtype mice were cultured with B16F10 conditioned medium and the phenotype 

of BMDM compared to unstimulated BM cells was subsequently evaluated. The 

results showed an increased mRNA expression of IL-1β, IL-10, Arginase and 

TNF-α in both genotypes after culturing with B16F10 conditioned medium. Unlike 

wildtype BMDM, PKO cells showed more MCP-1 upon stimulation with B16F10 

conditioned medium. Similarly, the percent of CD206+CD11b cells was only 

increased in PKO cells after culturing with B16F10 conditioned medium. The 

results presented in this thesis indicate that B16F10 supernatant can activate BM 

cells and polarise macrophages. Most importantly, culturing with tumour cell 

conditioned medium in the absence of properdin leads to greater M2 skewing of 

macrophages. In contrast, more levels of IFN-Ɣ and IL-12 were found in WT cells, 

indicating that WT cells show a more M1 skewed immune response. In 

conclusion, the results of the in vitro studies presented in this thesis reveal a 

significantly altered phenotype of BMDM from properdin deficient mice in 

response to tumour cell conditioned medium compared to wildtype mice. Based 

on these findings it would be reasonable to suggest that complement protein 

properdin plays a role in modulating the phenotypic skewing of macrophages 

towards tumour cell conditioned medium. It remains, however, to be elucidated 

as to the relevance of a macrophage phenotype with strong features of tumour 

associated macrophage population in the absence of properdin for tumour growth 

and development, as well as for the shaping of the tumour microenvironment. 

Further in vitro as well as in vivo studies are required to define the differences in 

intracellular signalling of macrophages differentiated from properdin-deficient and 

wildtype mice that yield a distinct inflammatory response to melanoma cell 

conditioned medium. Such investigation will provide new insights into the role of 

properdin in melanoma progression and possibly metastasis.  
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 Complement component properdin and melanoma tumourgenesis in 

Properdin wildtype and Properdin deficient mice 

Decades of research has highlighted the complex interplay between the various 

components of the immune system and tumour cells. The complement system is 

a central component of innate immunity, as well as being one of the immune 

players present in the tumour microenvironment. Data accumulated during the 

last decade have proposed complement mediated tumour progression. 

Complement components such as C5a, C1q and C3a have been linked with 

promoting tumour growth (Markiewski et al., 2008, Bulla et al., 2016, Nabizadeh 

et al., 2016). Nevertheless, this thesis was the first to investigate the role of 

properdin, the only known positive regulator of complement activation, in tumour 

growth and cell recruitment. Measurement of tumour growth by calipers in a 

syngeneic murine B16F10 melanoma model established in wildtype and PKO 

deficient mice showed that wildtype mice have a tendency for larger tumour size 

and weight at 14 days of tumour implantation, however no significant difference 

was found between the genotypes. Similarly, measurement of tumour burden by 

BLI showed no significant difference between the two genotypes at either 8 or 12 

days of tumour implantation. It is important to note that, due to animal licence 

restrictions, the experiment had to be ended once tumours reached the 

predetermined size (up to 1 cm) which was usually 14 days. Thus, it is not known 

whether leaving the tumours to grow beyond 14 days would have resulted in a 

significant difference between the genotypes, as the wildtype had a tendency for 

larger tumours. Recent studies using the B16F10 melanoma mouse model which 

have presented results stating that some complement components have tumour 

promoting capabilities have used higher injection dose and let the tumours grow 

to a size up to 1.5 and 6 cm respectively (Nabizadeh et al., 2016, Bulla et al., 

2016). Furthermore, it must be emphasized that B16F10 cultures from different 

laboratories differ in various aspects such degree of pigmentation, minimal 

tumourigenic dose and growth rate in mice (Overwijk and Restifo, 2001). 

Therefore, it was not feasible to compare the results of the aforementioned 

studies with our results. The results presented in this thesis showed some 

phenotypic differences in differentiated cells from PKO and wildtype mice in 

tumour, spleen and bone marrow. Of those changes, wildtype tumour bearing 

mice had higher MDSCs within tumour and in spleens than their PKO 
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counterparts. This increase suggests that properdin may contribute to the 

accumulation of MDSCs in spleen, as well as to the migration of these cells into 

tumours. Another important difference between wildtype and PKO tumour 

bearing mice was that the percentage of T-regs in spleen were higher in wildtype 

mice, another indication of more immunosuppressive phenotypes in wildtype 

mice. TGF- β is one of the key cytokines linked with T-regs and MDSC production 

and therefore higher levels of this cytokine in wildtype mice both in spleen and 

within tumour tissue, was an expected result. Similarly, the level of IL-10 was 

increased in wildtype tumour bearing mice as compared to their PKO 

counterparts. Production of the immunosuppressive cytokines TGF-β and IL-10 

is one of the pathways by which MDSCs induce immune suppression (Kumar et 

al., 2016), thus the measurements confirm functionally that wildtype tumour 

bearing mice undergo relatively more immune suppression than PKO tumour 

bearing mice. C5a, an influential player in haemostasis and immune cell 

recruitment, was increased in sera and tumour tissue of PWT tumour bearing 

mice as compared to PKO. Interestingly, this difference between the two 

genotypes was not found in naïve mice indicating that it was the result of 

melanomic tumour. This increase in C5a was also accompanied by increased 

levels of C5b-9 suggesting that PWT tumour bearing mice have more 

complement activation. A marked difference between the two genotypes was the 

finding that CCL2, a chemokine associated with tumour progression, was higher 

in wildtype tumour bearing mice. 

 Complement component properdin and melanoma tumourgenesis in 

LDLR-/- mice 

The overall objective of using LDLR−/− mice in our B16F10 melanoma model was 

to address whether hypercholesterolemia induced an exaggerated inflammatory 

response to tumour, and whether combined deficiency of properdin and LDR 

receptor would result in significantly smaller tumours when compared to wildtype. 

LDLR−/− naïve mice had higher levels of F4/80+CD206+ on splenic macrophages.  

Similar results were also found in LDLR−/− tumour bearing mice, possibly 

indicating that this group have more M2 macrophages. Increased levels of serum 

C5a was found in LDLR-/-PKO than LDLR+/+PKO of tumour bearing mice. Analysis 

of tumour weight and size did not reveal any significant difference between the 

two genotypes, although it must be stressed again that this was at 14 days and 
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we cannot rule out the possibility of finding a difference if tumours were left to 

grow larger in size.  

Analysis of tumour microenvironment by FACS showed no significant difference 

between the genotypes at 14 days of injection with B16F10. MDSCs in spleen 

was higher tumour bearing mice when compared to naïve mice. Similarly, higher 

percentage of T-regs was found in spleens of tumour bearing mice as compared 

to naïve mice. Both MDSCs and T-regs cells are major players in the 

immunosuppressive networks and thus both cells are expected to increase during 

cancer. A marked difference between the genotypes was that LDLR-/-PWT tumour 

bearing mice had a significantly higher level of C3 in serum when compared to 

LDLR-/-PKO. Furthermore, tumour lysates of LDLR-/-PWT had more abundance of 

iC3b and C3dg, indicating greater in situ complement activation in LDLR-/-PWT.  

 Major differences among PWT/PKO and LDLR-/- groups of tumour 

bearing mice 

This thesis has employed PWT/PKO group and LDLR-/- groups (LDLR-/-PWT and 

LDLR-/-PKO) of mice in a syngeneic murine B16F10 melanoma model. Tumour 

burden and tumour microenvironment were studied in both cases, and the results 

highlighted some similarities and differences between the PWT/PKO group and 

LDLR-/- of mice. In both these groups, no significant difference in either tumour 

weight or size was detected between the PWT/PKO group and LDLR-/-(LDLR-/-

PWT and LDLR-/-PKO) genotypes. Although not significant, it was noted that PKO 

mice showed a tendency to have smaller tumour weight and size. However, no 

such observation was noted in LDLR-/-PKO mice. Analysis of MDSCs, C5a, TGF-

β and FOXP3  in tumour tissue of PWT/PKO group of mice revealed that PKO 

mice had significantly lower levels when compared to PWT. Nevertheless, 

analysis of the aforementioned parameters showed no difference between LDLR-

/-PWT and LDLR-/-PKO tumour bearing mice. Similarly, spleens of PKO tumour 

bearing mice had lower levels of MDSCs, T-regs, IL-10 and TGF-β when 

compared to PWT. However, similar levels of splenic MDSCs, T-regs, IL-10 and 

TGF-β were found in LDLR-/-PWT and LDLR-/-PKO tumour bearing mice. 

Furthermore, serum levels of C5a and C5b-9 were lower in PKO tumour bearing 

but not LDLR-/-PKO tumour bearing mice as compared with their wildtype tumour 

bearing counterparts. From the above findings, it would be reasonable to 

speculate that the absence of LDL receptor in LDLR-/-PKO resulted in similar levels 
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of the parameters that have been previously shown to be significantly lower in 

LDLR+/+PKO tumour bearing mice. One possible reason for this difference that 

knocking out the LDL receptor may have eliminated any difference previously 

seen between PWT and PKO mice. 

Between optimisation of experiments with different doses of injection as well as 

carrying out the actual experiment, 150-200 mice were used in this study. It is 

important to note the challenges encountered during isolation of cells from tumour 

tissue due to the inherent difficulties associated with obtaining sufficient cell 

numbers and purity from the primary tumour. Therefore, some flow cytometry 

markers were investigated in spleen but not in tumour due to the small size of 

tumour, which ultimately results in insufficient number of cells.  The use of the 

available single cell suspensions from tumour tissue to investigate for MDSCs 

and T-regs was prioritised in this project due to the importance of these cells. 

Furthermore, there were technical difficulties with obtaining clear population of 

MDSCs and T-regs using FACS Caliber machine. After several trials, it was 

decided to move to using a FACS canto machine, which is more sensitive and 

accurate. Difficulties also arose from the large scale of work that had to carried 

out when tissues from these mice were harvested once tumours reached the 

endpoint (1 cm in one dimension of tumour growth). Time was restricted, as mice 

had to be dissected, cell prepared from tumour, bone marrow and spleen for 

staining with different Abs and finally samples run on FACS machine. 

Experiments were planned to ensure analysis of tumours, spleen as well as bone 

marrow cells in individual mice rather than conducting experiment targeting one 

organ, in order to get a more accurate overview of the tumour microenvironment. 

Besides these limitations, additional technical aspects that had to be carefully 

considered included that tumour samples had to be processed within a few hours 

of removal to avoid tissue degradation and antigen alteration. The various 

manipulation steps from trypsin treatment after differentiation, treatment with 

brefeldin, PMA and ionomycin for six hours, staining, with washing steps in 

between, resulted in low number of cells, which was insufficient to perform flow 

cytometry analysis. Providing individual analyses for the intracellular detection of 

IL-12 and IL-10 from BMDM was hampered by this limitation and thus pooled 

samples from three mice of each age, genotype and sex matched to achieve the 

minimal number of cells required for analysis. 
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 High levels of properdin in pancreatic adenocarcinoma patients 

The results presented in this thesis showed increased level of properdin in 

pancreatic adenocarcinoma patients as compared to healthy controls. Decrease 

in the level of properdin was observed after treatment with Gemcitabine, a 

possible result of bone marrow suppression (as neutrophil count was low). 

Interestingly, the Iraqi healthy control group had higher levels of properdin when 

compared to the healthy Dutch group. Genetic factors due to ethnic differences 

is the most probable cause for this difference in healthy groups. It is important to 

note that serum samples from the Dutch and the Iraqi control groups were not 

collected at the same time. Furthermore, the healthy Dutch  control samples were 

stored for longer periods than the Iraqi control samples. A number of studies have 

investigated the effect of storage and freeze–thawing-induced concentration 

changes on some proteins in human serum/plasma samples with some being 

susceptible to freeze–thawing-induced protein concentration changes, while 

others  were slightly susceptible.  

 Future work 

After successful establishment of the syngeneic melanoma model, this work will 

be carried forward with new Home Office license approval to study the role of 

obesity in tumour growth, by examining the effects of high-fat diet (HFD) on 

melanoma progression. HFD-fed C57BL/6 PWT and PKO mice will be 

subcutaneously injected with syngeneic B16F10 melanoma cells. Because of 

additional in vitro observation of an inhibitory effect of β-estradiol on mitochondrial 

activity of B16F10 cells (data not shown), a diet free of phytoestrogen will be 

chosen for the future project. Because PropKO and PropWT mice were on the 

same soybean meal containing diet for this work, the comparisons made are valid 

for these genotypes under these conditions.  

During the last few years a number of studies have emphasized the importance 

of studying the relationship between immune signalling and metabolic pathways 

affecting T-reg function (Galgani et al., 2016). Published data has revealed that 

local environmental conditions and the availability of certain metabolites are 

influential elements in the function and metabolism of T-regs. Due to their 

association with poor prognosis in cancer, studying the link between the 
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availability of specific metabolites in the microenvironment and the suppressive 

function of T-regs would be an interesting field to explore.
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Figure 1-1: Analysis of mRNA expression in spleen of wildtype and properdin-deficient 
and naive mice.Wildtype (n=3) and properdin-deficient (n=3) mice were injected subcutaneously 
with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 days the mice were sacrificed and 
dissected for collection of spleens. Total RNA was isolated from spleens and qPCR was 
conducted for gene expression of A- Cathelin B-β-defensin to GAPDH, mRNA for GAPDH was 
stable, each set up in duplicate. The data are presented as means ±SEM. Statistical analyses 
were performed using one-tailed Mann-Whitney 𝑈 test (significances with brackets). * 
Significantly different from the control group, p<0.05. 
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Appendix 2 

 

 
 

 

Figure 4-1: Expression of Ly6G in BMDM of and properdin deficient mice after stimulation. 
Macrophages from wildtype and properdin deficient tumour bearing mice were differentiated in 
vitro with GM-CSF for eight days and then stimulated either with LPS (100ng/ml), IL-4 (20ng/ml) 
or B16F10 supernatant for 24 hours. Unstimulated cells were used as controls. Samples were 
stained for the expression of Gr-1 FITC and CD11b PE. The above results represent pooled 
BMDM sample where n= 4 in wildtype and n=5 in properdin deficient mice. 
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Figure 4-2: Standard curve of mouse ELISA for IL-10, IL-12 and IFN-g. 

  



Appendix 

259 
 

Appendix 3 

 

0 .0 0 .5 1 .0 1 .5

0

5

1 0

1 5

2 0

     W T  R  s q u a re = 0 .7 0 8 4  S ig n if ic a n t

T u m o u r  w e ig h t/g

P
e

r
c

e
n

ta
g

e
 o

f 
M

D
S

C
s

 i
n

 T
u

m
o

u
r

0 .0 0 .5 1 .0 1 .5

0

2

4

6

    K O  R  s q u a re = 0 .6 0 3 9  S ig n if ic a n t

T u m o u r  w e ig h t/g

P
e

r
c

e
n

ta
g

e
 o

f 
M

D
S

C
s

 i
n

 T
u

m
o

u
r

 

Figure 5-1: Correlation between Tumour weight and percentage of MDSCs. In tumour 
wildtype and properdin deficient mice, mice were injected subcutaneously with 1.6×105 
cell/100μl of B16F10 cell suspension. After 14 days the mice were sacrificed and dissected for 
collection of tumour tissue. Tumour suspension from both genotypes were stained with three 
markers (CD11b, Gr1 and CD45) to distinguish MDSC. 
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Figure 5-2: Tumour sections from both genotypes were examined by VWF 
immunohistochemistry staining. Wildtype and Properdin deficient C57BL/6 mice were injected 
subcutaneously with 4×105 cell/100μl of B16F10 cell suspension. Fourteen days after injection, 
tumour mass was isolated from mice and fixed. Tumour tissue was sectioned and examined by 
VWF staining, Anti-Von Willebrand Factor (ab6994 Abcam) sheep polyclonal antibody was used 
and anti-rabbit/mouse IgG, DAKO kit. The control (mouse kidney section) gave positive results, 
however tumour sections stained with this antibody gave inconsistent results staining. 
Representative images of PWT and PKO and. All images were taken at 40x magnification.  
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 Figure 5-3: Tumour sections from both genotypes were examined by VEGF 
immunohistochemistry staining. Wildtype and Properdin deficient C57BL/6 mice were injected 
subcutaneously with 4×105 cell/100μl of B16F10 cell suspension. Fourteen days after injection, 
tumour mass was isolated from mice and fixed. Tumour tissue was sectioned and examined by 
Rabbit polyclonal antibody to VEGF (orb11554 , biorbyt ) and anti-rabbit/mouse IgG, DAKO kit. 
Representative images of PWT and PKO and. All images were taken at 40x magnification. 

0 2 0 4 0 6 0 8 0

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

C o n c e n tra tio n  n g lm l

O
.D

 4
5

0
n

m
 r

e
a

d
in

g

 

 Figure 5-4: Standard curve of mouse ELISA for C5a. 
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Figure 5-5: Strategy for identifying MDSC populations in tumour of wildtype and 
properdin deficient tumour bearing and naïve mice. Flow cytometry analysis of Gr-1and 
CD11b cells after gating on CD25+cells in MDSCs from tumour Numbers in the plots indicate 
the percent of gated cells. CD25+Gr-1+CD11b+ represent percentage of MDSC. i- the gating on 
main population of tumour cells, ii- gating on CD25+ only iii- gating on CD25+(PerCP5.5) cells, 
CD4+ and Foxp3-(PE) negative control (isotype), iv- gating on CD25+Gr-1+CD11b+ cells 
representing population of MDSCs. 
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Figure 5-6: MDSC populations in spleen of wildtype and properdin deficient tumour bearing and 
naïve mice. Flow cytometry analysis of Gr-1and CD11b cells after gating on CD45+cells in 
MDSCs from spleen. Numbers in the plots indicate the percent of gated cells. CD45+Gr-
1+CD11b+ represent percentage of MDSC. Mice were injected subcutaneously with 1.6×105 
cell/100μl of B16F10 cell suspension. After 14 days the mice were sacrificed and dissected for 
collection of spleen. Spleen suspension from both genotypes were stained with three markers 
(CD11b, Gr1 and CD45) to distinguish MDSC. Then FACS was done and percentage of 
MDSCs was obtained. The gating was on CD45, and the other two markers were used to 
calculate of total MDSC in spleen. 
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Figure 5-7: T-cytotoxic populations in spleen of wildtype and properdin deficient mice. 
Flow cytometry analysis of CD45+CD3+CD8+ cells after gating on CD45+cells from in spleen 
from wildtype and properdin deficient mice. Numbers in the plots indicate the percent of gated 
cells. CD45+CD3+CD8+ represent percentage of T-cytotoxic after subcutaneous injection of 1.6 
X105 cells of B16F10. Populations of T-cytotoxic in tumour of wildtype and properdin deficient 
mice. Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. 
After 14 days the mice were sacrificed and dissected for collection of spleen. Spleen 
suspension from both genotypes were stained with three markers (CD45, CD3 and CD8) to 
distinguish T-cytotoxic. Then FACS was done and percentage of T-cytotoxic cells was obtained. 
The gating was on CD45, and the other two markers were used to calculate of total T-cytotoxic 
cells in spleen. 
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Figure 5-8: Percentage of CD206 +F4/80+ cells in spleen of PWT and PKO tumour bearing 
and naïve mice. Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 cell 
suspension. After 14 days the mice were sacrificed and dissected for collection of spleen. Spleen 
suspension from both genotypes were stained with F4/80 FITC and CD206 APC 
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Figure 5-9: T-regs populations in spleen of PWT and PKO tumor-bearing and naïve mice. 
Three markers were used to distinguish T-regulatory CD25, CD4 and Foxp3. Then FACS was 
done and percentage of T-regs and phenotypes were calculated. Mice were injected 
subcutaneously with 1.6×105 cell/100μl of B16F10 cell suspension. After 14 days, the mice 
were sacrificed and dissected for collection of spleen. Spleen suspension from both genotypes 
were stained with three markers (CD4, CD25 and Foxp3) to distinguish T-regs. Then FACS was 
done and percentage of T-regs was obtained. A-t-regs in spleen of tumour bearing mice B-t-
regs in spleen of naïve mice. 
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Figure 5-10: γδ T cells populations in spleen of wildtype and properdin deficient mice. 
Flow cytometry analysis of CD45+CD3+ γδ TCR+ cells after gating on CD45+cells in spleen of 
wildtype and properdin deficient mice. Numbers in the plots indicate the percent of gated cells. 
CD45+CD3+ γδ TCR+ represent percentage of γδ T cells after subcutaneous injection of 1.6 
X105 cells of B16F10.  
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Figure 6-1: Percentage of Foxp3 cell in tumour of LDLR-/-PWT and LDLR-/-PKO tumour-

bearing and naïve mice. Mice were injected subcutaneously with 1.6×105 cell/100μl of B16F10 

cell suspension. After 14 days the mice were sacrificed and dissected for collection of tumour. 

Tumour suspension from both genotypes were stained with Foxp3. The data are presented as 

means ±SEM. Statistical analysis was performed by one-tailed Mann-Whitney 𝑈 test.  
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Figure 6-2: NK and TNK cells populations in spleen of wildtype and properdin deficient 
mice. 
Flow cytometry analysis of CD45+CD3+ NKP46+ cells after gating on CD45+cells in spleen of 

wildtype and properdin deficient mice. Numbers in the plots indicate the percent of gated cells. 

CD45+CD3+NKP46+ represent percentage of NKT cells and CD45+CD3-NKP46+ represent 

percentage of NK cells, after subcutaneous injection of 1.6 X105 cells of B16F10.  
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Appendix 5  

 

Table 17: pancreatic cancer patients data. 
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Treatme
nt arm 
(Gemcit
abine + 
n-3 fatty 
acid 
group) 

G01 0 15.3 SD 7 5.3 Male 70 Caucasian 

  3 11.3             

  7 18.65             

  15 37.32             

  23 33.31             

G02 0 65.81 PR 2 2 male 78 Caucasian 

                  

  7 27.11             

G03 0 10.6 SD 10.9 5.7 male 54 Caucasian 

  3 5.3             

  7 11.3             

  15 28.69             

  23 25.61             

G05 0 21.95 SD 7 5.2 female 64 Caucasian 

  3 11.95             

  7 13.3             

  15 23.25             

  23 22.2             

G06 0 35.3 SD 11.2 5.3 female 52 Oriental 

                  

  7 25.14             

  15 23.82             

G07 0 25.95 SD 7.4 5.3 female 40 Caucasian 

  3 13.95             

  7 12.6             

  15 38.44             

  23 62.1             

G08 0 49.42 PD 4.5 1.9 female 66 Caucasian 

  3               

  7 55.83             

G10 0 54.42 SD 4.3 3.5 male 64 Caucasian 

  3               

  7 23.79             

  15 10.27             

G11 0 11.3 PR 10.3 9 male 66 Caucasian 

  3 20.65             

  7 15.3             
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G12 0 36.81 SD 7.7 5.5 male 83 Caucasian 

  3               

  7 30.51             

  15 28.27             

G13 0 20.65 PR 13.1 7.5 male 70 Caucasian 

  3 14.65             

  7 11.3             

  15 40.91             

  23 34.56             

G15 0 11.95 SD 8.2 8.2 male 71 Caucasian 

  3 8.6             

  7 8.6             

  15 30.36             

  23 29.09             

G18 0 38.74 PD 2.4 1.5 male 80 Caucasian 

  3               

  7 18.48             

G19 0 15.95 SD 2.7 2.7 male 65 Caucasian 

  3 11.3             

  7 9.3             

G20 0 37.28 SD 18.9 10.6 female 77 Caucasian 

  3               

  7 36.04             

  15 22.02             

  23 20.13             

G21 0 20.34 SD 7.6 7 male 70 Caucasian 

  3               

  7 17.82             

G24 0 45.01 PD 4.4 1.5 female 56 Caucasian 

  3               

  7 25.43             

G25 0 50.53 PD 2 1.8 female 61 Caucasian 

  3               

  7 25.52             

G26 0 32.15 SD 4.8 4.8 male 51 Caucasian 

  3               

  7 21.13             

  15 26.6             

G31 0 29.9 SD 7.6 5.5 male 68 Caucasian 

  3               

  7 24.74             

  15 51.17             

G33 0 35.41 SD 5.9 4.1 female 76 Caucasian 

  3               

  7 30.59             
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  15 24.75             

G36 0 46.38 SD 7 5.3 male 66 Caucasian 

  3               

  7 40.14             

  15 14.41             

  23 45.09             

G37 0 38.78 SD 4.9 4.9 male 60 Caucasian 

  3               

  7 40.8             

G38 0 42.87 SD 3.2 3.2 male 73 Asian 

  3               

  7 16.06             

G43 0 24.74 SD 7.1 7.1 male 72 Caucasian 

  3               

  7 43.14             

  15 19.36             

G44 0 43.14 PR - - female 65 Caucasian 

  3               

  7 55.47             

  15 44.27             

  23 28.16             

G47 0 33.52 SD 7.3 5.3 male 69 Caucasian 

  3               

  7 32.86             

  15 49.05             

  23 46.26             

G51 0 24.38 PR 10.3 7.7 female 68 Caucasian 

  3               

  7 24.57             

  15 20.11             

  23 22.27             

G52 0 38.18 SD 11 11 female 66 Caucasian 

  3               

  7 24.97             

  15 33.26             

  23 42.42             
Control 
arm 
(Gemcit
abine 
only 
group) 

C01 0 9.3 - 1 1 male 66 Caucasian 

  2 5.95             

C02 0 15.95 - 1 1 male 58 Asian 

  3 10.6             

C03 0 30.33 - 7 2 male 50 Caucasian 

  3 25.4             

C04 0 30.13 SD - - male 75 Caucasian 

  3               

  7 22.96             
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C06 0 29 - 2.9 2.9 male 75 Caucasian 
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Figure 07-1: Flow Chart of patient analysis. 

 

 

 

 

 

 

 

Patients with death as the final outcome (for measurement of OS)

n = 28 (PR = 5, SD = 19, PD =4) n = 0

Selected patients to represent patients who achieved at least 2 cycles of treatment and up to 6 cycles with 
varying degrees of response to treatment (Either partial response, stable disease or progressive disease)

n=29 (Partial response (PR) = 5, Stable disease 
(SD) = 20, Progressive response (PD) = 4

n=1 (Stable disease = 1)

Treatment arm: 52 patients receiving gemctitabine + intravenous n-3 fatty acids 

Control arm: 5 patients receiving gemcitabine only (n-3 fatty acid naive)
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Figure 7-2: Ca19-9 levels in patients with advanced Pancreatic Adenocarcinoma. 
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Figure 7-3: neutrophil count in patients with advanced Pancreatic Adenocarcinoma. 
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Figure 7-4: correlation of albumin and properdin in patients with advanced Pancreatic 
Adenocarcinoma. 
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Figure 7-5: Correlation of neutrophil count and properdin in patients with advanced 
Pancreatic Adenocarcinoma. 
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Figure 7-6: Correlation of Ca19-9 and properdin in patients with advanced Pancreatic 
Adenocarcinoma 
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Figure 0-7: Standard curve of ITG/CD11b ELISA. 
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